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RESUMO: As propriedades das cerdmicas avangadas permitem sua
adogao como prolegio balistica, principalmente naquelas compostas de
diversas camadas, presente na primeira camada de impacto. Dentre estas
ceramicas, a alumina (A1203) possui menor custo por sua facilidade de
obtengao, mas estd limitada a baixa flexdo e tenacidade a fratura. Desta
Sforma, propoe-se a adogdo de aditivos, como a niobia (Nb205) e o fluoreto
de litio (LiF), os quais ja apresentaram melhorias na sinterizagao e
densificagdo do material final. O presente trabalho analisow a influéncia
destes compostos na alumina de modo a se observar a formagao de fases.
Dessa forma, observou-se um incremento de cerca de 14% na densificagao.
Além disso, constatou-se a auséncia de impurezas através da observagao
das fases no ensaio de DRX. As andlises em MEV constatou a diminuigdo
da porosidade e das fases formadas apds a sinterizagao.

PALAVRAS-CHAVE: Densificagdo. Ceramicas Avangadas. Alumina.
Niédbia. Fluoreto de Litio.

ABSTRACT: The properties of advanced ceramics allow their adoption
as ballistic protection, especially the multilayered, which ave in the first
impact layer. Among these ceramics, alumina (Al203) has a lower cost
due to its ease of oblaining, but it is limited to low flexion and fracture
toughness. Thus, it is proposed the use of additives, such as niobium
oxide (Nb205) and lithium fluoride (LiF), which have already shown
improvements in the sintering and densification of the final material.
The present work analyzed the influence of these compounds on alumina
in order to observe the phase formation. There was an increase of about
14% in densification. Furthermore, the absence of impurities was
verified through the phases in the XRD test. The SEM analyzes found a
decrease in porosity and phases formed after sintering.

KEYWORDS: Densification. Advanced Ceramics. Alumina. Niobium
Oxide. Lithium Fluoride.

1. Introduction

dvanced ceramics are widely used as ballistic

shielding. This is mainly due to its mechanical

roperties added to characteristics such as

low density, which provide a great mechanical strength/

density ratio compared to other classes of materials used
for the same purpose. [1-3]

It is possible to apply advanced ceramics in mixed
shields, which are composed of overlapping plates
of different materials in order to use each of their
characteristics to guarantee the best possible performance.
As ceramic materials have high hardness and compressive
strength, but low tensile strength, they are used in the
first layer in order to resist the initial compression events
resulting from the impact of the projectile. [4-6]

One of the main ceramics used in the manufacture of
shields is aluminum oxide (ALQ,), also called alumina.
This material is one of the most studied advanced

ceramics due to its low cost, ease of obtaining and good
mechanical, electrical, thermal and chemical properties.
On the other hand, they have application limitations due
to low flexural strength and fracture toughness, with
their low resistance to thermal shock. [7-9]

In order to reduce the consequences of the
aforementioned limitations, some doping elements are
inserted in the alumina composition, which generates
an improvement in densification, as well as in flexural
strength and fracture toughness. [10] One of the
elements known to influence the properties of alumina
is niobium-niobium oxide (Nb,O,). This oxide, when
added in small fractions in the alumina composition,
presented results that prove the improvement in the
original ceramic properties.

Gomes and collaborators [11] added 4 and 6% by weight
of Nb20)5 in the alumina composition. In this study there
was an increase in densification and a reduction in the
sintering temperature from 1600 °C to 1400 °C. Trindade
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et al. [12] investigated the influence of sintering time on
the densification of alumina ceramics doped with 4% by
weight of Nb,O,. Thus, it was verified that the increase
in the total sintering time has a significant effect on the
increase in density.

Another dopant that can be used in conjunction with
Nb,O; is lithium fluoride (LiF). When added in small
concentrations to alumina with Nb,O,, LiF accelerates
diffusion during sintering and increases the densification
and hardness of alumina ceramics. Some recent works
reported the use of LiF as a dopant in the composition
of alumina. Santos et al. [13] investigated the influence of
adding LiF at concentrations ranging from 0% to 1.5%,
together with the addition of 4% Nb,O,. In this study it
was found that the addition of 0.5% LiF conferred better
properties such as greater densification and hardness.
Silveira et al. [14] studied the influence of the activation of
phases formed by the interaction between Nb,O, and LiF,
through calcination of these materials and then added to
alumina. Greater densifications were found in groups
with calcination temperatures close to the LiF melting
temperature.

Thus, the objective of this work is to evaluate the
densification of alumina ceramics, doped with niobia and
lithium fluoride, and to analyze the formation of phases
after sintering.

2. Materials and Methods
2.1 Starting Materials

The powders used for making ceramics are: a-Al,O,
APC 11 SG, rom the manufacturer Alcoa (Brazil); Nb205,
acquired by Companhia Brasileira de Metalurgia e
Mineracao - CBMM (Brazil); lithium fluoride (LiF),
obtained by Dinamica (Brazil). The organic binder used
to give resistance to the green body was Polyethylene
glycol (PEG 300) from the company Isofar (Brazil).

Next, in table 1, the masses used to form the mixture,
the density of each item and its percentage in total weight
are described.
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Tab.1 - Density of the constituent elements of the ceramics produced.

ALO, 3,96

Nb,O, 4,60
LiF 2,65
PEG

The density of the mixtures was determined from the
Rule of Mixtures, given below in equation 1, where the
densities of each element and their fraction by weight were
used, excluding the PEG, eliminated during sintering.

P = (Pa203X¥Ma1203) + (Pnp205XMNp205) + (PLip + Myip) 3)

The percentages of addition of each element were 0.5%
by weight of LiF, 4% by weight of Nb,O, and 95.5% by
weight of AL,O,. In table 2, the densities of each mixture
composition are described.

Tab. 2- Theoretical density of samples obtained using the mixture rule.

ALO, 3,960
ALO, - 4%pNn205 3,985
ALO, -4%pNb205 - 0,5%p LiF 3,979

2.2 Sample Processing

The starting materials were placed in an alumina-
lined jar. Next to these elements, deionized water
in a I:1 ratio was inserted, in order to facilitate the
homogenization, and alumina balls, for a better
comminution of the powders. Grinding and mixing was
done in a ball mill for a period of 8 hours, followed by
drying in an oven at a temperature of 80 °C for a period
of 48 hours.

After drying, the mixture resulting from the milling
was deagglomerated with the aid of a pestle and mortar,
followed by sieving to obtain the desired granulometry.
A sieve shaker was used for a period of 3 min, adopting
a DIN 4188 sieve with an opening of 0.255 mm.

The preparation of the green ceramic bodies was
done through uniaxial cold pressing by a SKAY press,




with a capacity of 30 t. Ceramic discs were prepared
with 15 mm diameter matrices for Archimedes and
bending tests. Its pressing was carried out in two stages:
the first consisted of a light pre-load for the settlement of
the powders in the matrix and the subsequent pressing
with a load of 30 MPa in order to give the powders the
shape of a tablet.

The sintering process of the samples was carried out
conventionally, without controlled presence. Sintering
was carried out in a JUNG furnace with the process
reaching a maximum temperature of 1400 °C. The
sintering route is shown below in figure 1.

Fig. 1 - Sintering route used in this study.

2.3 Characterization

2.3.1 Green Density Calculation

From the theoretical density value found through
the Rule of Mixtures, it was possible to calculate the
density and densification of the green ceramic bodies.
Thus, equation 2 was adopted to determine the green
density, based on the relationship between mass
and volume of the sample. The green densification,
shown below in equation 3, was calculated from the
percentage difference in the density value obtained
by the theoretical density found in the mixture rule
of equation 1.

p — massgmeostra 9

verde volumegmostra )

Densificacio,e,qe = (2222¢)x100% 3)
Ptedrica
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2.3.2 Densification of Sintered Samples

The calculation of density and densification of
the sintered ceramic bodies was performed based
on NBR 16667: 2017. [15] Through equation 4, based
on Archimedes’ technique, which considers the data of
immersed mass (mi), wet mass (mu) and dry mass (ms), the
apparent density is obtained. With this result, it is possible
to determine the densification of the ceramic body
through the difference between the apparent density and

the theoretical density of the body (equation 5).

p = (——)xpy

aparente Mmy—m; lig @

Densificacio = (M)wa% )
ttedrica

2.3.3 X-Ray Diffraction (XRD)

XRD analysis allowed the identification of the phases
present in the starting powders and in the sintered
samples. The test was carried out in a Panalytical X’pert
MRD diffractometer, with Co-Ka radiation, 40 KV power
and 30 m current. The sweep ranged from 5 to 80°.

2.3.4 Scanning Electron Microscopy (SEM)

Observation of the fracture surface of the sintered
samples was performed using a QUANTA FEG 250
scanning electron microscope. A beam with a power of
20 kV and a diameter of 5 um was used. Magnifications
varied between 2000 and 20,000x, in order to allow
microstructures tobe examined. Samples were previously

coated with gold to allow complete visualization.

3. Results and Discussion

3.1 Densification of Samples

Next, in table 3, the green densification results of
the analyzed sample groups are described.

Tab. 3- Density results relative to the green of the samples.

ALO 2,174 = 0,08 54,53 = 2.09

2773
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Al,O,/4%pNb,O; 2,506 = 0,05 62,80 = 1,17
ALO,/4%pNb,O

273 9

/0.5%p LiF 2,322 + 0,05 58,09 + 1,42

The result obtained for pure alumina, 54.53%,
is compatible with the literature. [16] It is proposed
there that, for a good sintering of bodies composed
of alumina, the densification of the green bodies
must be at least 55%. The addition of niobium to
alumina considerably influenced the relative green
densification of the ceramic bodies, where an increase
in densification to 62.80% was observed. In turn,
the addition of LiF exerted a minor influence on the
parameter of the analyzed samples.

Next, in table 4, the relative density results of the
samples after sintering are described.

Tab. 4 - Results of density and relative densification of sintered samples.

ALO, 3,289 0,067 83,06 = 1,69
ALO,/4%pNb,0, 3,700 0,053 92,84 = 1,33
ALO,/4%pNb,0

273 2775

10,5 LiF 3,836 = 0,027 96,41 = 0,68

From the values displayed in table 4, it is possible
to observe that the densification of all sample groups
presented high values when compared to the literature.
Pure alumina showed a densification of 83.06%, a value
higher than what Gomes et al. [11] found for the same
material sintered at 1600 °C (71.8 %).

The addition of niobium and lithium fluoride
caused a relevant increase in the densification of
alumina ceramics. The samples with 4% of niobium
reached an average densification of 92.84%, while the
ceramics with the addition of 4% of niobium and 0.5%
of LiF showed a densification of 96.41%. These values
are higher than those found in several other studies.
[11-14,17,18] The increase in the densification of
samples with niobium and lithium fluoride is due to
sintering in the liquid phase. In this process, dopants
with a low melting point form a eutectic phase that
runs through the pores and voids of the ceramic,
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which facilitates the grain diffusion process and the
formation of densification necks. [19]

3.2 X-Ray Diffractometry

Next, figures 2 and 3 show the diffractograms
of the precursor materials used and the sintered
ceramics with their respective phases indicated.

Fig. 2 — Diffractograms of the departure powders.

From the diffractograms in figure 2, it is possible
to observe that the precursor materials did not
present impurities that could harm the densification
of the samples. This is justified by the presence of only
the phases related to alumina, niobium and lithium
fluoride, respectively.

Fig. 3 — Diffractograms of the sintered samples.

From the diffractograms in figure 3, it is possible
to observe the formation of three phases besides
alumina during sintering. The interaction of alumina
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with niobia during the homogenization step causes
the formation of aluminum niobate (AINbO,) at high
temperatures. [20] In turn, the lithium niobate phase
(LiNbQ,) is formed from the interaction of niobia
at temperatures above 1000 °C, forming a liquid
phase. The formation of LiNbO, promotes increased
densification because the liquid phase fills the
pores, which contributes to increased diffusion and
densification of alumina. [21] The niobium fluoride
phase (Nb,O. F) was also found in the sintered samples.
This phase is formed from the melting temperature
of LiF, where the interaction with niobium allows it to
disappear completely, leaving only the phases LiNbO,
and Nb,O,F. [22]

The presence of these phases is a factor of great
importance in controlling the microstructure of
alumina, as these phases act directly in accelerating
the diffusivity of grain boundaries, promoting
greater densification of ceramics. [23] The formation
of these phases preferentially in the grain boundaries
is the key to the increase in densification, because
the fact that the grain boundary is a region of higher
energy, the grains tend to grow in these regions. As a
result, the total area of the grain boundary decreases,
reducing the free energy of the system. [24] The
liquid phases precipitated in the grain boundaries
block the movement, favoring the elimination of the
pores linked to this grain boundary. [24,25]

3.2 Scanning Electron Microscopy (SEM)

Fracture micrographs of the analyzed samples
are shown below in figures 4, 5 and 6. figure 4
shows the alumina fracture surface at 5000x and
20000x magnification.

Fig. 4 — Micrographs of the fracture region of the pure alumina
sample. 5000 and 20000x magnification.

Fig. 5 — Micrographs of the fracture region of the niobia-doped
alumina sample. Magnifications of 2000 and 16000x.

Fig. 6 — Micrographs of the fracture region of the alumina
sample doped with niobium and lithium fluoride.
Magnifications of 2500 and 10000x.

From the micrographs in figure 4, it is possible
to observe that the pure alumina samples showed
high porosity. This high porosity is due to the lack
of dopants in the alumina composition, directly
influencing the sintering mode.

The alumina samples doped with niobia showed a
considerable increase in densification, which can be
observed in the micrograph of figure 5 and corroborated
by the densification results presented in topic 3.2 of
this work. The addition of niobium to alumina formed
AINbO, which is already reported in previous research
as a phase that promotes the acceleration of grain
diffusion, lodging especially in the grain boundaries,
reducing the porosity of the material and promoting an
increase in densification. [11-14]

Samples doped with niobia and lithium fluoride
showed very high relative densifications, almost
reaching 97% densification. In the micrographs of
Figure 6, it is possible to observe the formation of
intergranular cracks in the sample. These cracks were
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specifically concentrated in the grain boundaries, traversing the sample in its entirety. The almost absence
of pores is due to the filling of voids by the eutectic phases formed during sintering. (AINbO,, LiNbO, and
Nb,O.F)

307

6. Conclusions

In this work, advanced alumina ceramics doped with 4% by weight of Nb,O, and 0,5% and 0.5% by weight
of LiF were produced through conventional sintering at a temperature of 1400 °C for 3 hours.

The presented results showed that the addition of Nb,O, increased the alumina densification by 14%, due
to the formation of liquid phases that favored diffusion during the sintering step of the samples.
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