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Abstract: The effect of induction heating on the surface properties of hot-pressed ceramics based on
plasma chemical nanopowders SizNy and TiN (additives: Al;O3, AIN, and Y;0O3) has been studied.
The research demonstrates the formation of a modified layer on the surface of the hot-pressed
material. The study examines the porosity, hardness, fracture toughness, brittleness, distribution
of elements, and wear of hot-pressed ceramics on the surface before and after additional grinding.
Removal of the surface porous layer results in increased density and hardness, leading to a higher
number of acoustic emission signals during scratching with a Vickers indenter. A different response
to scratching indicates a transgranular or intergranular fracture of the structure. The presence of
porosity and carbon contamination on the surface layer of materials negatively impacts the properties
of TiN-reinforced ceramics based on SizNy-Al,O3-AIN (SIALON). However, the addition of Y,O3
effectively prevents carbon penetration and reduces the effect of grinding. Additionally, the dark-
colored tone observed on the outer volume of the samples suggests a non-thermal microwave effect
of the induction furnace.

Keywords: nitrides; plasma chemical nanopowders; hot-pressing; surface properties; mechanical
properties; wear; grinding; non-thermal microwave effect

1. Introduction

Ceramics based on nanopowders can exhibit prominent properties since these pow-
ders display different and usually outstanding physical and chemical properties as com-
pared to their larger counterparts. For example, ceramics based on silicon nitride (Si3Ny)
nanopowders can exhibit plastic behavior even if they are typically tough and strong [1].
Nanoparticles of Si3sNjy are also indispensable components for the next generation of high-
power electronic devices and for the fabrication of electronic devices operating at high
temperatures and high frequencies in harsh environments [2—4]. Structural applications
such as automotive engine parts, heat exchangers, pump seal parts, ball bearings, cutting
tools, and ceramic armor, due to its low bulk density, excellent mechanical properties at
elevated temperatures, high resistance to thermal shock and chemical attack, excellent
creep resistance, and good tribological and wear properties, are also features of these SizNy
ceramics [5,6]. The use of a reduced particle size of Si3Ny, which improves sinterability,
will overcome limitations caused by factors such as the strong covalent structure of Si3Ny,
which requires high sintering temperatures, thereby increasing processing costs [7].

It is known that the composition of Si3Ny4 ceramic materials can significantly affect
their mechanical properties [5,8-10]. The amount of additive initially introduced to the
ceramics determines the quantity and chemistry of its glass phase and changes properties
such as fracture toughness, ambient and high temperature strengths, creep resistance,
and oxidation resistance [11-14]. There is a direct connection between microstructure,
namely the grain growth of nanopowders, grain boundary chemistry, and mechanical
behaviors of silicon nitride ceramics [15-18]. A coarse structure, as a rule, results from the
accelerated diffusion of atoms in the liquid phase at high temperatures. [19]. A variety

Powders 2023, 2, 697-708. https:/ /doi.org/10.3390 / powders2040043

https:/ /www.mdpi.com/journal /powders


https://doi.org/10.3390/powders2040043
https://doi.org/10.3390/powders2040043
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/powders
https://www.mdpi.com
https://orcid.org/0000-0002-0555-1165
https://doi.org/10.3390/powders2040043
https://www.mdpi.com/journal/powders
https://www.mdpi.com/article/10.3390/powders2040043?type=check_update&version=1

Powders 2023, 2

698

of combinations of additives and their appropriate amounts in preparing Si3Ny ceramics
based on nanopowders are essential for attaining full densification and achieving their
high-performance properties [5,20-22].

The microstructure of ceramics strongly depends on the processing [5,7,9,20-26]. Pres-
sure sintering can result in a higher density of ceramic materials compared to pressureless
sintering [15,27,28]. The orientation of nanostructures determined by heat flux, testing tem-
perature, and the «/ 3 Si3sNy phase ratio provides a less resistive network and the intrinsic
anisotropy of thermal conductivity in the in-plane direction of the heat flux [15,29,30]. High
fracture resistance combined with a steeply rising R-curve and high fracture strength can
be developed in self-reinforced silicon nitrides by careful control of the size and amount
of well-dispersed large elongated grains in a fine-grained matrix. If not regulated, a mi-
crostructure with a broad grain diameter distribution tends to form. A significant reduction
in strength is observed when microstructures consisting of a broad grain diameter distribu-
tion are generated. When a finely equiaxed microstructure is generated, both the fracture
strength and the fracture resistance are reduced [31].

It is known that such principal parameters as strength, hardness, fracture toughness,
and wear resistance are frequently uncorrelated with each other, and very often, researchers
working in the field of ceramics have failed to match the level of their mechanical properties.
One of the reasons for this occurrence is the formation of gradient structures and the exis-
tence of a modified layer on the surface of the prepared ceramics [32]. Phase compositions,
microstructures, mechanical properties, and wear behaviors were investigated. The main
- SisN4 phase was detected in the outer layers, and only 3- Si3sN4 phase was observed in
the inner layers. The Vickers hardness of the outer layer was much higher than that of the
inner layer, whereas the fracture toughness of the outer layer was much lower than that of
the inner layer, indicative of the hard surface and tough core. The graded SizN4 ceramics
exhibited superior wear resistance with a low wear rate due to the ultra-fine microstructure
and high hardness of the outer layer [32].

A skin layer that was generated near the surface of hot-pressed silicon nitride ceramics
was studied from a microscopic viewpoint. The ceramics were composed of acicular
[3- Si3Ny grains and a glassy grain boundary that was liquid at hot-pressing temperature.
It was demonstrated that the thickness of the skin layer increased with an increase in the
amount of sintering additive. A compositional difference in glassy phases was observed
between the surface layer and the bulk of SizsN4 ceramics [33].

Over the years, there has been growing evidence of the unusual effects of microwave
or induction energy [22,27]. Microwave heating facilitates sintering and grain growth by
decreasing the activation energy of diffusion, increasing ionic interdiffusion, and thereby
promoting the formation of a gradient structure in the sintered material. The reason for
its formation may be related to the difference between annealing and microwave [27,34].
Unexpected magnetism in dielectric oxide nanostructured materials, even at room temper-
ature, can also be the reason for the formation of a gradient structure [35,36]. The unique
magnetism of nanomaterials is usually associated with various structural defects, such as
cation vacancies, oxygen vacancies, and structural inhomogeneity, which is confirmed by
numerous studies of highly defective magnetic oxides and nitrides [36].

Thus, the main objective of this research is to fabricate materials based on nanopowders
and study how the composition of the original nanopowders and sintering conditions
influence the formation of a modified surface layer on ceramics. Additionally, the research
aims to assess the impact of this modified layer on the material properties.

2. Materials and Methods

Silicon nitride (Si3Ny), titanium nitride (TiN), and alumina (Al,O3) powders prepared
by plasma chemical synthesis of mean size < 0.03 pm were used as initial powders [37,38].
As received, these powders were electrostatically charged and could shift under the effect
of a magnetic field. After being in an open environment for two months, they have been
losing this ability. It was discovered that one of the reasons for this phenomenon was an
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increase in the adsorbed oxygen content from 1 wt. % up to 5 wt. % on the surface of
this powder.

Yttrium oxide (Y;O3) powder (mean size < 1.5 um) was also selected as a sinter-
ing additive.

Mixing weighed quantities of powders was carried out in a planetary ball mill for
20 min in an acetone medium [39]. The planetary mill had four cylinders, each with a
volume of 250 mL. The mass of the loaded balls is 100 g for each cylinder; the acceleration
of the grinding bodies is 6 g; and the mass of the material load to be processed is 20 g.
Ceramic balls with a diameter of 3, 5, and 6 mm were used as the grinding bodies.

Hot pressing of plasma chemical powders was performed in multi-cavity graphite
dies at a temperature of 1820 °C in air at a pressure of 20 MPa applied along one axis and
at a dwell time of 1-8 min. The surfaces of graphite dies and punches were covered with
boron nitride lubricant. The induction heating was done using high-frequency generators
at 5.3 MHz. After sintering, the samples were cleaned, ground, and polished using a
special machine (Figure 1). The apparent density of all dense samples was measured by
a standard water immersion technique. The specimens were ground for making cutters
(12.7 x 12.7 mm, thickness 4.76 mm, and 6.35 x 6.35 mm, thickness 2.38 mm) [40-42]
(Figure 1c).

(b) (c)

Figure 1. A general view photograph of the hot-pressed sample: (a)—as received; (b)—after cleaning
for apparent density measurements; (c)—polished cutter (12.7 x 12.7 mm, thickness 4.76 mm) in
epoxy resin.

The compositions and structures of ceramic materials based on plasma chemical
powders were analyzed by an electron probe microanalyzer (Superprobe-733) [39,40].

Hardness and fracture toughness (K;.) were measured by a standard micro-indentation
technique using a Vickers indenter with a square tip at a load of 50 N for 10 s. The de-
termination of hardness was performed using the method of unrestored print. K;. was
calculated using the equation of Niihara [43]. The life tests of the cutters made of plasma-
chemical powders were performed in turning hardened steels at speeds of 300 m/min, a
feed of 0.1 mm/rev, and depths of 0.5 and 1.0 mm by determining the amount of dulling
of the cutter on the flank (h3) in 15 min (the radius of curvature of the cutting tip was
0.3 mm) [39-42]. The measurement of the brittleness of the surface layers was made by the
acoustic emission method in the process of scratching the surface with a Vickers indenter
with a load of 10 N [44,45].

3. Results
3.1. Density, Hardness, and Fracture Toughness Measurements

The results demonstrate that TiN-reinforced ceramics based on SIALON exhibit the
highest density (Table 1, samples 12-17) and low porosity. Conversely, TiN-reinforced ce-
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ramics based on Si3Ny, prepared without a sintering additive, displayed the lowest density
(Table 1, samples 18-19). However, the introduction of Y,Oj3 as a sintering additive to these
Si3N4 powders significantly reduced their porosity (Table 1, samples 2-5). Additionally,
the density of samples based on plasma chemical powders increased by approximately
2% after undergoing additional surface grinding. Given that the typical porosity of these
materials ranged from 1% to 3% (Table 1), it can be concluded that the porosity of such
hot-pressed ceramics is primarily localized on the surface.

Table 1. Composition and porosity of hot-pressed samples made of plasma chemical powders before
and after additional grinding.

Samples Composition, wt.% Porosity, %
Siz Ny Al,O3 AIN Y,03 TiN before Grinding after Additional Grinding
1 95 5 2.0 1.8
2 55.4 5 39.6 22 1.6
3 46.5 0.5 53 3.2 3.0
4 27 5 68 3.9 3.7
5 27.5 2.5 70 3.1 3.0
6 61.2 22.3 16.5 1.6 1.1
7 75 2 3 20 2.8 2.0
8 25 35 40 23 1.2
9 14 38 48 2.0 1.7
10 50 50 41 39
11 50 50 24 22
12 27 19 24 30 1.9 1.0
13 56 12 2 30 1.0 0.1
14 21 26 53 40 0.8 0.2
15 12.6 15.6 31.7 40 1.1 0.8
16 36.6 154 6.2 41.8 0.8 0.1
17 35 25 10 30 1.7 0.6
18 87.7 12.3 124 124
19 50 50 6.1 6.0

Hardness is a property that indirectly reveals the mechanical strength of ceramics. It
is determined by the material’s resistance to brittle fracture rather than plastic deformation.
As a result, hardness can be indicative of the material’s crack resistance. The extent to
which the fracture process influences hardness changes with the applied load and depends
on the nature, type, and size of the formed cracks in the fracture zone (Figure 2). The
indentation test is commonly employed to determine the ceramics’ resistance against crack
initiation and propagation. The development and dimensions of the cracks provide insights
into both the mechanical hardness and fracture toughness of the ceramic material. At low
indentation loads, a deformed region forms beneath and near the indentation, leading
to the emergence of four cracks emanating from the vertices of the square indentation
(Figure 2a). On the other hand, using relatively large loads often results in the destruction
of brittle ceramic materials within the indentation zone (Figure 2b).

The hardness of hot-pressed ceramic material composed of Al,O3-AIN-TiN (Table 1,
sample 8) increases with an increasing load up to 100 N but then decreases as the load
further increases to 500 N. This observed dependence contradicts the nonlinear relationship
between hardness and loads reported in [46,47], where the highest hardness at 100 N is not
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present. The occurrence of the highest hardness at 100 N may be attributed to the unique
nanostructure features of ceramics based on plasma chemical powders. However, as the
load continues to increase, the material undergoes destruction, leading to a decrease in
hardness, similar to what has been observed in [46,47].

@) (b)
Figure 2. Vickers hardness impressions on hot-pressed ceramic material composed Al,O3-AIN-TiN
at the loads: (a)—50 N; (b)—500 N.

Additional surface grinding results in an overall hardness increase of 20%, and the
dependence on the load (50-500 N) remains relatively unchanged (Figure 3a).
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Figure 3. Hardness (a) and fracture toughness (b) of ceramic material composed of Al,O3-AIN-TiN
(Table 1, sample 8) vs. load: 1—before; 2—after additional grinding.

Without additional grinding, the fracture toughness of ceramics composed of Al,Os-
AIN-TiN increases with an increasing load up to 500 N (Figure 3b). This contrasts with
the dependence observed in [46] for hard metals. This difference can be explained by the
quenching effect on crack propagation within the pores of the surface layer. However, after
additional grinding, the increasing trend of fracture toughness with an increasing load
up to 500 N becomes less pronounced, and the data exhibits greater scatter (Figure 3b).
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This phenomenon can be attributed to the uneven distribution of residual porosity and
deformation stresses within the nanostructure of the material.

3.2. Acoustic Emission Signals Measurements

Measurements of acoustic emission signals or transient mechanical waves sponta-
neously generated by abrupt localized changes of strain within a material have shown
that acoustic emission contains information about the characteristics of the material.
Higher-density materials generate more acoustic emission signals as dislocation motion
increases and cracks grow, which are the main mechanisms of strain change when materials
are scratched.

Measurements of brittleness by acoustic emission on the surface of ceramic composites
made of plasma chemical powders (Table 1) showed that in the process of scratching the sur-
face with a Vickers indenter (load of 10 N), the number of acoustic emission signals increases
sharply for most examined materials after additional grinding (Table 2, samples 6-9). Only
for materials of high porosity (>12.4%), the number of acoustic emission signals does not
change after grinding.

Table 2. Properties of the hot-pressed ceramic composites made of plasma chemical powders without
and after additional grinding.

Samples Composition, % P:r(:)t:ilty Ha;_cli‘r;ess Toughness K 11;2?111;:1;;;:5:
SisNy  ALO;  AIN Y0 TiN % GPa MPa*m!/2
Without additional grinding

1 75 2 3 20 2.2 18.4 7 7

2 61.2 223 16.5 33 14.9 5.2 40

3 55.4 5 39.6 14 12.4 5.4 21

4 55.4 5 39.6 2.3 14.7 7 170

5 87.7 12.3 12.4 1.6 23 14

After additional grinding

6 12.6 15.6 317 40 0 18.2 5.8 25,000
7 36.6 15.4 6.2 41.8 0 19.7 7.6 130,000
8 55.4 5 39.6 0.8 16 7.1 2700
9 36.6 15.4 6.2 41.8 2.9 17.8 5.4 20,000
10 87.7 12.3 12.4 1.6 23 14

The failure of ceramic materials is characterized by low toughness, which leads to
brittle fracture without preceding plastic deformation, subcritical crack extension, and
large scatter in the mechanical properties. However, there is a close relationship be-
tween the number of acoustic emission signals and the hardness and fracture tough-
ness of ceramics (Table 2, samples 6, 7, and 9) since the failure of ceramics based on
SIALON matrix reinforced with TiN occurs by the mechanism of transgranular fracture
(Figure 4a) [39-42,48-52].

For composite ceramics based on the SizNy matrix with 5 wt. % Y,Oj3 reinforced with
TiN (Table 2, sample 8), intergranular fracture occurs (Figure 4b). Intergranular fracture
typically arises when the phase at the grain boundary is weak and brittle. Consequently,
crack propagation occurs along the grain boundaries of SizNy and TiN, leading to fractures
that follow the grain pattern of the material. As cracks are initiated and propagate in a
brittle material, they continue to grow and increase in size.
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(b)

Figure 4. Micrographs of the transgranular (a) and intergranular (b) fracture of ceramics based on
Si3N4 and TiN.

The Vickers hardness of the composite ceramics based on the SizN4 matrix with 5 wt. %
Y,0;5 reinforced with TiN (Table 2, sample 8) was found to be insufficiently high. However,
the fracture toughness was high, comparable to the best ceramic sample based on the
TiN-reinforced STALON matrix with higher hardness (Table 2, sample 7). This phenomenon
can be attributed to intergranular fracture, which leads to the formation of many small
cracks with low energy release in a fine-grained structure. Considering the sensitivity of
the device used for registering acoustic emission signals and the material’s structure under
investigation, the number of acoustic emission signals will be significantly lower. This is
further supported by the results obtained for the sample of composite ceramics based on
Si3Ny matrix-reinforced TiN with 5 wt. % Y,03 (Table 2, sample 8).

3.3. Wear Measurements

All tested samples based on plasma chemical powders, as prepared, demonstrated a
high level of wear (Figure 5, Table 1 (3-5, 9-11, 12-15). The ceramic composite materials
based on SIALON reinforced with TiN (Table 1, samples 12-15) exhibited the highest wear
before grinding. This wear was caused by the presence of surface porosity and an increased
carbon content on the sample’s surface, as indicated by X-ray microanalysis (Figure 6).
In contrast, X-ray microanalysis of samples based on Si3Ny- Y,0s3-TiN did not reveal the
presence of carbon, even though all the studied samples were hot-pressed in the same
graphite die. Consequently, the wear of these samples turned out to be two times lower
(Table 1, samples 3-5). However, after grinding the surface layer off, the wear of all the
studied ceramic composites decreased to 0.1 mm (Figure 5a).

A study was conducted on composite ceramic cutters (6.35 X 6.35 mm, thickness
2.38 mm) based on SizNy reinforced with different percentages of TiN (ranging from 12.3%
to 80%) along with 5 wt. % Y,Os3 used for turning hardened steels at speeds of 300 m/min
for 15 min (Figure 5b). The results indicated that having only 12.3 wt. % TiN in the
cutter composition was insufficient to achieve the desired cutting ability under the current
research conditions. On the other hand, including 80 wt. % TiN in the cutter composition
led to high wear due to inadequate densification of the initial powders and resulting low
cutter density. However, when the cutters were reinforced with TiN ranging from 23% to
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70%, the wear remained constant and amounted to 0.1 mm during the turning of hardened
steels at speeds of 300 m/min for 15 min (Figure 5b). This finding suggests that this range
of TiN reinforcement was optimal for maintaining consistent cutting performance under
the specified conditions.
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Figure 5. Wear vs. a sample relative volume (a) and TiN content (b). Composition of the samples
(Table 1): 1-samples 3-5; 2-samples 8-9; 3-samples 12-15.
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Figure 6. Emission intensity of different elements versus distance from the center of the sample to
the edge of ceramics based on SizNy-Al,O3-AIN-TiN (Table 1, sample 14).

3.4. Darkly Colored Surface Area

It is known that bulk ceramic materials are typically non-magnetic and non-conducting.
However, in recent years, researchers have discovered that nanostructured materials pos-
sess unique properties compared to their bulk counterparts, owing to various defects that
can influence their physical characteristics. Notably, unexpected magnetism has been
observed in dielectric oxide nanostructured materials [35,36,53]. Numerous studies on
magnetic oxides and nitrides have demonstrated that their magnetism can be attributed
to the structural inhomogeneity of nanopowders and the presence of various defects in
their structure, such as cationic and oxygen vacancies [36]. Additionally, magnetic titanium
dioxide (TiO,) nanotubes have gained significant attention recently due to their potential
applications in spintronics, where both charge and spin are employed in TiO, nanotubes
and nanorods [53].
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As per our previous research, certain ceramic composite materials based on plasma-
chemical powders displayed a distinct darkly colored region in the outer volume of the
samples, aligned parallel to the direction of hot pressing (Figure 7). The most distinct
dark area was observed in samples based on SIALON with 40 wt. % TiN. Interestingly, by
increasing the dwell time from 1 to 8 min during the hot-pressing process, the thickness of
this dark area increased or completely disappeared. Surprisingly, no significant differences
in the physico-mechanical properties (wear, hardness, and fracture toughness) were found
between the different colored areas of the samples under the given study conditions.
Despite the visual appearance of the dark areas, they did not seem to have a notable impact
on the material’s performance.

(a) (b)

Figure 7. Thickness of the dark area of ceramic composite materials based on plasma-chemical
powders based on SizgNy SizN4—TiN, SIALON—TiN vs. dwell time of hot pressing: (a)—1 min,
(b)—8 min.

The appearance of a skin layer near the surface of hot-pressed silicon nitride ceramics,
exhibiting a different color tone from the bulk body, was also observed in [33]. However,
the explanation provided in [33] regarding the increase in the thickness of the dark-colored
area due to the increase in sintering additives from 6 wt.% to 8 wt.% seems less convincing.
This is because the increase in sintering additives from 8 wt.% to 12 wt.% had much less
impact on the thickness of the dark-colored area.

Additionally, the content of yttrium and magnesium, as revealed by the EDS analysis
of the grain-boundary glassy phase, contradicts the findings presented in Figure 7, where
ceramics without yttrium and magnesium based on SIALON-TiN still displayed coloration.
Moreover, the differences observed in the electron images of the skin layer and the bulk
of hot-pressed silicon nitride ceramics were negligible and within the margin of error.
Furthermore, the X-ray diffraction patterns of the hot-pressed silicon nitride ceramics for
both the skin layer and bulk area appeared the same [33]. Considering the observations
and previous research findings, it is indeed more plausible that the coloration of the darkly
colored regions in the ceramic composite materials is caused by the presence of Si3Ny,

The magnetism observed in SizNy plasma-chemical powders is attributed to struc-
tural inhomogeneity and the presence of various defects, including cationic and oxygen
vacancies. Consequently, hot-pressed ceramic materials undergo changes in their optical
properties when exposed to an electromagnetic field during induction heating.

An extended dwell time during induction heating of the nanopowder and an increase
in sintering additives promote the alignment of a higher number of dipoles within the
electromagnetic field. This results in a noticeable increase in the size of the darkly colored area
within the outer volume of the samples, running parallel to the direction of hot-pressing.

4. Conclusions

Ceramic materials based on plasma-chemical nanopowders, as prepared, have a modi-
fied porous layer on the surface. When subjected to additional surface grinding, this layer
is removed, resulting in increased density, hardness, and the number of acoustic emis-
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sion signals. The occurrence of acoustic emission signals may indicate a transgranular or
intergranular fracture of the composite ceramic structure after the surface grinding process.

Surface porosity and higher carbon content lead to increased wear of ceramic materials
based on SIALON-reinforced TiN before additional surface grinding. Incorporating Y,03
in the composition of ceramics based on Si3Ny-reinforced TiN prevents carbon infiltration
into the bulk of the material and mitigates the grinding effect.

The presence of darkly colored areas on the surface of ceramics based on Si3sNy plasma
chemical powders provides confirmation of the occurrence of non-thermal micro-wave
effects from the induction furnace on these nanoparticles.
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