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Abstract: Literature has shown that the development of ferrite cermets makes possible the
enhancement of the mechanical properties of these ceramics for applications in electronics,
magnetomechanical sensors, and inert anodes. In this work, a Ni–Co ferrite powder was mixed with
metallic powders, compacted, and sintered. The metallic powders used were Ag–Ni and Cu–Ni,
prepared by mechanical alloying, and commercial Ag and Ag–Cu powders. The microstructures,
crystal structures, and chemical compositions of the sintered samples were analyzed. The Cu–Ni
cermet did not present traces of second phases in its XRD pattern, and the experimental results
indicate a high reactivity between the ferrite and the Cu–Ni alloy. In the Ag–Cu and Ag–Ni cermets,
the composition of the metallic particles was nearly 100% Ag after sintering. It was observed that,
for the production of ferrite particulate cermets, the composition, particle size, and melting point
of the metallic phase must be carefully adjusted in order to obtain a material with proper chemical
composition and microstructure (uniform distribution of the metallic phase and no cracks in the
metal–ceramic interfaces).
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1. Introduction

Cermets are metal–ceramic composites that may have either a ceramic matrix or a metallic matrix.
Some applications of ceramic-matrix composites are in tools, dies, seals, emitter cathodes, ignition
pellets, and armor [1]. There are several synthesis methods for the production of ceramic-matrix
cermets and they may be either reactive or nonreactive.

Ferrites are magnetic ceramics that have many applications in electronics, including magnetic [2,3],
magnetoelectric [4] and magnetomechanical sensors [5,6]. Spinel ferrites are oxides that have a cubic
crystal structure, where the oxygen anions form a face-centered cubic (FCC) lattice. The stoichiometry
of a spinel ferrite is (D1-δTδ)[DδT2-δ]O4, where D is a divalent cation; T is a trivalent cation; parentheses
represent the tetrahedral interstitial sites; brackets represent the octahedral interstitial sites; and δ is
the degree of inversion.

Among spinel ferrites, the ones of cobalt-based composition retain the highest magnetostriction
levels, which make them promising candidates for applications in magnetomechanical and
magnetoelectric sensors [7,8]. Some works report the application of Ni ferrites in inert anodes for use
in the industrial production of aluminum [9,10] as well as their interesting magnetostrictive properties
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for sensor applications [11,12]. However, for some applications in magnetomechanical sensors, the
material must have adequate mechanical strength, which requires strict control of the microstructure.

Some works in the literature recommend the use of cermet technology to increase the mechanical
strength of ferrites used in magnetomechanical transducers. These works suggest the addition of
Ag-based alloy particles to the ferrite so as to produce a particulate cermet with good mechanical
properties and high magnetoelastic sensitivity [13,14]. The study of techniques to adjust the
microstructure of ferrites, aiming for the enhancement of mechanical strength, is important not
only for the development of ferrite magnetomechanical transducers but also for the development of
surface-mounted devices (SMDs) such as inductors and transformer cores [15].

The metal–ferrite interaction at high temperatures has been studied by several authors in works
about brazing and soldering of electronic and electrochemical components and devices, such as chip
inductors, magnetic recording heads, gas sensors, and other applications [16–21]. Many aspects
of this interaction have been assessed, such as wetting of ferrites by metals in liquid state and
adhesion between the metal and the ferrite. However, very few articles deal with the production of
ferrite-matrix particulate cermets for electronics; most of them deal with applications of the material in
inert anodes [22–25].

The purpose of this work is to evaluate the metal–ceramic interaction during sintering of a
particulate cermet composed of a Ni–Co ferrite matrix and Cu–Ni, Ag–Cu, Ag–Ni, and Ag as
metallic particles.

2. Materials and Methods

Ceramic-matrix cermet samples were produced using particulate metallic phases that were either
produced by mechanical alloying or purchased in powder form. So, this work was divided into two
parts: characterization of the metallic powders produced by mechanical alloying and characterization
of the sintered cermets.

2.1. Production and Characterization of Cu–Ni and Ag–Ni Metallic Powders

Cu–Ni and Ag–Ni powders were prepared by mechanical alloying from Cu, Ag, and Ni powders.
For the production of the Cu–Ni powder, the proportion 50Ni/50Cu (wt %) was used and, for the
Ag–Ni production, the proportion used was 97Ag/3Ni. The alloying process was undertaken in a
Retsch high-energy planetary mill for 10 h at 650 rpm. A 23-mL steel vial was utilized, filled with
16 steel balls of 7.9 mm diameter, 10 g of powder, and 8 mL of ethyl alcohol. The mechanically alloyed
powders and the starting Cu, Ni, and Ag powders were analyzed by scanning electron microscopy
(SEM) and X-ray diffraction (XRD) with Cu Kα radiation.

2.2. Production and Characterization of the Sintered Metal–Ferrite Samples

The metal–ferrite samples were produced from 98 vol % Ni0.9Co0.1Fe2O4 and 2 vol % metallic
powders. The metallic powders were commercial Ag and Ag–Cu or the mechanically alloyed powders.
The commercial powders were analyzed by SEM.

Ni0.9Co0.1Fe2O4 was produced by the ceramic method, with NiO, Co3O4, and Fe2O3 powders
as raw materials. The oxide powders were wet-mixed in a ball mill, dried in an oven, calcined at
900 ◦C for 4 h, and wet-milled again. The grinding media utilized in the ferrite production were made
from alumina.

The metallic powders were added to the calcined powder and mixing was carried out with ethyl
alcohol in an eccentric mill. After mixing, the ethyl alcohol was burnt from suspension so as to rapidly
dry the mixture and minimize decanting of the powders.

The metal–ferrite powders were pressed in the shape of 8-mm-diameter pellets, under 40 MPa
uniaxial pressure. The compacted samples were sintered using the sintering schedules presented in
Table 1. Sintering was carried out in air atmosphere, with 5 ◦C/min heating rate, followed by dwelling
in the temperatures indicated in Table 1.
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Table 1. Sintering schedules of the metal–ferrite samples with different metallic phases.

Metallic Phase Sintering Schedules

Cu–Ni 1350 ◦C/30 min
Ag–Ni 1350 ◦C/30 min

Ag 1350 ◦C/3 h, 1000 ◦C/30 min, 1000 ◦C/4 h
Ag–Cu 1000 ◦C/30 min

The sintered cermet samples were analyzed by optical microcopy (OM) and SEM equipped with
energy dispersive spectroscopy (EDS) microanalysis. The samples’ surfaces observed by microscopy
were previously grinded with sandpaper and polished with diamond paste.

XRD was carried out in the Ag–Ni, Ag–Cu, and Cu–Ni sintered samples because Cu and Ni are
soluble in the ferrite; thus, co-sintering with these alloys is expected to affect the crystal structure of
the ceramic. For comparison purposes, a sintered ferrite sample was produced and its crystal structure
was evaluated by XRD. The sample was an 8-mm-diameter pellet, which was produced by uniaxial
compaction of the calcined powder under 40 MPa, followed by sintering at 1350 ◦C for 3 h.

3. Results

3.1. Characterization of the Sintered Ferrite Sample

The XRD pattern of the sintered ferrite sample is shown in Figure 1. It matches the patterns from
typical spinel ferrite ceramics, such as NiFe2O4 (JCPDS#44-1485).
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Figure 1. Diffraction pattern of the ferrite sample sintered at 1350 °C for 3 h, indicating the 
crystallographic planes identified in the XRD analysis. 

3.2. Characterization of the Mechanically-Alloyed Ag–Ni and Cu–Ni Powders 

Figures 2–7 are SEM images of the Ag, Cu, and Ni powders used in the production of the Cu–
Ni and Ag–Ni alloys by mechanical alloying. The low-magnification images allow the evaluation of 
the particle size and morphology. The high-magnification ones allow the evaluation of the particles’ 
microstructures. The microstructure of the particles influences the behavior of the material during 
milling. Porous and agglomerated particles, like the ones observed in the Ag and Ni powders, tend 
to break more easily.  

Figure 1. Diffraction pattern of the ferrite sample sintered at 1350 ◦C for 3 h, indicating the
crystallographic planes identified in the XRD analysis.

3.2. Characterization of the Mechanically-Alloyed Ag–Ni and Cu–Ni Powders

Figures 2–7 are SEM images of the Ag, Cu, and Ni powders used in the production of the Cu–Ni
and Ag–Ni alloys by mechanical alloying. The low-magnification images allow the evaluation of
the particle size and morphology. The high-magnification ones allow the evaluation of the particles’
microstructures. The microstructure of the particles influences the behavior of the material during
milling. Porous and agglomerated particles, like the ones observed in the Ag and Ni powders, tend to
break more easily.
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measuring light elements, like oxygen, is low. The Ni powder presented small fractions of Fe, Mn, 

Figure 5. High-magnification SEM image of the Ag powder.

Ceramics 2019, 2 FOR PEER REVIEW  5 

 

 
Figure 5. High-magnification SEM image of the Ag powder. 

 
Figure 6. High-magnification SEM image of the Cu powder. 

 
Figure 7. High-magnification SEM image of the Ni powder. 

The Cu powder is composed of dense spherical particles with a large range of particle sizes 
(Figure 2). The particles from the Ni powder (Figure 3) have a similar size variation and the Ag 
powder (Figure 4) was the one with the smallest particle size. 

The results from EDS chemical analysis of the powders are shown in Table 2. It is important to 
emphasize that the EDS analysis is semiquantitative and that the accuracy of this technique for 
measuring light elements, like oxygen, is low. The Ni powder presented small fractions of Fe, Mn, 

Figure 6. High-magnification SEM image of the Cu powder.

Ceramics 2019, 2 FOR PEER REVIEW  5 

 

 
Figure 5. High-magnification SEM image of the Ag powder. 

 
Figure 6. High-magnification SEM image of the Cu powder. 

 
Figure 7. High-magnification SEM image of the Ni powder. 

The Cu powder is composed of dense spherical particles with a large range of particle sizes 
(Figure 2). The particles from the Ni powder (Figure 3) have a similar size variation and the Ag 
powder (Figure 4) was the one with the smallest particle size. 

The results from EDS chemical analysis of the powders are shown in Table 2. It is important to 
emphasize that the EDS analysis is semiquantitative and that the accuracy of this technique for 
measuring light elements, like oxygen, is low. The Ni powder presented small fractions of Fe, Mn, 

Figure 7. High-magnification SEM image of the Ni powder.

The Cu powder is composed of dense spherical particles with a large range of particle sizes
(Figure 2). The particles from the Ni powder (Figure 3) have a similar size variation and the Ag powder
(Figure 4) was the one with the smallest particle size.
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The results from EDS chemical analysis of the powders are shown in Table 2. It is important
to emphasize that the EDS analysis is semiquantitative and that the accuracy of this technique for
measuring light elements, like oxygen, is low. The Ni powder presented small fractions of Fe, Mn, and
Si. The presence of O in the Cu and Ni powders indicates oxidation. No elements other than Ag were
detected in the Ag powder. The Ni content in the Ni powder was around 84 wt % and the Cu content
of the Cu powder was around 86 wt %.

Table 2. EDS chemical analysis (wt %, 0.37 mm2 area) of the raw materials used in the production of
the alloys.

Raw Material Cu Ni Fe O Mn Si Ag

Ni - 84.41 2.10 10.36 1.46 1.67 -
Cu 86.54 - - 13.46 - - -
Ag - - - - - - 100

During mechanical alloying, the metallic particles undergo plastic deformation and are repeatedly
cold-welded and broken [26,27]. The plastic deformation may create coarse and flat particles such as
the ones seen in Figures 8 and 9. The Ag–Ni flat particles seem thinner than the ones from the Cu–Ni,
probably because of the difference in ductility of the powders processed.
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Figures 10 and 11 show the X-ray diffraction patterns of the mechanically alloyed metallic powders.
The X-ray diffraction pattern of the Cu–Ni powder presented Cu2O peaks, indicating oxidation of Cu.
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Figure 10. X-ray diffraction pattern of the Cu–Ni mechanically alloyed powder, indicating the peaks 
from Ni (JCPDS##04-0850), Cu (JCPDS#04-0836), and Cu2O (JCPDS#77-0199). 
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Figure 11. X-ray diffraction pattern of the Ag–Ni mechanically alloyed powder, indicating the peaks 
from Ag (JCPDS#87-0718) and Ni (JCPDS#04-0850). 

Figures 12 and 13 show the EDS area analysis of the Ag–Ni and Ag–Cu powders. The iron 
detected in the Cu–Ni alloy may have originated not only from the Ni raw material, but also from 
the steel grinding media used in the mechanical alloying process. 

The mass proportion of Fe:Ni:Cu of the Cu–Ni powder was estimated at 1.7:59.3:39.0, with a 
Cu:Ni proportion of 60:40, approximately. For a Cu–Ni alloy with such Cu:Ni proportion, melting of 
the alloy begins at 1290 °C and it is totally liquid at 1350 °C, approximately [28], but the melting point 
of the alloy may be affected by the iron content.  

The Ag:Ni mass proportion of the Ag–Ni alloy was around 96% Ag:4% Ni. According to the Ag–
Ni phase diagram [29], the 96Ag4Ni alloy melts at 1435 °C, forming a biphasic liquid. In the Ag-rich 
portion of the diagram [29], one can observe that very small composition variation leads to a 
substantial variation in melting point. In the case where the mechanical alloying process led to a 
heterogeneous chemical composition of the alloy, it is possible that sintering at 1350 °C occurred in 
the presence of both solid and liquid metallic particles, depending on the local composition. 
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Figures 12 and 13 show the EDS area analysis of the Ag–Ni and Ag–Cu powders. The iron
detected in the Cu–Ni alloy may have originated not only from the Ni raw material, but also from the
steel grinding media used in the mechanical alloying process.

The mass proportion of Fe:Ni:Cu of the Cu–Ni powder was estimated at 1.7:59.3:39.0, with a
Cu:Ni proportion of 60:40, approximately. For a Cu–Ni alloy with such Cu:Ni proportion, melting of
the alloy begins at 1290 ◦C and it is totally liquid at 1350 ◦C, approximately [28], but the melting point
of the alloy may be affected by the iron content.

The Ag:Ni mass proportion of the Ag–Ni alloy was around 96% Ag:4% Ni. According to the
Ag–Ni phase diagram [29], the 96Ag4Ni alloy melts at 1435 ◦C, forming a biphasic liquid. In the
Ag-rich portion of the diagram [29], one can observe that very small composition variation leads to
a substantial variation in melting point. In the case where the mechanical alloying process led to a
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heterogeneous chemical composition of the alloy, it is possible that sintering at 1350 ◦C occurred in the
presence of both solid and liquid metallic particles, depending on the local composition.Ceramics 2019, 2 FOR PEER REVIEW  8 

 

 
Figure 12. EDS area spectrum of the Cu–Ni alloy. 

 
Figure 13. EDS area spectrum of the Ag–Ni alloy. 

3.3. Ag–Ni Cermet 

Figure 14 shows the microstructure of the Ag–Ni cermet, in which the metallic phase appears as 
white particles. Fragments of the largest metallic particles seem to have been removed during the 
polishing process. The metal–ceramic interfaces show good integrity, with the absence of cracks.  

 
Figure 14. Microstructure of the Ag–Ni cermet. 

The X-ray diffraction pattern of the sintered sample is represented in Figure 15, where the 
patterns observed are from the spinel ferrite and from the Ag phase (JCPDS#87-0718).  

Figure 12. EDS area spectrum of the Cu–Ni alloy.

Ceramics 2019, 2 FOR PEER REVIEW  8 

 

 
Figure 12. EDS area spectrum of the Cu–Ni alloy. 

 
Figure 13. EDS area spectrum of the Ag–Ni alloy. 

3.3. Ag–Ni Cermet 

Figure 14 shows the microstructure of the Ag–Ni cermet, in which the metallic phase appears as 
white particles. Fragments of the largest metallic particles seem to have been removed during the 
polishing process. The metal–ceramic interfaces show good integrity, with the absence of cracks.  

 
Figure 14. Microstructure of the Ag–Ni cermet. 

The X-ray diffraction pattern of the sintered sample is represented in Figure 15, where the 
patterns observed are from the spinel ferrite and from the Ag phase (JCPDS#87-0718).  

Figure 13. EDS area spectrum of the Ag–Ni alloy.

3.3. Ag–Ni Cermet

Figure 14 shows the microstructure of the Ag–Ni cermet, in which the metallic phase appears
as white particles. Fragments of the largest metallic particles seem to have been removed during the
polishing process. The metal–ceramic interfaces show good integrity, with the absence of cracks.
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The X-ray diffraction pattern of the sintered sample is represented in Figure 15, where the patterns
observed are from the spinel ferrite and from the Ag phase (JCPDS#87-0718).
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Figure 15. X-ray diffraction pattern of the sintered Ag–Ni cermet, indicating the peaks from the ferrite 
(F) and from the Ag phase. 

From the SEM/EDS image presented in Figure 16, one can estimate that the composition of the 
metallic particle is 100% Ag. The supposed absence of Ni in the metallic phase indicates that it reacted 
with the ferrite phase.  

 
 

 
(a) (b) 

Figure 16. EDS analysis of a large metallic particle in the sintered Ag–Ni cermet. (a) 2D analysis. (b) 
Linescan across the particle. 

The chemical composition estimated by SEM/EDS in a small area of the sample (Table 3) 
indicates that the Fe:Ni:Co proportion of the cermet sample is the same as the pure ferrite: 2.1:0.8:0.1. 
The reason why the Ni fraction detected in the cermet is not larger than the fraction detected in the 
pure ferrite is that the Ni fraction in the Ag–Ni alloy is too low to cause an increase detectable by 
EDS. Aluminium was detected in the analysis because the ferrite was processed with alumina milling 
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Figure 15. X-ray diffraction pattern of the sintered Ag–Ni cermet, indicating the peaks from the ferrite
(F) and from the Ag phase.

From the SEM/EDS image presented in Figure 16, one can estimate that the composition of the
metallic particle is 100% Ag. The supposed absence of Ni in the metallic phase indicates that it reacted
with the ferrite phase.
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Figure 16. EDS analysis of a large metallic particle in the sintered Ag–Ni cermet. (a) 2D analysis. (b) 
Linescan across the particle. 
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Figure 16. EDS analysis of a large metallic particle in the sintered Ag–Ni cermet. (a) 2D analysis.
(b) Linescan across the particle.

The chemical composition estimated by SEM/EDS in a small area of the sample (Table 3) indicates
that the Fe:Ni:Co proportion of the cermet sample is the same as the pure ferrite: 2.1:0.8:0.1. The reason
why the Ni fraction detected in the cermet is not larger than the fraction detected in the pure ferrite is
that the Ni fraction in the Ag–Ni alloy is too low to cause an increase detectable by EDS. Aluminium
was detected in the analysis because the ferrite was processed with alumina milling media, which
caused contamination of the ferrite powder.
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Table 3. Chemical composition of the Ag–Ni cermet, estimated from EDS analysis in a 338.11 µm ×
253.58 µm area.

Element Expected Ag–Ni Cermet Pure Ferrite Sample [30]

Fe 28.22 34.79 ± 0.85 36.63 ± 0.95
Ni 12.76 13.29 ± 0.36 13.73 ± 0.44
O 56.43 48.42 ± 5.95 48.49 ± 7.58
Co 1.41 1.59 ± 0.07 1.64 ± 0.11
Ag 1.18 0.44 ± 0.03 —
Al — 1.47 ± 0.12 1.52 ± 0.15

3.4. Cu–Ni Cermet

According to Figure 17, no metallic particles were observed in the microstructure on the surface
of the sintered Cu–Ni cermet sample. Instead, large voids were observed in regions that probably
were occupied by the metallic phase before sintering or that were created by cracking of the ceramic
during sintering. The EDS area analysis (Table 4) showed Cu in the composition of the material,
which indicates that the alloy was incorporated by the ferrite. The Fe:Ni:Co proportion was 2.1:0.8:0.1,
the same as the Ag–Ni cermet and the pure ferrite. The EDS point analysis made inside a void did
not indicate a higher Ni or Cu concentration and the Fe:Ni:Co:Cu proportion found was similar to the
proportion obtained in the area analysis.
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Table 4. Chemical composition (at %) of the sintered Cu–Ni cermet sample, measured by EDS.

Element Area Analysis
(338.11 µm × 253.58 µm) Point Analysis Inside a Void

Fe 33.88 ± 0.86 30.36 ± 0.25
Ni 13.82 ± 0.08 12.37 ± 0.58
O 47.93 ± 6.07 52.87 ± 3.04
Co 1.48 ± 0.07 1.28 ± 0.11
Cu 1.28 ± 0.07 1.21 ± 0.12
Al 1.61 ± 0.12 1.89 ± 0.11

An SEM/EDS image obtained in a transversal section of the Cu–Ni cermet (Figure 18) showed
the presence of a Ni-rich region, which is probably a Ni–Cu particle.

The Cu–Ni phase diagram is isomorphous, with liquidus temperatures varying from 1083 ◦C
(100% Cu) to 1455 ◦C (100% Ni) [28]. If the mechanical alloying process is not efficient in producing
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a metallic powder with homogeneous composition, Ni-rich particles may remain in the powder.
The melting point of these Ni-rich particles is higher than the particles with lower Ni content. Thus,
the melting point of some particles may be higher than the sintering temperature. When this happens,
part of the metal melts during sintering and part of it remains solid.Ceramics 2019, 2 FOR PEER REVIEW  11 
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Figure 19. X-ray diffraction pattern of the sintered Cu–Ni cermet, indicating the peaks from the spinel 
ferrite phase (F). 

3.4. Ag–Cu Cermet 

Figure 20 is an SEM image of the Ag–Cu powder, where particles larger than 100 µm are present. 
The EDS analysis indicates an Ag:Cu mass proportion of 33.7 Cu:66.3 Ag, approximately. According 

Figure 18. Microstructure of a transversal section of the Cu–Ni cermet. The EDS analysis showed the
presence of local chemical heterogeneity (see the yellow arrow).

The X-ray diffraction pattern of the Cu–Ni cermet sample (Figure 19) showed only a spinel
phase (ferrite). There are some possible reasons for the absence of traces of second phases in the
diffraction pattern:

• second phases are present but in very low fractions, below the detection limit of the equipment;
• second phases have spinel structure, with lattice parameters similar to the ferrite matrix. In this

case, the diffraction pattern of the second phase is very similar to the pattern of the ferrite matrix;
• the metallic phase totally diffused to the ferrite matrix, without precipitation of second phases

(this hypothesis may be refuted according to the results presented in Figure 18).
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Figure 19. X-ray diffraction pattern of the sintered Cu–Ni cermet, indicating the peaks from the spinel 
ferrite phase (F). 

3.4. Ag–Cu Cermet 

Figure 20 is an SEM image of the Ag–Cu powder, where particles larger than 100 µm are present. 
The EDS analysis indicates an Ag:Cu mass proportion of 33.7 Cu:66.3 Ag, approximately. According 

Figure 19. X-ray diffraction pattern of the sintered Cu–Ni cermet, indicating the peaks from the spinel
ferrite phase (F).
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3.5. Ag–Cu Cermet

Figure 20 is an SEM image of the Ag–Cu powder, where particles larger than 100 µm are present.
The EDS analysis indicates an Ag:Cu mass proportion of 33.7 Cu:66.3 Ag, approximately. According to
the Ag–Cu phase diagram [28], liquid phase starts forming at the eutectic temperature (779 ◦C) and
the liquidus temperature of the alloy with 33.7% Cu is just below 800 ◦C. Thus, it is supposed that the
metallic phase fully melted during the sintering of the cermet.
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Figure 20. SEM image of the Ag–Cu powder.

The SEM image of the Ag–Cu cermet (Figure 21) shows cracks in the ceramic phase, starting
from the edges of the largest metallic particles. The metal–ceramic interfaces in the smallest metallic
particles are fairly sound, with no cracks around them. As seen in Figure 21b, metallic particles with
sizes varying from 5 to 12 µm did not present cracks at the interfaces. Also, the round shape of the
metallic particles of the Ag–Cu powder have the benefit of producing fewer stress concentration sites
than powders with sharp particles.
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Figure 22 presents the results from an EDS/linescan analysis across a metallic particle in the
cermet. The results indicate that Cu is uniformly distributed through the sample and that the chemical
composition of the metallic particle is predominantly Ag. Only some small Cu spikes are observed in
the EDS spectrum from the central part of the particle (Figure 22).Ceramics 2019, 2 FOR PEER REVIEW  13 
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Figure 23. XRD pattern of the Cu–Ni cermet, indicating the peaks from the ferrite matrix (F) and from the metallic 
phase (Ag). 

3.5. Ag Cermet 

Figure 24 shows an SEM image of the Ag powder. Particles smaller than 4 µm are observed, as 
well as agglomerates with sizes around 40 µm. 

Figure 22. EDS linescan across a metallic particle observed in the microstructure of the Ag–Cu
sintered sample.

Figure 23 shows the XRD diffraction pattern of the Ag–Cu sintered cermet. Peaks from Ag and
from the ferrite spinel phase are present.

Ceramics 2019, 2 FOR PEER REVIEW  13 

 

 
Figure 22. EDS linescan across a metallic particle observed in the microstructure of the Ag–Cu 
sintered sample. 

Figure 23 shows the XRD diffraction pattern of the Ag–Cu sintered cermet. Peaks from Ag and 
from the ferrite spinel phase are present.  

10 15 20 25 30 35 40 45 50 55 60 65 70

 

AgAg
F

F
F

F
F

F

F

F

In
te

ns
ity

 (a
. u

.)

2θ (o)  
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3.5. Ag Cermet 

Figure 24 shows an SEM image of the Ag powder. Particles smaller than 4 µm are observed, as 
well as agglomerates with sizes around 40 µm. 

Figure 23. XRD pattern of the Cu–Ni cermet, indicating the peaks from the ferrite matrix (F) and from
the metallic phase (Ag).

3.6. Ag Cermet

Figure 24 shows an SEM image of the Ag powder. Particles smaller than 4 µm are observed,
as well as agglomerates with sizes around 40 µm.
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Figure 25. Microstructure of transversal section of Ag cermet samples, showing their borders. (a) 
Sintered at 1350 °C for 3 h (SEM). (b) Sintered at 1000 °C for 30 min (OM). 

The microstructure shown in Figure 25a was observed with a higher magnification in the region 
where the metallic particles were present and the image obtained is shown on Figure 26. The sizes of 
the largest particles observed in this region were around 13 µm and the metal/ceramic interfaces had 
no cracks. The voids observed in the sample are derived from porosity and probably from grains that 
were removed from the microstructure during the grinding/polishing process. 
  

Figure 24. SEM image of the Ag powder used in the fabrication of the Ag cermet.

Figure 25 shows the microstructure of some sintered Ag cermet samples (transversal section).
The sample sintered at 1350 ◦C for 3 h (Figure 25a) had an Ag-free layer under its surface, probably
caused by the evaporation of Ag [31]. Lowering the sintering temperature to 1000 ◦C and shortening
the sintering time to 30 min eliminated the Ag-free layer (Figure 25b) but densification did not occur.
Increasing the sintering time to 4 h at 1000 ◦C resulted in a sample with a density of 3.29 g/cm3, which
is only 64% of the theoretical density of Ni0.9Co0.1Fe2O4 [30].
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Figure 25. Microstructure of transversal section of Ag cermet samples, showing their borders.
(a) Sintered at 1350 ◦C for 3 h (SEM). (b) Sintered at 1000 ◦C for 30 min (OM).

The microstructure shown in Figure 25a was observed with a higher magnification in the region
where the metallic particles were present and the image obtained is shown on Figure 26. The sizes of
the largest particles observed in this region were around 13 µm and the metal/ceramic interfaces had
no cracks. The voids observed in the sample are derived from porosity and probably from grains that
were removed from the microstructure during the grinding/polishing process.
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Figure 26. SEM images from the center of the transversal section of the Ag cermet sintered at 1350 
°C/3 h: (a) Low magnification. (b) High magnification. 
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4. Discussion

According to Wachtman [32], the increase of the mechanical strength of the ceramic by means
of the cermet technology is attained by the mechanism of “crack tip shielding by crack bridging”,
with “second-phase ductile ligament bridging”. Particulate cermets may be produced by adding a
metallic phase that, if molten during sintering of the ceramic, wets the ceramic phase and promotes
liquid-phase sintering, favoring the formation of a material with lower porosity. In order to successfully
produce a cermet with adequate microstructure, many processing and sintering parameters must be
carefully adjusted, as has been illustrated in the experimental results presented here.

In case the metallic phase is an alloy, if its melting point varies too much with small composition
variation, the chemical homogeneity of the metallic phase is of great importance. For example, Ag–Ni
alloys have considerable variations in melting point with only a slight variation in Ni content. When
melting of the metal phase is desired, the use of a sintering temperature that exceeds the highest
melting point indicated in the alloy phase diagram may be a first alternative. However, since low
porosity and high density are frequently required, the sintering temperature must not be excessively
high; otherwise, it would favor grain coarsening and increased porosity. The use of dilatometry
experiments to verify the densification dynamics of the material may be very useful in the task of
defining the sintering thermal cycle of the cermet. For example, dilatometry is a tool for estimation of
the temperature at which the second stage of sintering of the ceramic ends and the grain coarsening
phenomenon occur instead of densification [33].

The results from the Cu–Ni cermet showed that the reactivity between the metallic and the
ceramic phases must be taken into consideration when selecting the composition of the cermet and its
production method. Although it is expected that Cu and Ni react with ferrites, the production of a
ferrite-based cermet with Cu–Ni is feasible, as has been shown in the literature. A number of methods
to produce ferrite/Cu–Ni cermets have been proposed, aiming for the production of inert anodes,
and these cermets are usually produced from a mixture of (NiFe2O4 + NiO) plus a Ni or Cu metallic
phase. After sintering this mixture, the microstructure is constituted of metallic particles surrounded
by non-stoichiometric Ni-ferrite and nickel oxide [25]. Tailhades et al. proposed a different production
route for this kind of ferrite-based cermet, in which the Cu metallic phase is partly or totally formed by
reduction of metallic oxides present in the sample [10].

Although a high reactivity between the metallic and the ceramic phase may sometimes be
a problem, it is desirable that the metallic phase is somewhat soluble in the ceramic matrix. This
enhances the wettability of the liquid metal during sintering and facilitates the spreading of the metallic
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phase among the ceramic particles. Also, small and disperse metallic particles makes spreading of the
liquid metal easier during sintering. On the other hand, low wettability makes the liquid metal flow
rapidly through the pores of the ceramic and form clusters.

The largest acceptable particle size of the metallic powder must be defined for each case. This
issue was illustrated in the Ag–Cu cermet experiment, in which the presence of metallic particles larger
than a certain size caused cracking of the ceramic phase. The stress developed during sintering by
the presence of a melting metallic particle is related to its size and melting point. In the first stage of
sintering, the porosity of the ceramic is interconnected, which facilitates the liquid accommodation.
However, if the metallic phase melts at a temperature in which the ceramic is in the intermediate or
final sintering stages, the porosity is closed and the liquid becomes confined, increasing the stress.
In this point of view, the choice of a metallic phase that has a small particle size, and melts during the
initial sintering stage of the ceramic, seems a good choice. The temperatures corresponding to each
sintering stage of the ceramic may be estimated by dilatometry. However, changes in the chemical
composition of the ceramic may occur when sintering in the presence of the metal phase and it may
influence the sintering kinetics of the ceramic. The sintering kinetics and the final microstructure of
the cermet thus depend on a complex interplay between several parameters. It is important to notice
that even if the metal is uniformly distributed in the cermet and the microstructure is free of cracks,
residual porosity reduces the mechanical strength of the ceramic. Thus, the metallic phase must be
inserted in the ceramic so that its porosity is not increased in this process.

The results from this work indicate that some Ag-based alloys have potential application in
ferrite particulate cermets. In the Ag and Ag–Ni cermets, the metal–ceramic interfaces were flawless.
The same trend was observed in the Ag–Cu cermet, but only in the case of metal particles around
12 µm or smaller. In both Ag–Cu and Ag–Ni cermets, the compositions of the metallic particles were
nearly 100% Ag after sintering, evidencing reactivity with the ferrite at high temperatures. Since the
reaction between both phases may change the ferrite composition and affect its properties, precautions
must be taken in order to minimize the impact of the compositional change of the ceramic phase. For
example, in the production of a Ni-based ferrite cermet, the Ag–Ni alloy is expected to have less effect
than the Ag–Cu alloy in changing the composition of the ferrite.

5. Conclusions

The production of ceramic-matrix particulate ferrite cermets with uniform dispersion of the
metallic phase and increased mechanical properties depends on the judicious selection of several
production parameters. The results from this work indicated that the following points are of great
importance for cermet processing:

• appropriate choice of the chemical composition of the metallic phase, in order to minimize the
change in the composition of the ferrite and to obtain adequate melting point and wettability of
the metal. It is suggested to use a metallic phase with melting point within the temperature range
of the first sintering stage of the ferrite;

• selection of metallic powders with small and homogeneous particle size, in order to prevent high
stresses during sintering, when the metal melts.

The results from this work also indicated that the Ag–Cu and Ag–Ni alloys will probably produce
ferrite particulate cermets with adequate microstructure, provided that the particle size of the alloy is
around 12 µm or smaller. In the case of a Ni–Co ferrite matrix, the Ag–Ni alloy seems more appropriate
because the Cu present in the Ag–Cu alloy may cause a significant change in the composition of
the ferrite.
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