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In this study, Al,Os-based composites strengthened with Ti were manufactured. High-energy milling was used to mix and grind
the raw materials (450 rpm during 40 min). These powders were compacted (300 MPa) into cylindrical samples and sintered
at 1500 °C for 2 h. Scanning electron microscopy observations show dense, fine and homogeneous microstructures, with a
uniform distribution of metal particles throughout the ceramic matrix. A significant effect on the composite micro-hardness
can be observed (as the titanium percentage is increased, micro-hardness is also increased). In other words, composites
have a significant surface hardness, which diminishes towards the center of the piece. This attribute is highly useful for
solid elements exposed to extreme strain and shearing conditions since hardness allows withstanding wear, corrosion, and
friction, but the soft center allows withstanding vertical loads in the piece cross section. The fracture toughness, estimated
by the indentation fracture method, showed that the manufactured composites here present higher values up to 100 % than
the control sample’s average (0.0 % Ti). Hence, it can be inferred that titanium particles in a ceramic matrix can disperse

the energy of cracks spreading.
INTRODUCTION

New materials are being developed every day to
provide specific technological solutions; these materials
are called advanced materials or structural materials.
These materials are prepared according to industry needs,
e.g., electric, electronic, optical, mechanical, biomedical,
aeronautic, and civil engineering systems, among others.
Advanced materials require intense research and the
development of sophisticated characterization methods,
mainly at microscopic levels. Hence, it is necessary to
develop of procedures to alter or modify its properties in
order to produce improved materials and therefore, new
applications [1-4].

Advanced ceramics are a great option because of
their physical-chemical properties (high hardness and
resistance to compression, high corrosion resistance,
high melting point, excellent chemical and structural sta-
bility at high temperatures, and high elastic modulus).
However, their applications as structural materials are
somewhat limited because of their brittleness, i.e., too
low fracture toughness. For example, alumina (Al,O;)
ceramic has a wide range of applications nowadays: its
high hardness (9 on the Mohs scale) make it useful in
cutting tools, while its high melting point (until 2000 °C)
and chemical stability make it suitable as a refractory

material, including high-temperature insulation. More-
over, it is an electric insulation material, and it is inert
and insoluble to almost all chemical reagents. It is also
biocompatible, allowing it to be adopted by the human
body (joints, bones, dental implants and hearing aids).
However, as a particular characteristic of all ceramics, it
has low fracture toughness (i.e., low resistance to crack
propagation) and high brittleness (i.e., low resistance to
tension, flexion, or perpendicular loads) [5, 6].

Ceramic-matrix composites (CMCs) based on a ce-
ramic matrix reinforced with metallic particles (also
called cermets) allow combining ceramics and metals’
properties. However, a critical issue is a difference in
deformation mechanism and thermal expansion coeffi-
cients during sintering. Alumina-matrix composites
reinforced with metal and intermetallic particles are
examples of CMCs (cermets) [7-11].

Yaoa et al. [12] applied plasma spark sintering
for to prepare alumina-based composite reinforced
with nickel particles, reporting a fracture toughness of
3.84 MPa-m™. In another study, Sekino et al. [13]
synthesized the same type of composite developed by
hydrogen reduction of NiO to Ni and subsequent hot-
pressing of alumina with nickel oxide mixture, repor-
ting a maximum fracture toughness of 3.5 MPa-m™* with
5 % in nickel volume. Ji and Yeomans [14] synthesized
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alumina-based composites reinforced with chromium
particles through hot pressing with temperatures of
1400 °C and 1600 °C, reporting fracture toughness
values of 4.7 MPa-m™’, concluding that a relatively
high content of chromium is necessary to improve this
property. Following the same approach, Guichard et al.
[15] synthesized alumina-based composites reinforced
with 22 vol. % of chromium particles, reporting a crack
stress intensity factor of 7.2 MPa-m™?. Prielipp et al.
[16] synthesized alumina-based composites reinforced
with aluminum metal particles, indicating a crack
toughness of 10.5 MPa-m™ with 35 % of aluminum.
Recently, alumina-based composites reinforced with
titanium particles have been developed under different
conditions, reporting favorable densification results,
micro-hardness, and fracture toughness [17-22].

In general, it is observed that the reinforcement
size and its homogeneous distribution in the ceramic
matrix contributes to obtaining the best mechanical
properties, mainly the critical stress intensity factor
(fracture toughness). Therefore, this work aims at pre-
paring alumina-based composites reinforced with tita-
nium nanoparticles by powder, using small amounts of
reinforcing material with high speed and short milling
time. The primary purpose of this paper is to study the
effect of the grinding conditions on the mechanical
properties (hardness and fracture toughness) in the cross
section of the samples.

EXPERIMENTAL

AL O, powder (Sigma-Aldrich, purity 99.9 %, size
5 um) and Ti powder (Mayer, purity 99.9 %, size 5 um)
were used to synthesize the samples. Four systems were
studied, all with alumina as the ceramic matrix. The con-
tent of the reinforcing metal (Ti) that was used was 0.2,
0.4, 0.5 and 1.0 wt. %. In addition, a sample without
reinforcing material was prepared (control sample) in
order to have reference values. The grinding and mixing
of the powders were performed by high energy milling
using a planetary mill (Retsch, PM100, Germany) in a
stainless steel container with a volume of 250 ml and
Zr0, grinding media (balls) of 3 mm diameter. The ratio
between powder weight/ball weights was 1:14, using
an overall volume of 1/3 of the container. Speeds of
450 rpm were used for 40 minutes in dry with cycles of
3 minutes for each direction for rotation and pauses of
10 seconds between cycles. The powders’ particle size
distribution resulting from the grinding was determined
using laser diffraction (Malvern Masterziser 2000, UK).
Cylindrical samples of each composition with 20 mm
of diameter and 3 mm thickness were manufactured by
uniaxial pressing, using 350 MPa pressure (Montequipo
20 t hydraulic press, Mexico). The green samples
were sintered in an electric furnace (Thermo Scientific
Lindberg Blue, Germany) at 1500 °C for 2 hours with

a heating rate of 5 °C-min™' and an argon flow of gas of
10 cm®min™ in the furnace chamber. The dwell time at
maximum temperature was 120 minutes.

The Archimedes method was used to measure the
density of the sintered samples. For this purpose, each
study system’s density was calculated using the mixing
rule, using density values of 3.96 g-cm™ and 4.54 g-cm™
for alumina and titanium, respectively. An optical micro-
scope (Nikon, MA200, Japan) and a scanning electron
microscope (JEOL 6300, Japan) were employed to
observe milled powders and microstructures of sintered
samples. The micro-hardness and fracture toughness
were estimated by the indentation fracture method, using
a Vickers micro-hardness tester (Wilson Instruments,
S400, Japan) with a pyramidal diamond tip indenter
using a force of 9.8 N with a penetration time of 10 s and
applying the Evans and Charles Equation [23].

RESULTS

Particle size distribution

The cumulative distribution for the samples milled
at 450 rpm for 40 min and different titanium contents
is reported in Figure 1. Generally speaking, there is
no significant effect of Ti content on the accumulated
distribution of particles, especially in sizes smaller than
6 microns, since the volume of this distribution is very
similar in all cases.
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Figure 1. Particle size distributions after milling (450 rpm for
40 min).

For a better interpretation of this figure, deciles D10,
D50 (median), and D90 were taken, from here we have
that the accumulated distribution of particle size in the
first decile (D10) is approximately 1.5 microns; for the
median (D50), we have an accumulated distribution of
3 microns in the particle size and for the decile D90 the
accumulated distribution of particle size is 18 microns.
Of these results, 50 % of the accumulated volume of
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particles’ distribution has very fine sizes and less than
3 microns, which should be suitable for the sintering
stage because there is a smaller separation distance
between particles, which favors the atomic diffusion
process during sintering. Consequently, well-densified
bodies with a more homogeneous microstructure can
be obtained, which should be favorable for mechanical
properties.

Density

The results of the relative density measurements
of sintered samples are shown in Figure 2. A high
percentage of density is observed in all samples, in-
cluding the control sample (without titanium particle
inclusions); it can be noticed that the relative density is
directly proportional to the titanium particles content.
The overall high relative density is partly due to the
appropriate distribution of particle sizes in the powders
that favored a larger number of contacts between them
and improved diffusion during sintering. On the other
hand, the improvements in densification with titanium
increments can be explained by the fact that titanium as
a metal is a good heat conductor, which favors both heat
and mass transfer phenomena during sintering.
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Figure 2. Relative density of the sintered samples as a function
of titanium content.

Microstructure

Figure 3 shows micrographs obtained by Scanning
Electron Microscopy (SEM) of thermally treated samp-
les with 0.5 % and 1 % of titanium. Figures 3a and 3b
were taken at the same magnification (1000 x). There are
significant differences regarding the grain size and the
matrix solidification process. With respect to the sample
with 0.5 % of titanium (Figure 3a) the grains present sizes
between 5 and 10 pm. In the sample with 1 % of titanium
(Figure 3b), there are hemispherical particles with sizes
from 1 to 4 pm and acicular particles with sizes from 5

to 10 pum. Concerning the metallic aggregates, the same
particle size (approximately 1um) is observed in both
cases, with a uniform distribution throughout the sample
and agglomerates in some areas. Figure 3c is a close up
(5000 x) zoom into a selected zone from Figure 3b to
visualize the matrix and titanium particles. The chemical
elements present in our samples are visible on the EDS
spectrum in Fig. 3c. As expected, it can be observed that
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Figure 3. SEM micrographs of sintered samples: a) alumina
matrix with 0.5 %Ti, b) alumina matrix with 1.0 % Ti, ¢) zoom
of image (b).
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the matrix is formed by alumina particles, Al and O (gray
zone), and the inclusions are the metallic reinforcement,
Ti (small white particles), see Figure 3c. In Figures 3c, b,
the EDS analysis was essentially the same everywhere,
indicating a homogeneous distribution of the metallic
particles (small white particles) in the ceramic matrix
(gray particles). Both samples (with 0.5 and 1 % of
titanium) showed an efficient densification process. In
this process, titanium particles behave as efficient heat
transfer media during thermal treatment by their metallic
nature. Thus, the atomic diffusion process is facilitated,
and consequently, better densification (and possibly a
higher grain growth rate) are achieved.

Figure 4 shows an elemental mapping of samples
sintered at 1500 °C. Figure 4a shows a homogeneous
distribution of the elements present in the composite,
aluminum (yellow dots) and oxygen (green dots), as well
as the uniform distribution of titanium particles through-
out the matrix (white dots).

On the other hand, Figure 4b shows that the ceramic
matrix elements do not cover the entire sample uniformly;
thus, there is a lack of these elements in some zones.
There are a higher amount of distributed particles in the
ceramic matrix for titanium, but in contrast to the previous
sample, the inclusions are more agglomerated. This may
imply that the sample is affected by agglomeration due

to saturation, and likewise, the excess of titanium may
generate a non-uniform densification matrix.

Micro-hardness

Figure 5 shows the average of the micro-hardness
results from 14 measurements carried out on the studied
samples’ surface. It can be observed that the amount
of metal reinforcements has a significant effect on the
micro-hardness of the composite. Hence, for the control
sample (0.0 % Ti), a micro-hardness of 630 HV was
registered. As the titanium percentage is increased, there
is a micro-hardness increase, reaching results of 1564 HV
and 1593 HV for samples with 0.5 % Ti and 1 % Ti,
respectively. The obtained results exceed the control
sample values (1500HV). The sintering time affects
the microstructure and its densification. As mentioned
before, reinforcement effects in ceramic matrix regarding
micro-hardness may be supported by an appropriate
particle size distribution in the powders that favors a
greater number of contacts between the particles and
thus improved diffusion during sintering. On the other
hand, titanium is a better heat conductor than alumina,
which causes an acceleration in the diffusion of atoms.
Hence, the mechanical properties of the composites are
improved in comparison with the control sample.

Green dots: oxygen
Yellow dots: aluminium
White dots: titanium

a)

Green dots: oxygen
Yellow dots: aluminium
White dots: titanium

b)

Figure 4. Elemental EDS mapping of thermally treated samples: a) alumina matrix with 0.5 % Ti, alumina matrix with 1.0 % Ti.
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Figure 5. Micro-hardness at the surface of the samples as a
function of titanium content.

In order to complement the results, samples with
0.5 % and 1 % of titanium were transversally sectioned
to make a sweep of the local internal micro-hardness.
Four domain zones were determined where micro-hard-
ness tests of approximately 50 pm for each domain were
carried out. The first domain (X,) was located in the
sample center, approximately 1500 pum from the surface.
The second and third domain (X, y X;) were located at
1000 pm and 500 um from the surface, respectively.
Finally, the fourth domain (X,) was located closest to
the surface (considering an extension of 50 um for the
domain itself). Results are shown in Figure 6.
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Figure 6. Local internal micro-hardness obtained on transverse
cross sections of the samples.

In both cases, 0.5 and 1.0 % Ti, in the first domain
circle X,, micro-hardness values of 900 and 950 HV
are reported respectively. In the second domain circle
X,, micro-hardness was increased from 1300 HV for
the sample with 0.5 % Ti and 1400 HV in the sample

with 1.0 % Ti. In the third domain circle, X5, a micro-
hardness of 1400 HV was reported for both samples.
Regarding the fourth domain, X,, a significant difference
in reported results was observed. For the sample with
0.5 % Ti, a 1500 HV hardness was measured. In contrast,
the sample with 1.0 % Ti exhibited a hardness of more
than 1600 HV, possibly due to slight oxidation of the
titanium on the composite’s surface. According to the
results, the composites have a significant surface hard-
ness, which diminishes towards the center of the piece,
thus maintaining fracture toughness. This feature of the
composites is highly useful for solid elements that will
be exposed to extreme conditions of strain and shearing
since the hard surface allows withstanding wear,
corrosion, and friction, among others, but the soft center
allows withstanding vertical loads in the piece cross-
section and increases the fracture resistance of the part.

Fracture toughness

Figure 7 shows an average fracture toughness results
from 14 measurements carried out on the sample surface.
It is noticed that the sample without titanium has a value
below 4 MPa-m™®?, i.e., below the value of the control
sample. A significant increase in fracture toughness is
observed as the amount of titanium increases. The best
results were found in samples with 0.5 % and 1.0 % of
titanium particles. Still, already for 0.2 % and 0.4 % of
titanium particles there is an increase in fracture tough-
ness by about 25 % compared to the control sample. In
the sample reinforced with 0.5 % of titanium, fracture
toughness of 7.4 MPa-m™®®, approximately 90 % of the
control sample value, was achieved. Still, can be sur-
mised that the steep increase between 0.4 and 0.5 %
of titanium is just due to a statistical sample-to-sample
variation (that means, compared to a representative batch
of samples, either the 0.4 % value is slightly to low or the
0.5 % value is slightly to high).
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Figure 7 Fracture toughness obtained from indentations at the
surface of the samples as a function of titanium content.
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The highest fracture toughness value registered,
approximately 8 MPa-‘m™®® (which is more than twice
the value of the control sample), was obtained for
the sample reinforced with 1 % of titanium. It can be
concluded that titanium increases not only the relative
density and hardness but also the fracture toughness of
the sintered samples. These increments can naturally be
explained by ductile metallic inclusions, which increase
the fracture toughness of the composite compared to
the brittle alumina ceramics (matrix material). When
a crack is generated and impinges on an inclusion,
the ductile deformation of the elastoplastic inclusion
consumes energy that is not available anymore for crack
propagation.

Figure 8 shows local internal fracture toughness
(average results obtained from 14 measurements) of
the composite samples with 0.5 and 1 % of titanium
particles. These local results are from the sample’s
inner parts (i.e., the same as considered above in the
measurement of local internal micro-hardness) with
locations denoted as X,, X,, X;, X, (see the detailed
explanation above). In the case of the first location (X,),
values of 4.3 MPa-m™®® and 5 MPa-‘m™® were obtained
for samples A and B, respectively (A: 0.5 % Ti and B:
1 % Ti). Values for samples with 0.5 % Ti are slightly
lower than those for the control sample, while samples
with 1.0 % Ti are above the reference value. In the second
location (X,), similar values were registered for both
samples (6.3 MPa-m™” for samples with 0.5 % Ti and
6.5 MPa-'m™®* for samples with 1.0 % Ti). These values
correspond to approximately 45 % increase with respect
to the control sample. A similar situation was observed
at the third location (X;), with 6.9 MPa:m™* for samples
with 0.5 % Ti and 7 MPa-m ™ for samples with 1.0 % Ti,
i.e., values corresponding to a 65 % increase with respect
to the control sample. In the last location close to the
surface (X,), values of 8 MPa-m™ were obtained for
samples with 0.5 % Ti and 8.1 MPa-m ™" for samples with
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Figure 8 Local internal fracture toughness obtained on trans-
verse cross sections of the samples.

1.0 % Ti (87 % increase compared to the control sample).
It can be concluded that there is a progressive fracture
toughness increase from the center to the surface of the
sample, similar in slope to the micro-hardness results.

CONCLUSIONS

In this work, dense alumina-matrix composites
with titanium nanoparticles (homogeneously distributed
in the ceramic matrix) were prepared and characterized.
The grinding conditions used in this work were effective,
resulting in an appropriate particle size, where 50 % of
the accumulated volume of the distribution of particles
has very fine sizes and less than 3 microns, which
should be suitable for the sintering stage because there
is a smaller separation distance between particles, which
favors the atomic diffusion process during sintering,
which was obviously favorable for the densification for
the composite samples. With increased speed of rotation
and reduced grinding time, composites were obtained
with mechanical properties similar to those reported in
the literature. The difference was the much lower energy
consumption (in this work, 60 % of electricity was
saved in the grinding stage). The best results in terms
of hardness and fracture toughness were those obtained
in the samples with 0.5 % and 1.0 % of titanium, with a
micro-hardness of approximately 1600 HV and a fracture
toughness of approximately 8 MPa-m™®’. The titanium
particles in the ceramic matrix can disperse the energy of
cracks spreading. The mechanical properties mentioned
above decrease below 0.5 % of titanium particles. More-
over, the cross section’s local analyses reveal a decrease
in hardness and toughness when approaching the center
of the samples. These results mean that the composites
are tenacious (hard surface outside and soft core inside),
which may open the way to interesting applications of
these materials.
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