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We measured and compared the ow properties of two alumina-based powders. �e alumina powder (AP) is irregularly shaped
and has a smooth surface and moisture content of 0.16% (d.b.), and the ceramic powder (CP), obtained a�er atomization in a spray
dryer, is spherical and has a rough surface and moisture content of 1.07%. We measured the Hausner ratio (HR), the static angle of
repose (AoR), the ow index (FI), the angle of internal friction, and the wall’s friction angle.�e properties measured using aerated
techniques (AoR and HR) demonstrated that AP presents true cohesiveness (and therefore a di�cult ow), while CP presents
some cohesiveness and its owmight be classi�ed as half way between di�cult and easy ow.�eir FI values, which were obtained
using a nonaerated technique, enable us to classify the alumina as cohesive and the ceramic powder as an easy-ow powder. �e
large mean diameter and morphological characteristics of CP reduce interparticle forces and improve owability, in spite of the
higher moisture content of their granules. �e angles of internal friction and of wall friction were not signi�cantly di�erent when
comparing the two powders.

1. Introduction

Alumina-based ceramic powders can be used in a variety of
industries such as aerospace, automotive, medical, chemical,
electronics, and environmental technologies because these
powders can be applied in manufacturing cutting tools, car
parts, dentistry, heat exchangers, �lters, and refractory tiles
[1–3]. �e ow of powder during the manufacturing process
prescribes the quality of the product in terms of homogeneity
and content uniformity. It can also a�ect its manufacturing
e�ciency. It is well known that the size distribution of the par-
ticles, together with other parameters, such as shape, rough-
ness, density, hardness, and moisture content, have a large
impact on the local structure of a particulate system and their
ow properties [4–6].

�e ability of powder to ow depends on a combination
of the physical properties and on the equipment used for
handling, storing, or processing it. Given the number of
variables and complex phenomena involved, it is impossible
to use basic particle/silo properties to predict the ow’s
behavior of bulk powders using theoretical models based on

powder mechanics. Flowability indexes can be determined
experimentally using di�erent tests, but, so far, none have
been universally accepted as being both reliable and easy to
use. A test that has widespread use is based on measuring the
shear force required to overcome the cohesive strength of the
powder at various vertical loads, following a mathematical
method developed by Jenike [7] to design storage hoppers.
�e ow property measured based on this method is the ow
function, a relationship between the cohesive strength of the
powder as a function of the consolidating pressure [8]. �e
ow index (FI) is calculated either as the inverse of the ow
function slope [8] or as the inverse of the slope of a line cutting
the ow function at a particular point of major consolidation
stress andpassing through the origin of coordinates [9].�ese
curves of cohesive strength versus consolidating pressure
are measured in direct or annular shear cells, according to
detailed procedures described by the ASTM standards
D6128-06 and D6773-08, respectively, [10, 11]. Solid theoreti-
cal background guarantees the reliability of this test as a quan-
titative indicator of the powder’s owability. In addition, data
obtained by shear testers may provide further information
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about ow properties, such as the angle of internal friction
and the angle ofwall friction.One disadvantage is that operat-
ing direct shear cells requires skilled technicians.�e annular
model [12, 13] favors automation and reduces dependence
on the operator’s capabilities. However, the high costs of
the equipment and the time involved in the tests remain as
drawbacks for the widespread use of this method. In some
cases, such as when online information on powder ow
behavior is necessary, faster methods must be used.

Simpler tests based on the measurements of tapped bulk
density and aerated bulk density [5, 14] can be used as
alternative options. �e aerated bulk density of a powder is
determined by pouring the powder into a container under
the e�ect of gravity so it settles. �e tapped bulk density is
obtained by tapping the container with the aerated sample.
Two indexes can be determined based on these bulk densities.
�e ratio of the tapped to the aerated bulk density is called
the Hausner ratio (HR) [14].�e higher this ratio, the greater
the powder’s cohesiveness, and the ow is expected to be
more di�cult to occur. Values higher than 1.4 are indicative
of cohesivematerial, and values below 1.25 are indicative of an
easy ow. �e Carr index is preferred in pharmaceutical
applications; it is de�ned as 100(1−1/IH) [15].�ese indexes
have been empirically established. Because the data may have
been obtained using nonstandard procedures for the tests
and sample preparation, this published data is not always
comparable. However, they are used widely because the
equipment required to perform the analysis is cheap and the
technique used is easy to learn.

�e angle of repose is another quick test for monitoring
the powder’s ow and obtaining relative measures of owa-
bility. It can be determined by pouring the powder into a
funnel which is held at a �xed height above a at base and
measuring the angle formed by the powder’s conical heap
with a horizontal surface. Angles of repose under 30∘ point to
powders with good owability, 30∘–45∘ show some cohesive-
ness, 45∘–55∘ show true cohesiveness, and anything above 55∘

is considered as having very high cohesiveness and limited
owability [16]. Geldart et al. [16] claimed that the AoR may
meet the industrial and academic needs for a simple and
quick test that can disclose changes in the ow properties of
powders as they pass through the processing and handling
equipment and proposed a design of a device capable of pro-
viding robust and reliable measurements for di�erent types
of powders. �e unsatisfactory comparison of data obtained
by di�erent methodologies is a limiting aspect, as in bulk
densities.

Jenike’s test uses a nonaerated technique, as the powder
is subjected to high intensity external loads to simulate the
storage conditions. HR andAoR are classi�ed as aerated tech-
niques, in which the powders are subjected to either none or
low intensity external loads [5]. Even though the de�nition of
owability is not precise and the ow properties are impacted
by a large number of variables, some authors suggest that
considering all possible test values could be a reasonable
approach to address the complexity of this problem [17].

�e goal of this research is to compare �ve measured ow
properties of two commercial alumina-based powders that
have di�erent particle size distributions and morphologies.

We analyzed two powders, high purity alumina with 99.5% of
AlO3, and a ceramic powder obtained a�er spray drying a sta-
ble suspension of alumina.Wemeasured the loose and tapped
bulk densities, the Hausner ratio (HR), THE static angle
of repose (AoR), THE ow index (FI), the internal friction
angle, and the wall friction angle.

2. Materials and Methods

2.1. Powders. Alumina powder (AP) used in the tests was
manufactured by ALCOA (Brazil) and contained 99.5% of
Al2O3.�e second powder was obtained a�er drying the sus-
pension of alumina and will be referred to here as a “ceramic
powder” (CP). �e solid content of aqueous dispersion was
95.2% of aluminum oxide and 4.8% of other oxides (silicium,
sodium, magnesium, and calcium oxides). �is suspension
contained also 2% of organic additives, namely, polyvinyl
alcohol (PVA1), ammonium polyacrylate, and stearic acid,
added to act as dispersants and lubricants. Both the powder
and the suspension were acquired from ENGECER, São
Carlos, SP, Brazil. �e suspension was dried in a spray dryer
Büchi, model 190, at a volumetric ow rate of 0.3mL/s, with
atomization pressure of 2 bars and inlet air temperature of
165 ± 5∘C.

Powder distribution sizes were measured by a static
laser light scattering technique (MAF 5001Malvern, Malvern
Instruments Ltd.) a�er wet dispersion (alumina) and dry
dispersion (ceramic powder). �ree measurements were
performed for alumina powder and ten measurements for
ceramic powder and the results reproduced successfully.
Micrographs of the powders were obtained using an elec-
tronic scanmicroscopy (MEV INSPECT S50, FEI) in order to
access the particle’s morphology. �e moisture content of the
powders wasmeasured by the gravimetricmethod, according
to the standards from AOAC International [18] by keeping
samples in a forced convection oven at (105 ± 3)∘C and
measuring the di�erence between �nal and initial masses.
Particle densities were measured using a helium pycnometer
(Accupyc 1330, Micromertitics).

2.2. Aerated and Tapped Bulk Densities. Aerated bulk density
was obtained by pouring the powder into a funnel placed
at the top of a calibrated glass vessel with a total volume of
250mL and a diameter of 22mm. A mass of powder was
weighed using an analytical scale and added to the vessel, and
the volume of powder wasmeasured.�e tapped bulk density
was obtained by clamping the glass vessel into the device
illustrated in Figure 1 and performing manual tapping.

�e tapping procedure consisted of li�ing the vessel up
until reaching the horizontal bar located at a distance of 3 cm
from the base and then dropping it. �roughout tapping,
powder was compacted, and the volume of powder into the
recipient went down and was recorded a�er each tapping.
�is procedure was repeated until no further changes in the
volume of the powder could be identi�ed. �e Hausner ratio
(HR) was estimated using the following de�nition:

HR = �cb�lb , (1)
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Figure 1: Device used for measuring powder tapped bulk density.
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Figure 2: Measurement of angle of repose of powders.

where �cb and �lb are the tapped and loose bulk densities,
respectively.

2.3. Angle of Repose. �e AoR was measured using a funnel
with an ori�ce of 20mm diameter, whose wall formed an
angle of 65∘ with a horizontal plane. Each test was repeated
at least three times.

�e funnel was held at a height of 9 cm above the at
base while the powder was poured through it, as we show in
Figure 2.�e diameter and the height of the powder’s conical
heap formed at the surface were measured and the AoR was
calculated using

0 = arctg( ℎ�/2) , (2)

where ℎ is the high of conical heap and � is the diameter,
according to Figure 2.

2.4. Flow Function and E
ective Angle of Internal Friction. A
direct shear cell TSG 70-140-AVT (available at the laboratory
of Wood and Timber Structures, São Paulo University, São

Carlos, SP, Brazil) was used to measure the ow’s function
and the e�ective angle of internal friction. �e cell used had
an internal diameter of 93mm and the shear rate ranged from
1 to 3mm/min. �e procedure used to measure the instanta-
neous ow function was recommended by the Standard Test
Method for Shear Testing of Bulk Solids Using the Jenike Shear
Cell [9]. It is based on plotting the failure of shear stress versus
normal stress, known as yield locus. To construct a yield
locus, a selected powder is consolidated under a given consol-
idating stress, in a step known as preshear. A�er preshearing,
the powder is subjected to shearing, where the shear stresses
required to cause the powder to fail under di�erent normal
stresses are measured [8]. For each powder, three di�erent
levels of consolidating stress were applied (100, 70, and 50N).
�ese values were chosen following the recommendations
of the ASTM: D6128-06 [9], based on the bulk properties
of the powders. For each level of consolidating stress, the
failure shear stress under three di�erent normal stresses,
below the consolidating stress was measured, and three yield
loci were obtained. �ese data were combined with Mohr
stress circles to determine parameters such as the cohesion
of the powder, the tensile stress, and the shear index (for a
detailed description of the procedure to �t the yield locus and
�tting parameters; see Fitzpatrick et al. [8]). In this study, the
Mohr stress circles tangent to the yield locus were calculated
using so�ware developed by Diniz [19].�e uncon�ned yield
strength (UYS) and themajor consolidating stress (MCS) can
be estimated from each yield locus. A ow function is a plot
of UYS versus MCS, and the ow index is de�ned as the
inverse of the slope of a ow function linear �tted curve. �e
wall yield locus of powders was measured using Jenike’s cell
described above in which the cylindrical base of the cell was
replaced by a at plate of galvanized iron.�ewall yield locus
was obtained by measuring the horizontal stress required to
make the powder fail at the following normal stresses: 9.0,
7.5, 6.0, 4.6, 3.1, and 1.6 kPa. �e procedure used was the one
recommended by the ASTM, using Jenike’s shear cell. �e
angle of wall friction (��) reported is the angle formed with
the horizontal axis by a line drawn from the origin to a point
on the wall’s yield locus with a normal stress of 9.0 kPa. All
measurements were carried out at ambient temperature and
relative moisture ranging from 40 to 55%.

3. Results and Discussion

3.1. Physical Properties of the Powders. �e powders size dis-
tributions, obtained from the average of measurements can
be seen in Figure 3.

�e particle size distributions in Figure 3 show a broad
range of particle sizes. Alumina shows a bimodal distribution,
with sizes from 0.1 to 100	m and two particle concentration
peaks, a major one at 
� = 9.0 	m and a minor one at 
� =0.5 	m. Amixture of particles of di�erent sizes is common in
powders meant for applications into the ceramic �eld. �ey
are used to obtain denser packed-beds and to improve the
mechanical resistance of manufactured materials [20]. �e
ceramic powder shows a unsymmetrical and wide size dis-
tribution, with sizes from 1 to 1000	m. �e ceramic powder
shows a peak at 
� = 15 	m and a signi�cant fraction of
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Figure 3: Particle size distribution of the powders.

particles with sizes from 100 	m to 1000	m. �ese coarse
particles are probably formed due spray drying, where
primary particles of smaller size agglomerate and generate
ceramic granules of larger size.�emean Sauter diameters for
alumina and ceramic powder are equal to 
�� = 1.25 ±0.01 	m and 
�� = 679 ± 29 	m, respectively.

�e main physical properties of the particles and the
powders’ moisture content are shown in Table 1. Based on the
particle’s density andmean diameter, these powders belong to
group� in Geldart’s classi�cation [21], characterized as being
cohesive with nonfree ow and di�cult to uidize.

Micrographs of the powders are shown in Figure 4. As
noted in the graphs, alumina has particles with irregular
shape and angular morphology, with a smooth surface, while
ceramic powder has particles with spherical shapes and a
rough surface. �e di�erences in their morphologies are due
to the atomization in their spray drying and to the presence
of additives in the original ceramic suspension.

3.2. Bulk Densities, Hausner Ratio, and Angle of Repose. Data
of bulk density as a function of number of tappings (�) are
shown in Figure 5. �e loose bulk densities are the values

measured at � = 0, which were equal to 676 kg/m3 and
826 kg/m3, respectively, for the alumina and ceramic powder.
�e loose bulk density’s value in the ceramic powder is about
22% higher than that of alumina, which is expected since
initial bulk density increaseswithmeanparticle size [22].�is
di�erence is reduced to 7% at full compaction of the powder,
which is reached at � being equal to 350. �e compacted
bulk densities were 1,064 for alumina and 1,136 for ceramic
powder. Particle size, particle shape, size distribution, surface
texture, agglomeration, and cohesion are key factors that
a�ect bulk densities [22].�e powders we analysed aremostly
made up of aluminum oxide, with similar particle densities
but quite di�erent size distributions (Figure 3), Sauter mean
diameters (Table 1), shape, and surface roughness (Figure 4),
which may explain the di�erences in their packing densities.

It can also be observed from Figure 5 that the change
in bulk densities is more intense from � = 0 to 150, a�er
which their variation becomes gradually less until it reaches a

Table 1: Physical properties and moisture content of powders.

Powder �� (kg/m3) 
�� (	m)  (%)

AP 4,043 1.25 ± 0.01 0.16 ± 0.04
CP 3,883 679 ± 29 1.07 ± 0.08

constant value, at � being equal to 350. �e binary distri-
bution size of alumina and the wide size distribution of the
ceramic powder, with a mixture of particles of very di�erent
sizes, favor this initial compaction because the smaller par-
ticles �ll in the voids formed among the large ones which is
expected to be more intense at the beginning of the tapping
process.

�e HR calculated in (1) is 1.57 for the alumina powder
and 1.38 for ceramic powder. �ese values prove/show/
demonstrate that the alumina is a cohesive powder (HR over
1.40) and the ceramic powder is moderately cohesive (HR
between 1.25 and 1.40). Similar trends are observed in the
measured AoR values: 50 ± 3∘ for alumina and 44 ± 2∘
for ceramic powder. �e alumina’s AoR is characteristic of
cohesive behavior, and the ceramic powder’s AoR value is at
the boundary between cohesive and medium ow behavior.
�e lower value of the ceramic powder’s AoR demonstrates
a freer ow of this material when compared to alumina, a
behavior that agrees with the predictions of the measured
values in HR.

3.3. Flow Index, Angle of Internal Friction, and Wall Friction
Angle. �eow functions (plots of UYS versusMCS) of both
powders are presented in Figure 6.

According to Fitzpatrick et al. [8], the ow indexes may
be calculated as the inverse of the ow function slopes. �e
values obtained by applying this de�nition are 2.1 for alumina
and 3.3 for ceramic powder. Another possible de�nition is
based on the assumption that, in order to compare the ow
index of two materials, it has to be estimated at the same
consolidation state [9]. By this de�nition, the ow index
should be calculated as the inverse of the slope of a line cutting
the ow function at a particular point of major consolidation
stress and passing through the origin of coordinates. Consid-
ering Figure 6 and setting a value of 25 kPa, which is an inter-
mediate value of the three major consolidation stress values
obtained, the ow index for the alumina powder is 3.1 and for
the ceramic powder is 4.6. We presented the results using
these two de�nitions since both are reported in the literature,
but from here the values obtained according to the second
de�nition will be adopted, since the comparison at a given
consolidations stress seems to be more consistent from a
physical perspective. �e indexes of 3.1 and 4.6 show that
aluminamight be classi�ed as cohesive, since it is in the range
between 2 and 4, while ceramic powder might be considered
as an easy ow powder. �e alumina powder’s FI value
obtained here, equal to 3.1, is lower than the value measured
by Fatah [4] for alumina, which is 4.2, and suggests a powder
with easy ow. �e di�erence in ow behavior may be justi-
�ed by the greater Sautermean diameter (3	m) andnarrower
size distribution (UI = 2.6) of the alumina powder tested
by Fatah in comparison to the alumina tested in the present



Advances in Materials Science and Engineering 5

(a) (b)

(c) (d)

Figure 4: Scanning electron micrographs: (a) AP magni�ed 2,000x, (b) AP 16,000x, (c) CP 1,000x, (d) CP 16,000x.
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Figure 5: Powder bulk density as a function of number of tappings.

study. �e binary and nonuniform size distributions, which
include particles of diameters below 1	m and up to 100 	m,
and the smaller Sauter diameters of alumina powder tested
here are features that contribute to worsening their owabil-
ity.
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Figure 6: Powder ow functions.

�e e�ective angle of internal friction and angle of wall
friction values are used to design hoppers in Jenike’s math-
ematical methods and are related to the failure properties
in the materials. �e e�ective angle of internal friction is a
measure of interparticle interactions.�emeasured angles of
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internal friction, equal to 41 ± 1∘ and 41 ± 2∘, are not sig-
ni�cantly di�erent among our evaluated powders.

�e angle of wall friction represents the adhesive strength
of the powder and the silo’s or hopper’s wall material; the
larger the value of the angle is, themore di�cult is tomove the
powder along the wall’s surface [8]. �e values obtained for
alumina and ceramic powder were 28∘ and 29∘, respectively.
Because the interaction between the powder and the wall
takes precedence over the interparticle forces, this parameter
is not related to the powder ow properties. Fitzpatrick et al.
[8] measured the angle of wall friction for 12 di�erent food
powders and observed a wide variation among their values,
ranging from 12∘ to 27∘. �e authors were unable to establish
a correlation between the powder’s physical properties and
their angle of wall friction. �ey attributed this di�culty
to the increased complexity of having to consider the wall’s
material properties and how they interact with the powder.
�e values obtained in this work are close to the top values
obtained by Fitzpatrick et al. [8]. High values of angle of wall
friction indicate that the ow of powder along the wall of
a hopper will be di�cult and the minimum hopper’s angle
has to be increased to assure the mass ow of a powder at its
discharge.Mass ow is the preferredmode inmost operations
because it provides a continuous ow, in an approach known
as “�rst in, �rst out” where the full hopper’s capacity is used
[23].

3.4. In�uence of Particle Size, Morphology, and Moisture Con-
tent. Considerable research has been carried out to study the
e�ect of particle size and shape in the owability of powders.
When two particles come in contact, they are subjected
to capillary, electrostatic, and van der Waals forces [24]. For
uncharged and dry powders, the �rst two forces are negligible
as compared to the later one, as is the case for the powders
analyzed here [24]. To clarify the inuence of the interparticle
forces on the dynamic behavior of the powders, Fatah [4]
compared the magnitude of cohesion forces with the weight
of the particles. When the weight of the particles is higher
than the interparticle forces, the particles are characterized as
having a regular free ow. When it is the other way around,
the displacement of a particle onto another particle becomes
di�cult. �e ratio of van der Waals forces to the particle’s
weight increases as the size of the particles decreases. �ere-
fore, reducing the size of the particles can reduce owability
because the particle’s surface area per unitmass decreases and
generates a larger surface area for the surface’s cohesive forces
to interact.

�e e�ect of the particle’s morphology on their ow prop-
erties is not as clearly understood as their size.�e roughness
of the surface has a signi�cant e�ect on the adhesion force,
and changing the roughness can change the van der Waals
interaction by up to several orders of magnitude [24]. Some
researchers have reported that the presence of asperities on
surfaces contributes to reducing the intensity of the physical
forces because of the reduction of the particle’s surface
contact [24–26]. �e geometry of particles is another factor
that a�ects the ow properties of a powder. Mohammed et
al. [5] observed that the irregularities in their shape cause
considerable interlocking among the particles and increases

Table 2: Measured ow properties of alumina and ceramic powder.

Powder AoR (∘) HR FI � (∘) �� (∘)
AP 50 ± 3∘ 1.57 3.1 41 ± 1 28 ± 2
CP 44 ± 2∘ 1.38 4.6 41 ± 2 29 ± 1

their resistance to ow, while their roundness reduces the
interparticle’s forces and improves their ow properties.

Powder moisture content usually has a signi�cant impact
on powder owability, as the liquid bridges and capillary
forces acting between powder particles lead to reduced
owability [27]. Spray-dried ceramic powder has a moisture
content which is 7 times higher than the moisture content of
alumina powder. Still, the larger size of ceramic agglomerates
and their high sphericity outweigh the moisture e�ect.

�e measured ow properties for alumina and ceramic
powder are summarized in Table 2.

�e alumina powder has a 13% higher AoR, 14% higher
HR, and 48% higher FI than those in the ceramic powder.
�e angles of internal friction and of wall friction failed to
di�er signi�cantly. Alumina is classi�ed as di�cult to ow
and ceramic powder as easy to ow because of their mea-
sured ow indexes (FI). �e ceramic powder’s HR and AoR
values are in the limit from “di�cult to medium” ow, while
alumina’s HR and AoR values point out to a “di�cult” ow.

�erefore, better ow properties of ceramic powder than
those of alumina may be attributed to their di�erent sizes
and morphological characteristics. �e greater Sauter mean
diameter, spherical shapes, and rough surface of the particles
in the ceramic powder reduce the intensity of interparticle
forces and improve its ow. It is important to note that the
increase observed in the ow indexes of ceramic powder
compared to those of alumina were similar for the aerated
techniques (AoR andHR).�e di�erence in the FI values was
much bigger than the di�erences observed in AoR and HR,
suggesting that the e�ect of di�erent morphological char-
acteristics of the powders on owability is more signi�cant
when large external stresses are applied to the powder. In the
case of �ne cohesive powders, interparticle attractive forces
may increase by several orders of magnitude with an applied
external load [28–30]. �e only ow parameters that were
not sensitive to the particle’s morphology were the angles of
internal friction and angle of wall friction, which did not
di�er signi�cantly between the powders. �e angle of wall
friction is not related to powder ow properties because the
interaction between the powder and the wall takes prece-
dence over the interparticle forces.

4. Conclusions

�is paper presents the measured ow properties of two
alumina-based powders with di�erent sizes andmorphology.
�e measured values of aerated ow properties (AoR and
HR) showed that alumina powder may be classi�ed as
cohesive, while ceramic powder may be classi�ed as having
an intermediary ow behavior. �e FI values, obtained a�er
powder consolidation, enabled us to classify alumina as
cohesive and ceramic powder as an easy-ow substance.
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�e cohesive behavior of alumina is consistent with the
particles’ small size (Sauter diameters of 1.25 	m), irregular
shape, and low moisture content. In spite of the higher mois-
ture content of ceramic powder, the greater Sauter diameter
(679 	m), spherical shape, and rough surface improved the
behavior of its ow. �e measured angles of internal friction
and angle of wall friction were not sensitive to the change
in the powder’s morphology and did not di�er signi�cantly
between the two powders.
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[20] A. P. Silva, A. M. Segadães, and T. C. Devezas, “Application of
statistical methods to optimize packing density of alumina
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