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Abstract

In this work, alumina/silver composites were produced through powder techniques,
which involve the combination of high energy mechanical milling combined with sin-
tering in the presence of a liquid phase and with the idea of having ceramics with good
toughness values. From mechanical characterizations, it was found that increases of the
silver content in the alumina origins decrease the elastic’s modulus and flexural strength
of the final composite. The fracture toughness of alumina increases from 4.2 MPam™?
for monolithic alumina to 10 MPam™" for alumina with 2 wt% silver additions. It was
determined that the reinforcement mechanism of these materials is due to the deflection
of cracks owing to metallic bridges formed by the silver used as toughener material.

Keywords: silver reinforcements, fracture toughness, alumina, silver nanoparticles,
ceramic composites

1. Introduction

Manufacturing, in its broadest sense, is the process of converting raw material into a fin-
ished product. It includes the design of the product, the selection of the raw material and the
sequence of processes and operations through which it will be manufactured [1]. This method
exists since approximately 5000—4000BC. The manufacture of products for various uses began
with the production of articles made of wood, ceramics, stone, and metal. The materials and
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processes that were first used to form products through smelting and forging have been devel-
oped gradually over the centuries, using in the actuality new materials and more complex
operations, at increasing production rates and higher levels of quality [1].

In the modern sense, manufacturing involves the manufacture of products from raw materi-
als through various processes, machinery, and operations, through a well-organized plan for
each required activity [1]. Each approach is suitable only for producing just a particular com-
ponent and material, and it cannot be used to do all types of products. In reality, the sequence
of the manufacturing process is designed according to the requirements of the component to
be manufactured.

The metallurgy of powders has been used since 300 BC when massively large iron objects were
manufactured [2]. In 1829, new developments were achieved in this area when an English
engineer applied cold pressure and sintered platinum powder to produce ductile platinum.
Later, in 1870, osmium filaments were made using the powder metallurgy method. In 1916 a
commercial tungsten cable manufactured employing this method was also produced. After
all these developments in the field of powder metallurgy, a wide variety of components are
currently manufactured, such as tungsten carbide cutting tools, refractory parts, and elec-
tronic components, among many others [2].

Until now the techniques of processing of powders involve working with very fine powders with
sizes of the order of microns, where materials with excellent physical and chemical properties
have been obtained. However, with the advance of science, researchers have observed that it is
possible to get materials with much better properties working with powders finer than microns.
These studies at nanometric levels are what have given way to the nanotechnology and the devel-
opment of the nanostructured materials. Nanotechnology is a current issue that involves several
branches of science, so it is difficult to define it. However, it could be said that it is the design,
manufacture, and application of nanostructures or nanomaterials, and the knowledge of the rela-
tionships between physical properties or phenomena and the dimensions of the material [3].

The search for new nanostructured functional materials has focused on nanometric scale
manipulation, which leads to the improvement of properties at the macro scale [4].

Nanomaterials are a new class of materials (whether they are ceramic, metals, semiconduc-
tors, polymers, or a combination of these) in which at least one of their dimensions is between
1 and 100 nm; represent a transition between molecules and atoms and a material with solid
volumetric dimensions [5, 6].

At the end of the previous century, there is a classification of these advanced materials called
functional materials with a gradient [7]. The functional materials with gradient represent
those advanced materials that comprise a particular gradient in structure composition, or
both, and adapted for a specific application or function [8]. Ceramic materials in recent years
have been developed as advanced materials, and above all, as functional materials with a gra-
dient, due to the favorable properties that they possess and the many ways in which they can
be processed [9-14]. They are compounds formed by metallic and non-metallic elements; with
general properties that characterize them, it can be pointed out that they are hard, fragile, and
resistant to compression; some are transparent, others translucent. Regarding the conductivity
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of heat and electricity, some are insulators, others have low conductivity, although this is sub-
ject to several factors; they are mostly resistant to corrosion at room temperature and others
also at high temperatures [15].

However, the ceramic materials in general present great fragility, in the particular case of the
materials made of alumina (ALQ,) are not the exception. Alumina is a very useful and widely
used industrial ceramic material. Its applications include cutting tools, dental implants, pros-
theses, electrical and thermal insulations, and wear resistant. Its utility is attributed to its high
hardness, high resistance to compression, and high properties of electrical and thermal insula-
tion. However, despite its desirable and potential characteristics, its use as a structural material
hasbeen considerably hindered due to its low resistance to fracture (as s typical of ceramics) [9].
Ceramic materials can be made more robust by incorporating fine metal particles into their
matrix. This development has been successfully used before in different systems [9, 16-19].

Researchers have used numerous methods aimed at improving fracture toughness and other
mechanical properties of alumina processing. In these studies, different systems have been
prepared with an alumina-based ceramic matrix reinforced with the incorporation of metallic
particles presenting the following results: Yao [20] has applied spark plasma sintering for the
preparation of ALLO,/Ni nanocomposite and has reported a fracture toughness of 3.84 MPam™°.
Sekino [21] has prepared an Al,O,/Ni nanocomposite by hot pressing of an Al,O,/NiO mixture
at a pressure of 30 MPa and temperature of 1450°C, reporting a resistance of more than 1 GPa,
but the fracture toughness was only 3.5 MPam™ for 5% by volume of Ni content. So from
this investigation, it was concluded that the Ni increases only nominally the fracture tough-
ness, even though the nickel is appreciably ductile. The lack of coincidence of the coefficient of
thermal expansion between nickel and alumina could be responsible for the reduction of gain
in fracture toughness. Guichard [22] has reported the production of Al O,/Cr composites with
fracture toughness values between 4 and 7.2 MPam™° by varying only the chromium content.
The densification of these composites was carried out by sintering without pressure, and hot
pressing at temperatures between 1400 and 1600°C. The samples of the hot pressing proposed
work were much denser and with higher hardness than those sintered without pressure. Ji
and Yeomans [23] have manufactured an Al,O,/Cr nanocomposite containing 5% by volume
of chromium, registering a strength and fracture toughness of 736 MPa and 4.72MPam™~,
respectively. Therefore, they concluded from this study that a relatively high chromium con-
tent is necessary for the improvement of fracture toughness. In his research, Prielipp [24] has
used AL O,/Al and the gas pressure infiltration for the porous alumina reinforcement. He has
obtained a resistance of 810 MPa and a fracture toughness of 10.5 MPam™, this result was reg-
istered in a composite with 35% aluminum volume. These values are remarkable in comparison
with the values corresponding to the non-reinforced monolithic alumina. Another notable fea-
ture of this compound is that both fracture strength and fracture toughness were significantly
improved without compensation. Although 35% by volume of aluminum was concluded in
this work, it is a significantly high amount for reinforcement, since the fact that aluminum
is of a density much lower than alumina making this percentage of values comfortable [25].
In different studies, authors comment that the reinforcement models indicate that the size of
the metal inclusion and the homogeneous distribution of it in the ceramic matrix are critical to
ensure obtaining a composite material with favorable tenacity properties [9].
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In general, to get the best microstructures and properties, a ceramic based compound must be
carefully prepared since the powder synthesis stage. Ceramic/metal composite materials have
typically been prepared by hot pressing powder mixtures prepared by chemical routes [26-30].
However, there have been problems in the reproduction of their very peculiar properties and their
routine use in practical applications of this type of compounds, due to the contamination of the
powders during the milling operation, the complexity of the chemical solutions and the costs of
producing large quantities of materials by hot pressing. From the review made so far, the Al O,
ceramics have not been reinforced with silver, despite the excellent ductility of silver, in such a
way that it would be very interesting to determine the effect of silver on fracture toughness of
Al O,-based ceramics. In this way the objective of this study is; to fabricate alumina-based ceramic
materials (ALO,) reinforced with Ag (silver) nanoparticles through mechanical grinding and
pressureless sintering and to determine the effect of silver on the fracture toughness of alumina.

2. Experimental

This chapter describes the experimentation carried out detailing each of the working condi-
tions in each stage of the process, for obtaining the alumina-based composites with silver
nanoparticles and the characterizations made in the obtained materials to determine their
mechanical properties, mainly fracture toughness.

2.1. Powders

The starting materials were alumina (AlL,O,) powder (Sigma-Aldrich, 5 um size and 99.9%
purity), silver (Ag) powder (Mayer, 1 um size and 99.9% purity).

2.2. Milling

The final contents of silver in the alumina-silver composites were: 0.0, 0.5, 1, 2, and 3% weight.
The grinding and mixing of the powders were carried out in a planetary type mill (Retsch,
PM100 German), in dry for 3 h with turning intervals every 3 min, at a rotation speed of
250 rpm. It was used a 250 ml stainless steel container with ZrO, zirconia grinding elements
(0.3 cm diameter), the ratio between the weight of the balls and the powder weight was 12:1.

2.3. Powder granulometry

After the grinding stage for each of the samples, a granulometric analysis of the powder was
carried out (Malvern Instruments, Masterziser 2000, England); this equipment uses the laser
diffraction technique to measure the size of the particles suspended in an aqueous solution.

2.4. Compaction

With the powders obtained from the milling, and with the help of a steel die tool grade they
were manufactured cylindrical samples. The dimensions were of 2 cm diameter by 0.3 cm
thickness with an approximate weight of 2 grams; the compaction of said samples was
carried out at room temperature, by uniaxial pressing using 350 MPa in a hydraulic press
(Montequipo, LAB-30-T, Mexico).
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2.5. Density of samples in green

The measurements of the densities of green samples (before sintering) were obtained through
direct measurements taking the diameter and the thickness in millimeters with a digital calibrator
(Mitutoyo, D6CS, Japan) to register their volume. The weight in grams was obtained through a
digital balance (A&D, HR-120, Japan). Once these measurements were made, the real green den-
sity was calculated using a ratio of mass to volume, taking the following formulas:

V. =mnr’h (1)
W,
P, =V (2)

where V_is the sample’s volume (cm®), 7 is the sample’s radius (cm), & is sample’s height (cm),
p, is the sample’s real density (gcm™), and W_ is the sample’s weight (g). In the same way,
theoretical density of each composition was calculated by the rule of mixtures according to
the following formula:

p, = (p, AL O)(X AL O,) + (p, Ag)(X Ag) 3)

where p, AL, O, is the theoretical density of alumina (3.98 gcm™), p, Ag is the theoretical density of
silver (10.5 gem™), X AL O, is the molar fraction of alumina and X Ag is the molar fraction of silver.
Finally, we proceed to calculate the relative density of each sample with the following formula:

prel = %X 100 (4)
2.6. Sintering

The pressed samples were subjected to different sintering cycles, using temperatures of 1400, 1500,
and 1600°C, during sintering times of 1, 2, and 3 h. For this, an electric furnace was used (Carbolite,
RHF17/3E, England) with super Kanthal resistances, a heating rate of 5°Cmin™ was used in all
cycles, in each sintering cycle, an argon gas flow of 10 cm® min™ was injected into the furnace cham-
ber to inhibit the oxidation of silver. The cooling of the pellets was carried out inside the furnace by
turning off this once the sintering cycle was completed. The choice of sintering conditions is due
to the fact that at temperatures below 1400°C the alumina is not sintered. While, at temperatures
above 1600°C, besides there would be an excessive growth of grain, there is a risk that the silver
evaporates. Conducting studies at intermediate temperatures between 1400 and 1600°C would not
seem to give a different behavior. Something similar happens with the sintering times; at low times
there would not be an adequate sintering of the alumina, while longer times would cause grain
growth, deteriorating with these the mechanical properties of the final material.

2.7. Density of sintered samples

Once the samples were sintered, the density of each of them was measured using the
Archimedes method by placing water in a plastic container, which was placed on a balance
and the weight of samples was recorded. Immediately, the temperature of the water was mea-
sured with a thermocouple (National Instruments, NI USB-TC01, USA), the time the sample
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was submerged in the water was 10 min, this in order that the water was introduced into the
porosity and removed the air contained in the sample. Following this procedure and with the
water weight readings recorded, the real density of the sintered samples was calculated using
the following formula:

(W, H, 0)(p1,0)
=W

s

x 100 (5)

where W H,O is the sample’s weight in H,O (g), and p,,,, is the density of water at the experi-
mental temperature (gcm™).

2.8. Contraction percentage

Before and after sintering the samples, their diameter was measured with the help of a digi-
tal calibrator (Mitutoyo, CD6CS, Japan). With this data, the contraction percentage of each
sample was calculated applying the following formula:

DS
C. = 1-5 =100 (6)

where C_is the sample’s contraction (%), D is the diameter of sample heat treated (cm), and
D, is the diameter of sample in green (cm).

2.9. Microstructure
2.9.1. Optical microscopy (OM)

Microstructure observations of each sample were made by optical microscopy, using an opti-
cal microscope (Nikon Eclipse, Ma200, Japan). The images were taken at different magni-
fications and using different light filters, in different parts to observe better details of the
microstructure, such as grain growth, the homogeneity of the distribution of silver, and the
shape and size of the grain.

2.9.2. Scanning electron microscopy (SEM)

Microstructure observations of each sample were also made by scanning electron microscopy,
which allows obtaining better details of the microstructure. Before being analyzed the samples
were coated with a layer of graphite to make them conductive, to carry out the observations,
15Kv of acceleration voltage was used in an electron microscope (JEOL, JSM 6300, Japan).

2.9.3. Analysis by energy dispersive of X-rays (EDX)

For this study, it was used a Hitachi equipment (SU9000 UHR FE-SEM, Japan) and the Image
plus S-75 software. With which punctual analyzes were made in different areas of the sam-
ples, to verify the existing chemical elements in each phase present in the microstructure.
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2.10. X-ray diffraction (XRD)

This study was carried out with the help of a Siemens diffractometer (D-5000, German), here
it was corroborated the existence of the crystalline phases in the composites.

2.11. Mechanical properties

2.11.1. Elastic modulus

The sintered samples were cut to a rectangular shape and placed on a pair of polyester sup-
ports (to avoid absorption of vibration). Then they are hit with a metal hammer, this activity
emits a sound which travels through the sample at a certain speed, and this resonance is cap-
tured using an ultrasonic sensor (GrindoSonic, A-360, Japan). Subsequently, the equipment
has software to which data such as the size of the sample and its density are entered, which
calculates the elastic module according to the following expression:

E = p 0% (7)
where E is the sample’s elastic modulus (GPa), and v is the sound velocity in the sample (cms™).

2.11.2. Flexural strength

To measure the flexural strength, it was necessary to cut the samples in a rectangular shape
using a diamond disc cutter. For the test, the sample was placed on a pair of supports located
at a distance from each other and applying the load just in the center of the sample. During the
test, no preload was applied, after this, a head moved at a speed of 0.05 mmmin™ with a cell
with a load of 10 GPa to perform the test, the machine that was used to measure the resistance
to bending is from the Instron brand with a mobile head.

2.11.3. Microhardness

For the microhardness test, 20 measurements were made in different places of the sample; this
was done with a micro durometer (Wilson Instruments, 5400, Japan). In each test a force of
9.8 N was applied during 10s, once the indentation was finished, it was preceded to determine
the measure of the diagonals d, and 4, of the print (Figure 1) and depending on the results and
dimensions of this print it can be determined the hardness of the material.

2.11.4. Fracture toughness

To measure the fracture toughness, the same 12 tests of the measurement of microhardness
are used, with the measurements of the cracks generated in the vertices of the indentation
print and with the dimensions of diagonal of the print; the fracture toughness can be evalu-
ated in agreement with the next equation [31]:

K = 20 (1 q09) )

e (c/a)ts
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Figure 1. Image showing the cracks generated in the vertices of the indentation print.

v

where K| _is the critical stress intensity factor in load mode I, H is the Vickers hardness (GPa),
c is the average length of the cracks obtained from the tips of the Vickers (um), and a is the
average length of the half of the diagonal of the Vickers (um).

3. Results

3.1. Morphology and powder size

Figure 2 shows micrographs of mixtures of alumina powders with different percentages of
silver. In this figure, there can be visualized very fine particles with nanometric sizes. There
can be observed few spherical particles. However, the particles are mostly irregular and den-
dritic, in the same way in the majority of the samples particle; they have formed agglomerates
with sizes greater than 2 microns. Having this homogeneity in the sizes and shapes of the
powders will undoubtedly benefit the compaction of the samples and the resulting densifica-
tion of the same. The observation of the silver particles is difficult due to their nanometric size;
however, in the pictures, they observe very small white dots at intergranular positions, and
these small dots correspond to silver.

In the graphs of Figure 3 are shown the results obtained from the granulometric analysis. Based
on them, it can be determined that approximately 45% of the powder has particle sizes between
0.1 and 1 microns (nanometer size), about 30% of the powder presents particles between 1 and
10 microns, and about 25% of the particles powders have sizes greater than 10 microns. In some
cases, particle sizes are close to 100 microns, and due to the presence in the mixtures of very fine
powders with nanometric sizes, surely these large particles are the result of the agglomeration
of small powders. In any case, a proper distribution of particle sizes is present in the powder
mixtures, with nanometric powders, which must mean large surface areas and therefore many
contact points that will favor atomic diffusion during the sintering stage.
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Figure 3. Graphs showing the granulometry of alumina powders reinforced with silver nanoparticles.

3.2. Density

In Figure 4 are presented the comparison of the results obtained from the densities in green
and the densities of the sintered samples for each studied composition. In this figure, it
is observed that the density of the sintered samples compared with the samples in green
increased considerably. This increase occurred because during the sintering stage the poros-
ity in the samples was reduced due to the homogeneity, shape, and size of the particles. Final
density reached by the samples are close to 100%, this means thoroughly densified bodies
were obtained after sintering.
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Figure 4. Comparison between green density and sintered density, as a function of silver content in the composite.

3.3. Contraction percentage

In the graph of Figure 5, it can be observed the contraction percentages obtained in the sam-
ples sintered at 1500°C for 2 h, where the results of previous discussions are reinforced, the
samples with inclusions of 0.5-1.0 wt% of Ag obtained a higher percentage of contraction.
This means that the more the sample is contracted, the volume decreases due to the elimina-
tion of porosity and its density increases. The sample with 0.0% of Ag presents a minimum
contraction percentage, well below the other samples, with respect to the samples with inclu-
sions of 2.0-3.0% of Ag; the tendency to decrease with the higher amount of Ag is presented
again in these results. Therefore, in agreement with the results, it has that silver present in
the composite favor contraction, and therefore, densification of composites. In other words,
composites with low porosity were manufactured, which means that there are fewer sites for
the initiation and propagation of cracks.
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Figure 5. Contraction percentage of the sintered samples at 1500°C, during 2 h.
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Figure 6. XRD pattern of composite with 3 wt% silver, sintered at 1500°C during 2 h.

3.4. X-ray diffraction of sintered samples

Figure 6 shows the results of the diffraction of x-rays made to the reinforced sample with
3.0 wt% silver. In this figure it can be observed the existence of two phases: The number 1
indicates the presence of alumina and the number 2 indicates the presence of silver, thus
obtaining samples without the presence of any possible silver oxide, and this thanks to the
argon gas used to protect the atmosphere of the furnace.

By means of the diffraction spectra of Figure 6, the particle size for the sample was calculated

using the Debye-Scherrer equation [32]:

0.9A,,
B B,, cosO

©)

where D is the particle size, 0.9 is the shape factors for spherical particles, A is the radiation
wavelength (1.5406 A), B,, is the full width at half maximum, and 0 is the angle at maxi-
mum intensity of the ALO, (110) and Ag (111). The value for the particle size of Al,O, was
733.87 nm, while the Ag has a particle size of 24.9 nm.

3.5. Microstructure
3.5.1. Optical microscopy (OM)

In the micrographs of Figure 7 that were obtained with the help of an optical microscope, they are
observed the samples with silver inclusions in their different percentages 0.5, 1.0, 2.0, and 3.0% in
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Figure 7. Micrographs of the samples sintered at 1500°C, during 2 h.

weight; these samples were sintered at 1500°C during 2 h. In the 0.5-1.0 wt% samples, they have
visualized very fine microstructures with small grain size and evenly distributed. For the samples
with 2.0-3.0 wt% silver a minimum grain growth is observed with respect to the previously men-
tioned samples, the grain size is observed small and uniform in most of the sample. This unifor-
mity and control in grain growth are since the alumina was sintered in the presence of a liquid
phase (molten silver), which allowed a filtration throughout the sample and the energy generated
during the sintering was absorbed more evenly and due to this control in the grain growth.

3.5.2. Scanning electron microscopy (SEM)

Figure 8 shows the micrographs taken with the scanning electron microscope of the samples with
inclusions of 0.0, 0.5, 1.0, 2.0 and 3.0% weight silver sintered at 1500°C during 2 h. In this figure it
is possible to observe in all samples the presence of a very homogeneous microstructure with the
presence of the matrix with a very fine second phase, the latter is well distributed in the matrix.
No porosity is observed in any sample. This confirms previous density results, in where densities
close to 100% of the relative density were reached. So the presence of the silver helps significantly
consolidation of composites, and at the same time inhibits grain growth of the matrix. The micro-
structure with the characteristics obtained in these samples, combined with the grade of densi-
fication reached, suggests that composites with suitable mechanical properties will be obtained.
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Figure 9. EDX microanalysis of sample with 2 wt% Ag sintered at 1500°C during 2 h.

3.5.3. Analysis by energy dispersive of X-rays (EDX)

Figure 9 presents the results of the analysis made by energy dispersive of X-rays performed in
a punctual manner in the two phases (light and dark) that are observed in the microstructure
of the samples with the different inclusions of silver. In spectra, the chemical elements present
in each phase can be identified, the dark phase belongs to the matrix, and the elements found
in this phase were oxygen and aluminum, indicating that this phase corresponds to alumina.
The bright phase belongs to the inclusion present in the matrix, here the elements aluminum,
oxygen, and silver were found, which means that the 2nd phase present in the microstructure
is the silver added to the ceramic matrix as the reinforcement material.
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3.6. Mechanical properties
3.6.1. Elastic modulus

Figure 10 shows the result of the measurements of the elastic modulus of the samples with
different inclusions of silver. The value reported with its respective standard deviation is the
average of 20 measurements made for each sample. The graph shows a decrease in the modu-
lus of elasticity as the number of silver particles increases specifically for 1.0, 2.0, and 3.0 wt%
silver with respect to the average value of the monolithic alumina. These results present a ten-
dency similar to that shown in the density results of sintered samples; this means that samples
with higher densification have less porosity. Consequently, they present more rigid bodies,
the reason why a greater load is required to deform them. The elastic modulus is a measure of
the stiffness of materials, in such a way that more rigid and fragile bodies have a higher value
of elastic’s modulus, that is why the high value of elastic’'s module in the sample of 0.5 wt%
silver, does not have enough material to be less rigid. On the other hand, a ductile material
such as metals in this case silver has lower elastic’'s modulus than alumina. Concerning the
sample without inclusions of silver 0.0 wt%, a result is observed slightly below the monolithic
alumina and slightly higher than the samples with 1.0, 2.0, and 3.0 wt% silver.

3.6.2. Flexural strength

In the same Figure 10, it can be observed the results obtained of flexural strength made to the
samples with inclusions of 0.0, 0.5, 1.0, 2.0, and 3.0 wt% silver. The reported result is the aver-
age of 10 measurements made to each of the samples; the three-point bending test was used
to obtain these results. The graph of Figure 10 shows a similar behavior to that obtained in the
density of the sintered samples as in the elastic’s modulus, because the sample with 0.5 wt%
silver reached the highest value, in this case, flexural strength, and above the average value
of monolithic alumina. It is also observed that when silver increases in the composite there is
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Figure 10. Elastic’'s modulus and flexural strength of the samples sintered at 1500°C during 2 h.
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a downward trend. With respect to the sample with 0.0 wt% silver, a well below value was
obtained in comparison with the samples with silver inclusions, as well as the value of mono-
lithic alumina reported in the literature. With these results, it is determined that the inclusion
of silver does not affect the flexural strength due to the good distribution of the particles dur-
ing milling and to the sintering which helped to avoid the formation of defects in the sample.

3.6.3. Microhardness

Figure 11 reports the average and its standard deviation result of 20 measurements of the
microhardness made in the samples sintered at a temperature of 1500°C during 2 h with dif-
ferent inclusions of silver. In Figure 11 it is possible to observe that in the samples with higher
silver inclusions the hardness values tend to increase slightly as the amount of silver increases.
In these results, the positive effect of the silver particles is observed. With respect to the sample
with 0.0 wt% silver, it was obtained a much lower value of microhardness than that obtained
in the samples reinforced with silver, as well as that of the monolithic alumina reported in the
literature. This result is due to the uncontrolled growth of the grains during sintering.

3.6.4. Fracture toughness

In the same Figure 11 are shown the fracture toughness results obtained by the indentation
fracture method in the sintered samples at a temperature of 1500°C during 2 h. The fracture
toughness results reported are the average of 20 tests performed on each sample.

One of the most important observations in this figure is that in the samples with silver inclu-
sions, values obtained are well above the average of the monolithic alumina. This improvement
in fracture toughness is more significant in samples with 2.0-3.0 wt% silver. In the late sample,
the improvement of fracture toughness reaches 450% more than the value of monolithic alumina.
In agreement with the density results and the microstructure presented by the samples, these
enhances in fracture toughness is due to the having a sample with very small grain sizes and
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Figure 11. Microhardness and fracture toughness of the samples sintered at 1500°C for 2 h.
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with a homogeneous distribution of the reinforcements in the matrix. For this reason, when in the
ceramic matrix a cracking is generated, and it tries to propagate, there is a high possibility that the
crack will meet or collide with some of the silver particles which act as metal bridges. This effect
causes the crack to stop due to the ductility of the metal, or try to dodge it. Hence, the high values
of tenacity obtained. With respect to the sample without silver inclusions, a result is observed that
is much lower than that obtained in the samples reinforced with silver, as well as the average of the
monolithic alumina due mainly to the disordered growth of the grains during sintering, as well as
to the absence of a metallic agent or bridge that contributes to avoiding the propagation of cracks.

3.6.5. Indentation prints and fracture mechanism

Some authors have determined that the improvements in the properties of ceramics rein-
forced with metallic particles are due to the mechanical properties of the metal [5]. Then it
can be said that ductility of silver is a factor that influences the improvement of the tenacity
in the alumina. The silver particles which are distributed in a homogeneous way as shown in
Figures 7 and 8, with their plastic deformation form bridges of fissures that absorb the energy
of a crack when it is generated. These bridges cause the crack to stop or seek to avoid the
metallic bridge, in such a way that it requires more energy to keep growing, slowing down
and even being able to stop the advance of the same. Figure 12 shows a crack in the sample
reinforced with 0.5 wt% silver, that when it encounters a particle of ductile silver, it stops or
diverts its trajectory, requiring more energy to continue advancing. In this way, it is proved
that the mechanism of reinforcement of alumina by silver is due to the deflection of cracks.
With this, we can comment that the overall silver objective which was at the beginning of this
work was reached: Obtaining alumina-based ceramic materials (AL,O,) reinforced with Ag
nanoparticles with high fracture toughness, through powder techniques.

A second study was performed only for samples with silver inclusions of 0.0 and 0.5 wt% under
the same grinding settings. However, there were considered other sintering conditions such
as time of 2 h varying the sintering temperature at 1400, 1500, and 1600°C. Besides, a sintering
temperature of 1500°C varying the sintering time to 1, 2, and 3 h, heating speed of 5°Cmin™, as

crack
deflection

Figure 12. Crack deflection by a silver particle present in the sample with 2.0 wt% Ag.
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well as the argon gas flow of 10 cmm®min™. It should be noted that these samples were selected
because they presented the highest fracture toughness values. For the characterization of the
samples, only the relative density tests of sintered samples, contraction of the samples, analysis
of the microstructure by MO, microhardness, and fracture toughness were considered.

3.7. Density

Figure 13 shows the results of the relative density of the samples of both pure alumina and alu-
mina reinforced with 0.5 wt% silver, which was sintered at a temperature of 1500°C during 1, 2 and
3 h. In the monolithic alumina samples, it is observed in the densification an increase with linear
tendency with increments of sintering time. While, in the samples of 0.5 wt% silver it is observed
a minimum increase in the densification when increasing the time from 1 to 2 h, but a consider-
able increase is reached at 3 h sintering time. Hence, an effect can be determined by improving
results in silver when the samples are densified during 3 h at 1500°C. In the same Figure 13 are
observed the results of the relative density of the samples with inclusions of 0.0-0.5 wt% silver sin-
tered during 2 h at 1400, 1500, and 1600°C. In pure alumina samples, an increase in densification
is observed when the sintering temperature is increased, obtaining a greater densification when
samples were sintered at 1600°C. Whereas, in the samples reinforced with 0.5 wt% silver, a con-
siderable increase in the densification is observed in the sintered samples at 1600°C compared
with the sintered samples at 1400-1500°C. Therefore, it can be determined that the temperature of
1600°C is the ideal for obtaining a greater densification in the composites.

3.8. Contraction

Figure 14 shows the results of the contraction of the samples with 0.0 and 0.5 wt% silver,
which were sintered at 1500°C during 1, 2, and 3 h. It can be seen that the contraction in the
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Figure 13. Relative density of the samples as a function of time and sintering temperature.
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Figure 14. Contraction of the samples as a function of time and sintering temperature.

samples with silver does not present a significant variation. While, in samples of alumina
without silver a different trend can be observed, and with an increasing tendency as the sin-
tering time increases. However, it is significant the greater contraction in the samples with
silver compared to the samples without silver. This behavior is due to the good thermal con-
ductivity of the silver that favors the sintering phenomena. In the same Figure 14 the results
of the contraction of the samples are observed, when they were sintered during 2 h at 1400,
1500, and 1600°C. It can be observed that in the samples without silver, the contraction is
more significant every time the sintering temperature tends to increase. In samples with silver
inclusions, it is observed an increase in less drastic shrinkage. From the interpretation of the
results it can be determined that the silver inclusions allow obtaining samples with a greater
contraction during the sintering stage, and therefore, obtain more densified samples.

3.9. Microstructure by optical microscopy (OM)

Figure 15a shows the micrographs obtained from the optical microscope of the samples rein-
forced with 0.5 wt% silver sintered during 2 h at 1400, 1500, and 1600°C. They display very
fine microstructures with small grain size and uniformly distributed. Minimal grain growth is
observed although the temperature has varied. This uniformity and control in grain growth are
because that most of the silver particles were sintered in the presence of a liquid phase, which
allowed a filtration throughout the sample and the energy generated during the sintering was
absorbed more uniformly, and due to this, there is the control on grain growth. In the Figure 15b
the micrographs of the samples with 0.0 wt% silver sintered for 2 h are observed varying the tem-
perature 1400, 1500, and 1600°C. In the images, it can see a microstructure very different from the
one obtained in the samples with 0.5 wt% silver, in these figures it is difficult to determine and
appreciate the distribution of the sizes of the grains. However, the importance of the addition of
metallic particles in the matrix can be mentioned and emphasized to control the growth, distribu-
tion of the grains and consequently improvement in the mechanical properties.
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1600, 2h

1400, 2h 1500, 2h

Figure 15. (a) Samples with 0.5 wt% Ag varying the sintering temperature. (b) Samples with 0.0 wt% Ag varying the
sintering temperature.

3.10. Microhardness

Figure 16 shows the microhardness results of the samples with inclusions of 0.0 and 0.5 wt%
silver sintered at a temperature of 1500°C with time variation of 1, 2, and 3 h. For the sample
with 0.5 wt% Ag it can be seen in the graph that the sample sintered for 1 h obtained values
below the monolithic alumina.

For the sample sintered during 2 and 3 h, it can be observed that with the inclusion of
silver the value is very similar to that of the monolithic alumina. In this Figure 16 also are
observed the values of the samples of alumina with 0.0 wt% silver sintered with somewhat
similar conditions. For the samples sintered for 1 and 2 h, a very similar value was obtained
while, for a sample sintered for 3 h, the result was improved. However, it is well below the
average of monolithic alumina. In the same Figure 16 are observed the results of the sam-
ples with inclusions of 0.0 and 0.5 wt% silver sintered at different temperatures 1400, 1500,
and 1600°C. For the sample with 0.5 wt% Ag it is observed in this figure that the sample
sintered at 1400°C obtained a value well below the average of the monolithic alumina for
the samples sintered at 1500 and 1600°C the results increased significantly. In the case of the
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Figure 16. Microhardness of the samples as a function of time and sintering temperature.
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Figure 17. Fracture toughness results as a function of both sintering time and sintering temperature.

sintered sample at 1600°C it obtained a value very similar to that of the monolithic alumina,
and in the case of the sample sintered 1500°C the value reached in the previous results was
reduced a little. Regarding the samples without silver inclusions, a considerable increase
is observed as the sintering temperature is increased. The hardness values of the samples
sintered at 1400 and 1500°C were well below the average value of the monolithic alumina,
but the sample sintered at 1600°C obtained a value slightly above the average value.
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3.11. Fracture toughness

The results of the fracture toughness of the sintered samples varying the temperature and time
are presented in Figure 17, in which a very similar behavior of the results can be observed.
The samples with 0.5 wt% silver at 2 h at a temperature of 1500°C have values above the aver-
age of the monolithic alumina, showing a tendency opposite to previous results since as it
increases the temperature and the time the value tends to decrease. In both cases, results are
presented with an increasing tendency, and the importance of the sintering temperature in
obtaining less fragile ceramics is demonstrated.

4. Conclusions

* Through the processing methodology proposed, dense alumina-based composites tough-
ened with Ag nanoparticles were obtained.

¢ Grinding conditions used in this work were effective, as they managed to obtain particles
with nanometric sizes.

* The fracture toughness of the AlLO, was improved up to 450% with the reinforcement
of the same by means of Ag nanoparticles homogeneously distributed in the ceramic
matrix.

* Probably toughening mechanism of AL,O, is owing to metallic bridges formed by the pres-
ence of ductile silver particles in the ceramic matrix.
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