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Abstract. For mechanical machining the quality of cutting-tool materials is one of the most signiﬁcant issues
that need to be addressed. Enhancement of cutting tool performance may be achieved through the use of modern
composition ceramic cutting tools This may be enabled through surface treatment, and also hot pressing and
spark plasma sintering
the two main processes used for manufacturing such tools. In this article the
advantages and disadvantages of the technologies and processes involved are analyzed and compared to identify
the most appropriate methods for creating ceramic cutting-tools. In parallel the latest improvements in ceramic
cutting-tool materials are reviewed. The paper shows that the choice of ceramic cutting tools is a quite complex
process with a number of important factors to be taken into account.
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1 Introduction
To remain competitive modern manufacturing companies
must ensure they utilize the latest and most efﬁcient
technologies [1]. Machining processes are one of the
effective ways of producing products with high accuracy
and suitable surface roughness [2]. More complex geometries of products exhibit new challenging production
situations for machining processes of cutting tools [3].
The mechanical properties especially hardness of
product materials are being developed and enhanced. All
traditional or conventional ways of machining processes
such as drilling, turning and milling depend on the
hardness of the cutting tool being higher than the hardness
of the material being cut. The cutting instruments of
several machining processes suffer from a short lifetime due
to gradually reducing hardness and subsequently the cost
of machining increases [4–7].
Cutting tool development is important for enhancing
the mechanical properties especially in high-speed machining with a long duration. However the production of its
cutting tools faces challenges for many reasons. Firstly the
material must meet mechanical property requirements.
Secondly conventional sintering methods are restricted
with the number of materials and the time needed to
achieve the sintering cycle, which are reﬂected in the
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product cost. These are signiﬁcant constraints in the
manufacture of these tools [8]. Additionally, cutting tools
materials must be able to resist extreme cutting conditions
such as high temperature and friction between the
workpiece and the cutting tool surface. Therefore cutting
tool materials should exhibit a variety of properties to meet
these requirements [9]. These are highlighted below.
– Mechanical properties:
* High hardness at elevated temperature.
* High deformation resistance to prevent plastic deformation at cutting edge.
* High stiffness to maintain accuracy.
* High fatigue resistance to resist maximum mechanical
load.
* High fracture toughness.
– Thermal properties:
* High thermal conductivity to transfer the temperature
away from the cutting edge.
* High thermal shock resistance.
– Chemical composition being stable.
– Tribological properties:
* Wear resistance.
* Adequate lubricity to prevent build-up on the cutting
edge.
Figure 1 shows the comparison graphically between the
ceramic, cermets and tungsten carbide tool and it
illustrates differences in the mechanical properties between
them.
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Fig. 2. Relationship between the temperature and hardness for
various cutting tool materials [13].
Fig. 1. Mechanical properties of ceramic, cermets and tungsten
carbide [10].

The cutting tool characteristics are extremely important in the process of machining. Design, geometry, type,
tool life, and material of the cutting tool are important
parameters which affect directly on the cost and the quality
of the product. The development of new alloys is associated
with the development of cutting tool materials. Ceramic
cutting tools exhibit high hardness and good performance
in wear resistance, so that they play an important role, for
example, in the high-speed machining process of super
alloys [11].
From Figure 2, it may be concluded that ceramics are
hard and can withstand a temperature of machining more
than a temperature 1600 °C without any chemical
decomposition [12]. Ceramics can take far more heat than
carbides because they soften in the range of 2200 °C versus
about 870 °C for carbide tools [9]. Therefore the ceramic
cutting tools are recommended for high-speed machining
for hard to cut material in case of dry machining conditions.
Cutting ceramics is one of the most promising tool
materials; the share of which in metal processing is
increasing. Depending on the type of material to be
processed and the type of machining, the potential of a
metal-cutting ceramic tool, one-piece or equipped with
replaceable polyhedral plates, grows. An interest in
ceramic cutting materials is due to their signiﬁcant heat
and wears resistance compared to high-speed steels and
hard alloys. Through the use of such materials the cutting
speed can be dramatically increased (1.5–8 times compared
to carbide tools) and reduce the processing time reduced by
2–3 times. This material therefore is principally aimed at
high-speed, high-energy machining (in turning of super
alloys it provides 2–5 times higher performance than that of
hard alloy).
Figure 3 shows the requirements for manufacturing
cutting tools from ceramic material in a simpliﬁed view.

Cutting tools in general face challenges and every element
needs to be enhanced. The development of ceramic cutting
tools has the potential to solve these problems.

2 Ceramic cutting tool materials
Ceramic cutting tool materials are created for machining
cast irons and super-alloys materials in addition to
ﬁnishing hard-to-cut materials [9]. Such tools have unique
mechanical properties, and they have high hardness,
corrosion, and adhesion wear resistance compared to
carbide cutting tools [14,15] They also have other distinct
advantages and disadvantages such as [16]:
– High strength when machining hard to cut material
especially in light machining.
– Show extremely high resistance to cratering and abrasive
wear.
– The ability of high cutting speed.
On the other hand, the brittleness and low value of
transverse rupture strength of the ceramic tools creates
some limitations on its use [16]. Early ceramic cutting tools
also suffered from low toughness and low resistance to
mechanical and thermal shock because they suffered from
low thermal conductivity [17]. Subsequently, with highspeed machining those defects became slightly more
pronounced and in order to decrease the cycle time a
restricted average of depth of cut was required [18]. Thus
ceramic cutting tools also face problems in the case of
interrupted cutting. In order to overcome these weaknesses
the problems have been addressed by a number of
researchers and their results are discussed in this paper.
The color of the ceramic usually is black or gray in the
case of manufacturing by a hot pressing technique and a
white color in the case of a cooled pressed technique. Cold
pressed ceramic is slightly harder than hot pressed ceramic
[16].

S.N. Grigoriev et al.: Manufacturing Rev. 6, 19 (2019)

3

Fig. 3. Requirements for ceramic cutting tools.

Ceramic cutting tools can be indexed into four mains
families as follows [17]:
– Al2O3-based ceramics.
– Si3N4-based ceramics.
– Sialon-based ceramics.
– Cermet tool materials.
The main types are based on aluminum oxide (Al2O3)
and silicon nitride (Si3N4) [9]. In this regard, there are
several additions to ceramic cutting tools such as alumina
tools which contain titanium, magnesium, chromium or
zirconium oxides [12]. Ceramic also is the main composition
of cermet. The producing of cermets is similar to the
production of ceramics by a hot-pressed technique. The
composition of cermets is approximately 70% ceramic and
30% titanium carbide, and they are pressed into bullets
with high pressure and temperature. The material is
processed to the required shape for the cutting tool after
sintering. Zirconium oxide is added to the ceramic alloy
with a rate of 15% of the total composition to increase the
strength of the ceramic [16]. Aluminum oxide, commonly
referred to as alumina, possesses strong ionic interatomic
bonding giving rise to its desirable material characteristics
[9].
2.1 Aluminum oxide type ceramics
Many types of ceramics depend on aluminum oxide Al2O3
as the main base for machining ultra-high-strength steels
[19]. Alumina materials have unique properties and high
hardness. Therefore they may be used for producing

cutting tool materials. However, the brittleness and poor
damage tolerance have limited the application of alumina
ceramics [20,21]. Nevertheless, alumina-based ceramic
tools have unique mechanical and chemical properties,
especially at high temperatures, such as high wear
resistance, high hardness and relatively low chemical
reactivity with steels and many other materials.
Commercially available cutting tool materials belonging to the group of carboxide ceramics consist of aluminum
oxide with additions of 30–40% titanium carbide and
titanium nitride. The dispersion of these hard particles
increases the hardness for temperatures up to 800 °C when
compared to oxide ceramics. Simultaneously, the fracture
toughness and bending strength are improved through
crack impediment, crack deﬂection or crack branching
caused by the dispersed hard particles. The higher hardness
in combination with the higher toughness increases the
resistance to abrasive and adhesive ear considerably. The
lower thermal expansion and higher thermal conductivity
of the composite improves the thermal shock resistance and
thermal shock cycling capabilities when compared to oxide
ceramics. At temperatures exceeding 800 °C, the titanium
carbide and titanium nitride particles oxidize and begin to
lose their reinforcing properties. The composite weakens
and this phenomenon must be taken into consideration
when selecting cutting conditions, such as cutting speed,
depth of cut and feed-rate [22].
Ceramic aluminum oxide can be found in the main two
types as following [23]:
– Aluminum oxide Al2O3, sometimes mixed with zirconium oxide, Al2O3/ZrO2. In color, these tools are varied
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Table 1. Comparison between the oxide ceramic Al2O3/
ZrO2 and Al2O3/TiC composite [22].
Cutting materials

Oxide ceramic
Al2O3 + ZrO2

Al2O3/TiC
composite

Hardness (Vickers)
Modulus of elasticity
(KN/mm2)
Bending strength
(N/mm2)
Fracture toughness
(mN/mm2)
Coefﬁcient of thermal
expansion (10−6K−1)
Thermal conductivity
(W m−1 K−1)

2000
390

2200
400

350

600

4.5

5.4

7.5

7.0

30

35

from yellow to gray/white. The tools are hardened for
phase transformation, have high chemical inertness,
resistance to wear and thermal deformation. They are
used for continuous ﬁne cutting (semi-ﬁnishing and
ﬁnishing) at relatively low feed rates. Typical applications include turning and hard-to-machine carbon steels,
alloy steels, tool steels (<38Rc) and gray cast iron or
ductile cast iron (<300 BHN) at speeds up to 1000 m/min.
– Alumina-titanium carbide composites Al2O3/TiC, containing 30–40% TiC. This black material has a higher
transverse rupture strength, thermal shock resistance
and hardness than Al2O3, but at the same time, it has a
relatively low resistance to fracture. It is for continuous
cutting on alloy steels, chilled and malleable cast irons,
hardened ferrous materials (35–65Rc) and exotic alloys.
Coated Al2O3/TiC tools are used for ﬁnishing turning
hardened steels and cast irons. All materials based on
aluminum oxide (Al2O3, Al2O3/ZrO2, Al2O3/TiC) tend
to crack and wear a notch when machining steel. Also,
chemically induced wear may occur depending on the
cutting temperature and the environment (air, humidity,
coolant). Al2O3 based tools are not suitable for machining aluminum alloys and titanium alloys due to their
strong chemical afﬁnity with these materials. They
replace carbide inserts P01–P05 or C8.
Hence Table 1 is a summary of the comparison
between the different compositions of ceramic aluminum
oxide in the category of the mechanical properties. Adding
of TiC particles into Al2O3/SiCw ceramic materials could
improve the electrical conductivity and mechanical
properties of composite materials [11]. Silicon carbide
whiskers added to an Al2O3 matrix in a random
orientation produces a ceramic tool material with very
high toughness [22]. SiC whiskers enhance the hardness
and elasticity modulus of Al2O3 ceramic materials, but
they limit the ﬂexural strength and fracture toughness as
compared with SiAlON ceramic materials. By incorporating particles or whiskers into the matrix it is observed that
clear improvements are made in mechanical properties of

monolithic ceramics [11].
The Al2O3 based composite ceramic tool materials have
advantages in the ﬁeld of high-speed machining compared
to the traditional high-speed steel and cemented carbide
cutting tools, due to the high hardness, excellent wear and
corrosion resistance of ceramics as well as the low afﬁnity
with metal. They can also machine hardened steel, nickelbased alloys, and other difﬁcult-to-cut materials, so
ceramic tool materials are considered as the most
promising and competitive tool materials [24].
Several types of chemical wear of ceramic tools are
recognized: reactions of the workpiece material or
environment with the alumina oxide matrix and reactions
with strengthening phases (TiC, SiC, Si3N4, TiB2).
Alumina cutting tools when machining steels are known
to react with the formation of iron-based spinels of Fe2O3/
Al2O3 [25].
During the past two decades, much effort has been
made to improve the strength and toughness of ceramic
materials. Several useful methods have been proposed some
of which are crack-surface bridging, particle dispersion of
different phases in a matrix, ﬁber reinforced composites,
macroscopic crack deﬂection, and phase transformation
induced toughening as revealed by zirconia [26].
Adding nano-particles is one of the common strengthening methods and has been proven to be effective in
improving the mechanical properties of materials [27].
Mechanical properties affect directly on the performance
of cutting tool thus Cheng et al. [21] investigated by a
traditionally way the mechanical properties for two types
of ceramic cutting tool material Al2O3/TiCm and Al2O3/
TiCm/TiCn in room temperature and elevated temperature with range from (600 °C to 1100 °C) concerning the
effect of nano-TiC on the mechanical properties for those
cutting tools. They demonstrated that nano-TiC enhanced the transgranular fracture during fracture. Thus
the mechanical properties are enhanced. They also found
that the existence of TiC at high temperature affects
negatively on the mechanical properties because of the
softening of the grain boundary. The oxidation of TiC also
has a negative effect on the mechanical properties and
creates TiO2 on the surface layer where cracks appeared.
Also Dong et al. [26] studied the mechanical properties
and they were interested in hardness, fracture toughness
and ﬂexural strength for Al2O3 composites with 1–20 wt.%
micro-sized SiC particles which were made by hot
pressing. They showed that the fracture strength and
fracture toughness were enhanced in comparison with
monolithic Al2O3.
Alumina reinforced with SiC whiskers is the toughest
and most resistant to thermal shock of the Al2O3-based
ceramics. SiC whiskers used for reinforcement are
discontinuous, rod- or needle-shaped ﬁbers in size range
of 0.1–1 mm in diameter and 5–100 mm in length. The
incorporation of SiC whiskers into the ceramic matrix
results in the increase of strength, fracture toughness,
thermal conductivity, thermal shock resistance, and high
temperature creep resistance. Because they are nearly
single crystals, the whiskers typically have very high tensile
strength about 7 GPa and elastic Young’s modulus values
up to 550 GPa. Unlike other such materials, these materials
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can be run with coolant. High-speed ﬁnishing of nickel/
cobalt-based super-alloys is a typical application for
whisker-reinforced ceramic cutting tools [28]. In this
regard, Ko et al. [29] studied hardness, fracture toughness
and tool life of Al2O3/SiC composites cutting tool material
with 30 wt.% SiC particles produced by hot pressing.
Meanwhile, Bushlya et al. [28] concerned with the
characterization of wear mechanism of SiC Whiskers
reinforced alumina in turning aged Alloy 718, under
different machining conditions and with dry or coolant.
Notch wear consists of two types, ﬁrst wear is the depth of
cut notch, and another one is the notch which is located
outside the chip area. The second one is found by adhesion
wear and associated with adverse chip ﬂow conditions.
Spread of Ni, Fe, and Cr into SiC whiskers was found to
degrade them and facilitate adhesion. The tool deterioration is accelerated by the plastic deformation and cracking
on the tool rake.
Moreover, Xuefei et al. [30] created a new Al2O3 based
ceramic tool material, and they proposed a new tool
material synergistically toughened by SiC whiskers and
nano-particles, and of course they studied the mechanical
properties for the tool at room temperature and high
elevated temperature range from 700 °C to 1200 °C. It is
demonstrated that ﬂexural strength increased in initial
increasing temperature but with subsequent increasing of
temperature the ﬂexural subsequently decreased. The
degradation of the mechanical properties at high temperature occurred because of the oxidation of SiC and the
decrease of its elasticity modulus. For fracture toughness of
the proposed material this decreased for temperatures from
700 °C to 1100 °C but it increased at the temperature of
1200 °C with signiﬁcant plasticity. The degradation of
mechanical properties at elevated temperatures is related
to oxidation of SiC and a decrease of its elasticity modulus,
but at high temperature, the healing of micro-cracks and
defects improve the mechanical properties.
Al2O3/TiC is acceptable for most machining situations
where ceramics are applicable. It is an excellent material for
turning tool steels as hard as 60–63 Rc and producing
surface ﬁnish values of less than 1 mm. This versatile
ceramic material also has excellent thermal stability and is
capable of cutting dry or with a water-base cutting ﬂuid
[22]. According to that, Li et al. [31] not only studied the
mechanical properties but also experimentally and theoretically they studied the effect of reinforcing multi-layer
(MLG) on the ﬂexural strength and fracture toughness of
Al2O3/TiC ceramic tool material. They also analyzed the
crack path by using the fractural method to obtain the
proper reinforced mechanism. They concluded that in the
case of addition of MLG by 0.2 wt.%, the average ﬂexural
toughness changed from 4.98 MPa m1/2 for Al2O3/TiC to
6.14 MPa m1/2, and ﬂexural strength is enhanced.
Machining of ultra-high-strength steels is achieved by
using Al2O3 based cemented materials and coated
cemented carbide. Wang et al. [32] studied micro-structure
and mechanical properties of proposed cutting tool
material Al2O3/TiC/TiN and the machining conditions
on ultra-high steel and the wear mechanism in comparison
with Al2O3/TiC ceramic tools. The best result is with a
sintering temperature of 1650 °C, holding time 15 min and
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sintering pressure 35 MPa. Wear which accrued in the tool
is abrasion and adhesive wear but the proposed tool is a
good substitution for a ceramic cutting tool.
Yin et al. [24] reinforced the Al2O3-based composite
ceramic tool with micro-scale and nano-scale TiC particles
by hot pressing with different percentages of cobalt. They
also discussed the relationship between the mechanical
properties and microstructure. Poor relative density is
combined with low content of the cobalt, but excess cobalt
causes micro-cracks at grain boundaries. The existence of
inter-phase cobalt could effectively decrease the stress
concentration and value of the tensile strength of the Al2O3
matrix. Both the micro-scale and the nano-scale TiC
particles contributed to the improvement of ﬂexural
strength and fracture toughness of the composite. Liu
et al. [33] studied reinforcing alumina ceramic composites
with graphene platelets (GPLs) by spark plasma sintering,
and then they became interested with the effect of GPLs on
the microstructure and mechanical properties of the Al2O3
based ceramic material. It was demonstrated that the
ﬂexural strength and fracture toughness of prepared
ceramic is higher than monolithic Al2O3 increasing by
30% for ﬂexural strength and 27% for fracture toughness.
An et al. [34] also worked on the alumina and produced
alumina CNT composites to investigate the effect of carbon
nano-tube addition on the mechanical and tribological
properties by hot pressing. Besides the mechanical
properties Smirnov et al. [35] studied other properties
such as electro-discharge machinability and microstructure
they were interested with compressive strength, elastic
modulus, fracture toughness, fracture strength in bending
of an Al2O3/SiC/TiC composite cutting tool which is
produced by hot pressing sintering. The fracture strength
and creep resistance of Al2O3-based ceramics may be
increased by adding 5% nanosized SiC particles.
However, when comparing with silicon nitride the
strength of Al2O3 composites are still lower [8]. In the next
section, silicon nitride type ceramics are discussed.
2.2 Silicon nitride based ceramics
Silicon nitride Si3N4-based ceramics are used for the
material of cutting tools that came into use during the 1980
and are superior to Al2O3-based ceramics when considering
some factors. For example, the ﬂexural strength of silicon
nitride ceramics can be as high as 700–1100 MPa. Silicon
nitride ceramic cutting tools have excellent thermal shock
resistance, fracture toughness, and also exhibit stable
cutting performance as they are resistant to crack
formation [36].
There are several types of silicon nitride Si3N4 such as
reaction-bonded silicon nitride (Si3N4 RB), hot pressed
silicon nitride (Si3N4 HIP), sintered reaction bonded Si3N4,
sintered Si3N4 and SiAlON, all of which are gray. Si3N4 RB
and HIP are combinations of Si3N4 with yttrium oxide,
Al2O3, and TiC [23].
In the previous few decades, the use of silicon nitride
increased because of its good wear resistance. It also has
high-temperature strength and hardness with good
toughness and perfect thermal shock resistance [37].
However, it is difﬁcult to sinter silicon nitride without
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additives because it has low diffusion at sintering
temperature due to the thermal decomposition at high
temperature. Therefore research has been carried out on
different sintering additives in Si3N4 to provide density
during the liquid-phase mechanism of sintering [38].
SiAlON is a ceramic alloy containing silicon, aluminum,
oxygen, and nitrogen, developed to be simpler to fabricate
into tools than monolithic silicon nitride. Compared to the
materials in the ﬁrst two categories, these tough ceramics
exhibit superior wear and notch resistance, high red
hardness, and resistance to thermal shock; tools made from
them are consequently more reliable. The Si3N4 tools are
extremely wear resistant when used to machine cast and
malleable irons but are subject to excessive temperatureactivated wear when machining steels and other ductile
materials at high speeds. SiAlON, conversely, has been
applied successfully on both gray cast iron and steel at high
speeds. SiAlON is more chemically stable than Si3N4 but
not quite as resistant to thermal shock. The Si3N4 is
commonly used for machining cast iron at speeds up to
1200 m/min; for this working material, the speed limit for
plain WC tooling is 100 m/min. More chemically stable
grades, especially sintered grades, are also commonly used
to machine nickel-based super-alloys for aerospace and
corrosion components, as well as hard steels for a variety of
uses. They are not generally used for aluminum alloys due
to the high solubility of silicon in aluminum. They
substitute for K01 to K05 or C4 carbide inserts [23].
Cutting tool materials based on silicon nitride include
fully dense Si3N4 and SiAlON materials, which are solid
solutions of alumina in Si3N4. Fully dense Si3N4 can have
fracture toughness nearly as high as cemented carbides,
high strength and a low coefﬁcient of thermal expansion,
which result in good thermal shock resistance. The siliconbased ceramics are excellent in maintaining hot hardness at
temperatures higher than those suitable for cemented
carbide and are tougher than aluminum-based ceramics.
Tools made with this material are excellent for turning grey
cast iron at cutting speeds over 400 m/min, and are also
used for milling and other interrupted operations on grey
iron. Coolant can be used for turning applications. SiAlON
is typically more chemically stable than Si3N4 but are not
quite as tough or resistant to thermal shock. They are
mainly used in the rough turning of nickel-based superalloys [28].
Kvetkova et al. [39] proposed silicon nitride +1 wt.%
graphene platelet composites by using different graphene
platelets in addition to two processing routes, hot isostatic
pressing and gas pressure sintering (GPS). They investigated the inﬂuence of processing route and graphene
platelets addition on the fracture toughness. The matrix of
the composites prepared by GPS consists of Si3N4 grains
with a smaller diameter in comparison to the composites
prepared by hot isostatic pressing. The indentation
fracture toughness of the composites differed around
6.1–9.9 MPa m0.5, which is higher compared to the
monolithic silicon nitride 6.5 and 6.3 MPa m0.5. The highest
value of K1C was 9.9 MPa m0.5 in the case of composites
reinforced by the smallest multilayer graphene nano-sheets
set by hot isostatic pressing. The composites set by GPS
exhibit lower fracture toughness, from 6.1 to 8.5 MPa m0.5.

Choi et al. [38] generally studied silicon nitride and tried
to enhance the properties of the silicon nitride but they
used another method by adding rare earth oxides such as
(La2O3, CeO2, Lu2O3, Dy2O3, Sm2O3, Nd2O3, Yb2O3, and
RuO2) to Si3N4 and studied the mechanical and thermal
properties. They found that the ﬂexural strength of silicon
nitride of 5 vol.% Nd2O3, CeO2, Dy2O3 and Sm2O3 has
better values than nitride with Lu2O3 and La2O3 because
they make a denser microstructure and smaller elongated
grain. The thermal conductivity of silicon nitride with
6 vol.% RuO2 was better than that with Nd2O3, Sm2O3 and
Dy2O3 because of the addition of RuO2 depressed grain
growth. Kumar et al. [40] did something similar by way of
adding cerium oxide to alumina matrix composite to create
an alumina ceramic composite. They observed that the
created composite exhibits enhancements in mechanical
properties such as the fracture toughness and hardness.
Also, they also noted the increase in processing performance when using the proposed tool.
Tian et al. [41] worked on Si3N4-based composite
ceramic tool materials reinforced by nano-scale Si3N4 and
micro-scale WC and TiC fabricated by hot pressing and
sintering technology. They studied ﬂexural strength,
fracture toughness, hardness, microstructure, and indentation cracks. They demonstrated that nano scale Si3N4
accelerated the formation of elongated b-Si3N4 grains and
contributed to enhanced mechanical properties.
Zheng et al. [42] produced SiAlON/Si3N4 nanocomposite ceramic tool materials with a ﬁve graded layered
symmetrical distribution manufactured by a hot pressing
technique. They measured the mechanical properties and
residual stresses. They found that the best results were
obtained with a SiAlON/Si3N4 ceramic tool material with
ratio 0.3 and sintered at 1700–1750 °C under a pressure
35 MPa of 60 min, the characterization revealed a typical
duplex distribution with small b-Si3N4 grains in the matrix
of large b-Si3N4 grains. This duplex distribution improved
the ﬂexural strength and fracture toughness.
Tribological properties have an inﬂuence on tool
performance. Therefore, Zheng et al. [43] created a graded
structure in a SiAlON/Si3N4 ceramic tool material
produced by the hot-pressing process. They compared
the reliability and wear rate between the graded tool and a
reference tool in machining Inconel 718 alloy and also
investigated its surface roughness and the microstructure
of chips. They demonstrated that a graded structure in the
SiAlON/Si3N4 ceramic tool material could encourage the
residual compressive stresses during the fabrication
process. They also found that the tool life of the graded
ceramic tool has a better tool life than a regular tool. This
results from high wear resistance, and from synergistic
strengthening and toughing motivated by tool structure.
Compressive residual stresses are induced to enhance the
wear resistance.
A short tool life increases the cost of the machining
process. Therefore Tu et al. [44] investigated the tool life,
cutting performance, wear mechanism, phase composition,
and microstructure of two SiALON cutting inserts when
dry turning gray cast iron. They found that the main
phases of them were a-SiALON and b-SiALON and one of
the proposed tools contained more (A) a-SiALON than
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another cutting tool (B). The tool life of sample B was
longer than the other specimen at low speed however with
increasing cutting speed, the tool life of sample A was
almost equal the sample B. The types of wear were abrasive
and adhesive wear.
Alloy Inconel 718 is deﬁned as a heat resistant super
alloy which can keep its mechanical strength at temperatures up to 650 °C and fracture toughness down to −40 °C.
It exhibits corrosion resistance and high oxidation, but low
thermal conductivity, adhesion behavior, abrasion wear
and hardened microstructure cause a low tool life and a
high wear rate [45]. Consequently Hao et al. [46] studied the
tool wear morphology in machining Inconel 718 with selfreinforced SiAlON, and they demonstrated that abrasive
wear and lamellar exfoliation are found when cutting
speeds range from 50 to 200 m/min. It was discovered that
the bond strength between b-SiAlON whiskers and the
SiAlON matrix is reduced when cutting speed ranges from
350 to 500 m/min causing a hole or groove. According to
the wear mechanism with various machining conditions a
model was created to minimize tool wear in milling Inconel
718 using a self-reinforced SiAlON ceramic tool.
2.3 Ceramic as a composite material
Reinforcing material to create composite material is one of
the ways to enhance the properties of base material thus
Cheng et al. [47] reinforced ceramic tool material Al2O3/
TiC type with graphene platelets (GPLs) by microwave
sintering. They investigated not only mechanical properties but also the effects of GPLs contents on the
microstructure, mechanical properties, and toughness
mechanism of the Al2O3/TiC/GPLs composite ceramic
tool material. They deduced that the microstructure of the
composite became ﬁner with addition of GPLs and the
optimum results were obtained with 0.2 wt.% GPLs. They
compared the proposed tool with Al2O3/TiC. As a result,
the Vickers hardness is decreased by 12.7% but the fracture
toughness increased by 67.3%. According to Guo et al. [48],
they discussed the inﬂuence of two kinds of b-Si3N4 seed
with the similar small diameter and different aspect ratio
on Lu2O3 doped Si3N4 ceramics. They showed that the
addition of seeds with a low aspect ratio and small diameter
produce a ﬁner self-reinforced microstructure with elongated grains of small diameter. Thus they succeed in
enhancing fracture toughness compared to the ceramics
without seeds of similar diameter and high aspect ratio.
Inserting other components to the cutting tool material
also enhance the performance thus Casto et al. [49] used
three ceramic insert materials, Zirconium alumina (Al2O3/
7 vol.% ZrO2), mixed based alumina (Al2O3/TiN/ZrO2)
and alumina reinforced with SiC whiskers, (Al2O3/SiCw) in
machining AISI 1040 steel at 3.9 m/s also of commercial
tool P10 insert (WC/TiC/Co).
Lee et al. [50] deal with silicon nitride created by
pressure-less sintering and they studied the effect of SiO2
content in the Y2O3/Al2O3 on the microstructure,
mechanical properties and the dielectric properties of
silicon nitride Si3N4 ceramics. The content of total
sintering additive was ﬁxed at 8 wt.%, and the amount
of SiO2 was varied wt.% to 7, the ﬂexural strength and the
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dielectric content is decreased with increasing SiO2 because
of the residual porosity and the formation of Si2N2O via
reaction of SiO2 with Si3N4.
Bitterlich et al. [51], created new ceramic alpha-betaSiAlON cutting tools prepared by gas pressure sintering
and reinforced with SiC, WC, MoSi2 or Ti(CN) particles,
they discussed the microstructure, mechanical properties
and wear resistance. They observed that the best wear
behavior was exhibited by the material with 10 vol.% SiC.
The material reinforced with MoSi2 showed a resistance to
wear; however, it has low fracture toughness and low
hardness.
Several techniques are enhancing the properties of
the cutting tool material. One of those techniques is
Cryogenics. It is an effective method to enhance mechanical as well as physical properties of the material by cooling
down the tool to a temperature about −196 °C at a gradual
rate, maintained at that temperature for a long time, about
24 h, and then bring back to room temperature by heating
[52]. Several steps must be done as following [53]: cooling
slowly to a subzero temperature such as −145 °C, −196 °C,
soaking for a predetermined time from 4 h to 48 h, heating
slowly to the room temperature, tempering.
Gandotra et al. [52] attempt to estimate the effect of
deep cryogenic treatment (DT) at −190 °C and shallow
cryogenic treatment (ST) at −110 °C on the tool life of
uncoated and coated Al2O3 and TiCN tools by investigating one of the ﬂank wear types on the cutting tool life when
turning high carbon high chrome. The results showed that
DT tools act better than ST tool in case of uncoated tools
but in the case of coated tool ST tools act better.
Concerning silicon nitride, Dusza et al. [54] prepared
silicon nitride +1 wt.% graphene platelet with using
various graphene platelets (GPLs) with thickness
5–50 nm on the microstructure development and the
fracture toughness of Si3N4/GPLs composites. The
fracture toughness was higher for all kinds in comparison
with monolithic Si3N4. The presence of graphene platelets
increases the strength of ceramics by increasing resistance
to cracking, crack deﬂection, branching and overlapping
cracks. Xu et al. [55] investigated the rate of wear
mechanism of an Al2O3/Ti(CN)/SiC multiphase composite ceramic tool material with dry machining hardened tool
and cast iron with different cutting conditions. They
demonstrated that the ceramic tool suffered from ﬂank
wear with observed crater wear when machining hardened
steel with low-speed conditions and that the adhesion wear
between the tool and the machined surface is low. With
increasing of cutting speed the adhesion wear are
strengthen. However, the proposed tool showed acceptable
wear resistance in machining grey cast iron with uniform
ﬂank wear.
Liu et al. [56] proposed Ti(C5N5)/TiB2/(W7Ti3)C as a
tool material, and they studied the ﬂexural strength in high
temperature, and they demonstrated that deﬂection point
of ﬂexural strength at 800C, and after that degree, the
ﬂexural strength decreased quickly.
Mohammedpour et al. [12] thought about enhancing
the properties of the cutting tool material by investigating
the gradual substation of cobalt with nickel in cemented
carbonitrides. Sintered samples were prepared by
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Fig. 4. Comparison of micro-hardness (VHN-1 kg) at 1000 °C
and toughness of ceramic tool materials [23].

metallurgy techniques and the use of isostatic pressures
and vacuum furnaces. Complete displacements of cobalt by
nickel leads to an increase in transverse rupture strength of
the ﬁnal alloy by 37% with less than 6% decrease in Vickers
hardness and doubled the thickness of Cubic free layer.
While Zhao et al. [57] thought about synthesized in situ
growth of tantalum carbide (TaC) whiskers in an a-Al2O3
matrix powder via a carbo-thermal reduction technique
within the temperature range from 1650 to 1500 °C in an
argon atmosphere. Ta2O5, C, Ni, and NaCl powder are the
components of starting material. Most of the prepared
whiskers were 0.2–0.5 mm in diameter and 5–15 mm in
length, the reaction temperature 1400–1450 °C was
suitable for growth of TaC whiskers and a wet mixing
method was beneﬁcial to increase the whisker yield, some of
the whiskers showed a needle shape, and others showed a
screw shape.
2.4 Mechanical and tribological properties of ceramics
One of the parameters which has an inﬂuence on the
selection and manufacturing of cutting tools directly is the
hardness; it also effects cutting conditions such as cutting
speed, feed, and depth of cut [21]. For example, the Al2O3/
SiC particulate composites show high hardness comparing
with their unreinforced matrix because of the grain growth
restrain by adding SiC and the presence of a hard secondary
phase [58].
Fracture toughness is one of the properties of modern
ceramics concerning the brittleness [20]. By adding SiC
whiskers and micro-particles to Al2O3 matrix, the ﬂexural
strength and the fracture toughness of the ceramic material
can be enhanced [11]. Figure 4 shows the relationship
between the hardness and toughness for different types of
ceramic cutting tools [23].
The key to the cutting performance is the tools wear
and tool life [28]. The damages are caused by several types

of wear such as diffusion between the tool and the
workpiece, thermal gradient, abrasion and adhesion [59].
The type of wear depends on the place of worn, for example,
abrasive wear is the main wear mechanism in the ﬂank
face, and the adhesive wear is the main wear mechanism in
the rake face. The depth of cut notch wear is very severe
when machining hard-to-cut materials with ceramic tools
[43].
Zhou et al. [60] investigated the surface damage which
is produced by a whisker ceramic cutting tool in turning
Inconel 718, and also the effects of cutting parameters, tool
wear, and coolant conditions on the formation of surface
defects. It is demonstrated that the types of surface defects,
which were found, were in the form of micro sintering and
breakage.
Casto et al. [61] studied the commercial ceramic insert
cutting tool performance in cutting AISI 310 steel and
compared it with the traditional carbide cutting tool. The
wear mechanism appeared on the edges of carbide inserts
like a notch mechanism especially where the alumina
zirconium inserts was predominant, whereas the tools
made of SiAlON and alumina with SiC whiskers showed
better performance.
Theoretical models are very effective methods to
predict the cutting tool material performance and solving
defects of the material Therefore Maohua et al. [62]
established a theoretical notch wear model of low-stress
value and temperature impact fatigue on the basis of highspeed continuous impact force and tool notch surface
temperature acted upon by burr and serrated chip edge.
They made the model to solve complex problems and
predict the problems which can happen on the ceramic
tool. Furthermore, Hvizdos et al. [63] investigated
mechanical properties and tribological properties of
nano-composites with silicon nitride matrix with addition
up to 3 wt.% of different types of graphene platelets. They
reported that the addition of the carbon phase with that
amount does not affect or decrease the coefﬁcient of
friction.
Schulz et al. [64] developed nano Si3N4 composites
using b-Si3N4 powders and investigated their wear
behavior. The method of decreasing wear in the cutting
tool is by creating a cutting tool with self-lubrication.
Since the pure Si3N4 composites have good wear behavior
under dry rolling the TiN reinforced nano Si3N4
composites create self-lubrication under dry sliding, so
the coefﬁcient of friction and wear rate decreased and
fracture toughness was increased.
As mentioned before it is concluded that the cutting
tool material must be extremely stable with physical and
chemical properties especially at high temperature.
Hardness has a direct inﬂuence on the selection of the
cutting tool material, and it is considered one of the most
important factors because of the nature of the machining
process which depends on the high hardness of the cutting
tool. The continuous friction must also be considered
therefore the cutting tools material must have extremely
wear resistance, thus high tribological properties must
exist in the cutting tool material. The material must also
have acceptable mechanical properties such as fracture
toughness and ﬂexural strength [65].
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2.5 Improvement of cutting properties of ceramic
tools by coatings
A well known type of cutting tool consists of a substrate
material with one or more outer layers of coating. The
coating is for enhancing wear resistance and cutting tool
performance [66]. Coated tools have a composite material
structure, consisting of the substrate covered with a hard,
anti-friction, chemically inert, and thermally isolating
layer. As such, coated tools compared to uncoated ones,
offer better protection against mechanical and thermal
loads, diminish friction and interactions between tool and
chip, and improve wear resistance in a wide cutting
temperature range [67]. Hard coatings are thin ﬁlms and
can be of one or more layers with a thickness that can range
from a few nanometers to a few millimeters [68,69]. Usually
those single or multi layers of coating enhanced the
machining process with greater cutting speed, increased
the tool life and enhanced the properties of cutting tool
material.
In the metalworking industry tools from various types
of cutting ceramics, which do not contain defective
elements and have a unique combination of high hardness
values (HRA 91-94), and heat resistance (1200–1450 °C),
are increasingly used. However, cutting ceramics are
characterized by low values of viscosity and bending
strength, embrittlement and low thermal conductivity
with a relatively high coefﬁcient of thermal expansion.
Thus a cutting ceramic tool is very sensitive to thermal
cycling loads and has a high propensity for micro and
macroscopic damage when contact stresses exceed 900–
1000 MPa, and this deﬁnes a very narrow area of its
application (K01-K10 ISO 513: 2004-07). The high
probability of unforeseen damage (sudden failure) of the
ceramic tool hinders its widespread use in the metalworking industry. Thus, many types of research are aimed to
enhance the performance, cutting tool life and mechanical
properties of the cutting tool ceramics by adding several
layers of coatings to the cutting tool ceramics [70].
Alternatives for integrated management of the characteristics of the cutting process are associated with the
dual role of coatings. This is seen in the simultaneous
improvement of the surface properties of the ceramic
material and the reduction of the thermo-mechanical effect
on the contact areas of the cutting tools during the cutting
process. It is worth noting that numerous studies have been
conducted to improve the cutting properties of ceramic
tools by applying functional coatings that are widely used
in dry molding technologies. They provide signiﬁcant
economic efﬁciency while reducing the negative impact on
the environment and health [71]. In the process of turning,
oxidation, chemical dissolution and frictional wear of
cutting tools occur due to high temperature. Therefore,
chemical abrasion resistance and a hard coating applied to
SiAlON ceramic cutting tools should be an appropriate
way to protect the tools and improve their durability
characteristics [72].
Bulgan et al. [73] created an Al2O3 ceramic matrix with
25 vol.% of submicron particles and nano-sized SiC
particles. They added a coating ﬁlm to the tool to enhance
its reliability. The defect of chipping can be reduced by
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decreasing the coefﬁcient of friction, frictional forces, and
the temperature. They concluded that the proposed tool
had enhanced performance.
Chinchanikar et al. [74] created a relationship between
the wear and cutting forces during turning within the tool
life using two different tool coatings; PVD applied (TiAl)N
and CVD applied TiCN/Al2O3/TiN when turning AISI
4340 steel. Feed and radial components are more inﬂuenced
by wear and increased when blunting of the cutting edge
take place. They also created a model for force wear
characteristics.
SiAlON ceramic is a suitable cutting tool material for
machining super alloys under dry conditions and high
cutting speeds because of its unique mechanical properties
[51]. Therefore Liu et al. [72] overviewed SiAlON ceramic
and coated SiAlON ceramic cutting inserts with depositing
TiCN by physical vapor deposition (PVD). They compared
the proposed tool with the same cutting tool but without a
coating and they showed that the coated tool was enhanced
and had a better performance. Isik [75] did a comparison
between TiN (PVD) coated Al2O3/Ti(CN) mixed aluminabased (KY4400) ceramic and CVD coated carbide TiC/
AI2O3/TiN (ISO P25) cutting tools when turning austempered ductile irons with hardness 43.5 HRC without
cooling ﬂuid. He studied the cutting forces, ﬂank wear, and
surface roughness and they were integrated with the tool
life. He found that the tool life of the ceramic insert was
longer than the coated carbide insert.
Vereschaka et al. [70,76] aimed to increase the efﬁciency
of ceramic cutting tools by using nano-scale multilayer
composite coatings applied using innovative arc-PVD
processes with vapor ion ﬂow ﬁltration and a diamond-like
coating. The three-layer architecture of the nanostructured
multilayer composite coatings was also created. The wear
mechanism of ceramic tools was studied. This approach
allows direct control over the contact characteristics of the
cutting process to reduce normal and shear stresses, which
increase the likelihood of a tool breaking due to brittle
fracture. They succeeded in increasing the tool life and
cutting tool performance. Vereschaka et al. [70] investigated the functional role of nano-dispersed multilayer
composite coatings deposited on the working surfaces of
cutting plates of laminated high-strength ceramics for
equipping cutting tools when cutting hardened (highstrength) steels. It is shown that a change in the
composition, structure, and properties of coatings allows
management of the contact processes during cutting. This
increases the contact length, reducing normal contact
stresses and the probability of micro and macroscopic
destruction of the tool cutting edge. Mathematical cutting
models have been developed that establish the dependence
of the tool side surface wear, the tangential component of
the cutting force, the cutting power and the surface
roughness on the cutting conditions of high-strength steels.
It has been established that the application of nanodispersed ceramic multilayer coatings on a ceramic tool
signiﬁcantly increases its wear resistance and improves the
quality of processing.
Long et al. [77] created a cutting tool by depositing a
(TiAl)N/AlCrO coating on silicon nitride cutting inserts.
They studied micro-structure, hardness, micro composition
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Fig. 5. Examples of textured tools, (a) perpendicular and (b) parallel to the chip ﬂow direction. (c) Cross-patterned texture.

Fig. 6. Pattern of the textured tool [79].

cutting performance and the coating to substrate adhesion
when turning HT250 gray cast iron and AISI 4340 steel under
a dry environment. They found that high hardness is
obtained with (TiAl)N/AlCrO coating on silicon nitride
cutting inserts with acceptable coating to substrate
adhesion.
2.6 Ceramic cutting tool with a textured surface
The design and geometry of the cutting tool is a signiﬁcant
part of enhancing the performance of the cutting tool.
Creating a cutting tool with a textured (or discrete)
pattern with different shapes is one of the suitable ways to
increase the efﬁciency of the tool.
Almost every cutting ﬂuid application technique such
as ﬂood coolant, cryogenic coolant, and minimum quantity
lubrication are costly, toxic, and hazardous. Cutting tool
surface texturing focuses more on cutting tool lubrication
and investigates the use of internal micro-pool lubrication.
It is observed that dimples, micro-holes, channels, grooves,
and different textures created on the tool face by surface
texturing and ﬁlled with lubricant can act as lubricant
reservoirs which result in less friction and wear at the chiptool interface [78].
One of the ways to design cutting tools is to create a
micro-texture on the surface. It is a micro-cut structure
created in the cutting surface. It has a deﬁnite shape and

size which is located on the cutting edge of the cutting tool
[79]. It is observed that the nano-textured tool decreased
friction wear with cutting forces comparing with the
traditional tool [80]. A surface micro-texture tool is a tiny
array structure manufactured, for example, when turning.
This has a speciﬁc shape and size to be placed in area of the
knife-chip contact area of the rake face as shown in
Figure 5. A substantial number of studies have shown that
different morphologies of microstructure have different
effects on the cutting process. Applying the proper
morphology of micro-texture can effectively reduce the
cutting force, decrease the cutting temperature, and
minimize the rake face wear during the dry cutting
process; thus, the cutting performance and the tool life can
be improved [79]. Cutting performances in dry cutting is
also improved by the textured surface [81].
Feng et al. created three ceramic tools with different
micro-textured geometry. Figure 6 shows the tool with the
texture used in the experiments [79] by using software
Advent Edge. The tools are used in the FEM simulation of
the cutting process. They showed that the proposed tools
could reduce the cutting forces, cutting temperature and
enhance the performance of cutting tool when comparing
the traditional ceramic tool by simulation and also
experimentally by fabrication of the ceramic tool by hotpressed sintering. Graphite grains are formed directly in
the microstructure of the ceramic plate. The graphite
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Fig. 7. Different patterns of the textured tool [83].

overﬂows from the body of the cutter when the tool wears
out and covers the rake face and that decrease the friction,
cutting forces and temperature.
Moreover Xing et al. [82] produced nano-scale and
micro-scale textures with different geometrical characteristics on the surface of Al2O3/TiC ceramic cutting tools
material. Molybdenum disulﬁde MoS2 solid lubricants were
embedded or burnished through textures as shown in
Figure 7. They studied the effect of texture in the cutting
performance in dry machining hardened steel, and also
they investigated surface roughness, cutting forces coefﬁcient of friction, tool wear, and chip topography. It is
demonstrated that cutting forces, cutting temperature,
coefﬁcient of friction and tool wear of the proposed tool
were reduced compared with the traditional tool and the
micro-scale texture on the rake face is most effective in
cutting performance. The proposed tool enhanced the
produced surface quality and reduced vibrations.
In this regard, Gajrani et al. [78] proposed a cutting
tool with a textured surface over the rake face. It is
demonstrated that the proposed tool reduces the cutting
forces, the temperature of cutting, the coefﬁcient of friction
and tool wear, for a micro and nano-textured cutting tool.
In the same vein, other researchers have carried out
similar work but with other tool materials. For example
Kawasegi et al. [83] produced a new cutting tool with both
micro-scale and nano-scale textures, using the ablation and
interface phenomena of a femtosecond laser, and they
investigated the tool performance in turning of aluminum
alloys. It is demonstrated that the cutting forces were
decreased because of the low friction which depends on the
direction of texture A lower cutting force resulted from this
texture direction which is perpendicular to the chip ﬂow
direction rather than the parallel. This was carried out with
a high cutting speed over 420 m/min. Moreover, Rathod
et al. [84] proposed two types of textured tool; the ﬁrst one
was linear (perpendicular to the chip ﬂow direction), and
the other one was square on plain WC inserts using ﬂowed
ion beam machining. They added MoS2 solid lubricants to
the proposed cutting tool, and they tested them when
machining of Al6063.

They demonstrated that the square textured tool
showed better performance in comparison with the linear
textured tool in terms of cutting forces and surface ﬁnish. In
fact the cutting forces of square textured cutting tool were
reduced by 30% however the cutting forces of the tool with
linear texture were reduced by 25%. They explained that
by reducing the tool-chip contact area, consequently the
friction was reduced between the tool and chip.
Another way of designing the tool was with graded
nano-composite. Tian et al. [85] fabricated Si3N4/(WTi)C
graded nano-composite ceramic tool materials with
different thickness ratios and number of layers. This
was done with hot pressing sintering technology and also
they investigated ﬂexural strength, fracture toughness,
microstructure ideation cracks, and hardness. It was
demonstrated that the optimum results for mechanical
properties, ﬂexural strength, and fracture toughness were
with ﬁve layers graded nano-composites with a thickness
of 0.2 mm.
The residual stresses and mechanical properties can be
induced by the graded structure in the surface layer. The
stress-strain state of the surface layer in the sintered nonuniform materials may be investigated by the ﬁniteelement method [86]. Figure 8 shows the shape of the
proposed ceramic cutting tool.
Self-lubrication tool is one of the signiﬁcant methods in
developing the performance of the cutting tool. Therefore,
Wu et al. [87] purposed a new type of the self-lubricating
ceramic tool by adding metal coated solid lubricant
powders. They produced the coating by electro-plating,
techniques. The tool was coated with CaF2 powders and
compared with the tool without a coating, the results
showed and enhancement in mechanical properties
microstructure, better antifriction properties and wear
resistance.
The type of machining process, such as intermittent or
continuous cutting, affects directly on the tool geometry
and its performance thus Cui et al. [88] aimed to optimize
the tool geometry parameters for intermittent turning.
They determined the initial damage of the ceramic cutting
tool based on damage mechanics and obtained the stress
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Fig. 9. Classiﬁcation of the sintering processes.

Fig. 8. Cross-sectional graph of the ﬁve-layer graded ceramic
material with a thickness ratio of 0.2 [85].

distribution on the tool body by the ﬁnite element
simulation. Different cutting length ratios and the
combination of the tool geometry parameters have a
relationship to the evolution of maximum damage of
equivalent stress. They proposed the highest value of
damage equivalent stress in one cutting cycle as a new
indicator for optimization of the tool geometry parameters.
Summarizing this section, one of the important ways to
enhance cutting tool performance is its design. There are
many methods of achieving this such as self-lubrications, or
creating the textured pattern with different shapes on the
surface of the cutting tool.

3 The inﬂuence of manufacturing methods
on the ceramic cutting tool properties
The fabrication technology of ceramics and composites
involves various steps, namely powder synthesis, drying,
consolidation, binder-burnout and ﬁnally sintering of green
compact bodies into useful products. In this process, the
sintering step of raw precursor powders is the most
important step to produce a product with the desired
properties. The main objective of the sintering step is to
produce a product with nearly full density, and ﬁne and
uniform microstructures leading to optimum properties.
Innovations in material processing have always resulted in
a better product and often cost-effective processing. There
are many heating methods used for synthesis and sintering
steps in materials processing. These methods can be
broadly divided into two categories: contact and noncontact methods. Most traditional heating methods based
on thermal conduction/radiation/convection (such as
electric resistance and fuel heating methods) are categorized as contact heating methods in which the thermal
energy is in direct contact with the work-piece. Heating
methods such as induction, RF (radio frequency) or
microwave heating heat the work-piece directly due to

the coupling of electromagnetic radiation with the matter
and are thus called non-contact methods [89].
Sintering contains several processes, and they work
starting from setting powders and adding additives then
compacting and forming the powder material such as
ceramics and metals into the solid-state. This is followed by
the furnace and exposure to heat and pressure. It should be
noted that the temperature is under the melting point. The
sintered particles are bonded together by atomic transport
mechanisms and the particle growth results in a decrease in
porosity [90]. Sintering process aims to produce densitycontrolled materials and components from ceramic and
metal powders by existing thermal energy. Hot pressing is a
general method to produce the ceramic cutting tool.
Figure 9 shows the different types of sintering processes.
Spark plasma sintering (SPS) is one of types sintering
which depends on forces with uni-axial direction combined
with pulsed (on-off) direct electrical current in the case of
low atmospheric pressure which causes acceleration of
consolidation of the powder. There are several names for
that process such as pressure-assisted pulse energizing
process or the pulsed electric current sintering process.
The SPS techniques enable the sintering of bonding
particles at a short holding time and low temperature with
electrical energy and high-temperature spark plasma. The
SPS process aims to decrease the grain growth through the
grain boundary and the stresses opposing grain growth
generating from the thermal mismatch between the matrix
and the dispersed particles [91].
Conventional sintering requires very high temperatures
and a long holding time, which leads to a deﬁcient
mechanical performance [92]. Control of sintering temperature is possible through setting the holding time, ramp
rate, pulse duration, and pulse current and voltage. The
direct current pulse discharge could generate spark plasma,
spark impact pressure, Joule heating, and an electrical ﬁeld
diffusion effect [93,94].
The sintering atmosphere directly affects the properties
of the material being sintered. Thus the densiﬁcation
kinetics, phase stability, stoichiometry, and grain growth
are affected by the sintering atmosphere [91]. Certain
gaseous species with low solubility and diffusivity in certain
powders can be entrapped in closed pores and oppose the
sintering mechanisms due to pressure build-up [95].
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High velocity sintering processes can minimize grain
growth and manufacture a harder sintered compact with a
high relative density of 99–100% and a hardness of over
20 GPa. Pressurized sintering allows for the direct sintering
from powders to near-net shape dimensions of a ring or
cylindrical shape, and eliminating the green body compaction process of usual pressure-less sintering. The sintering
conditions were an SPS temperature of 1673–1873 K with
heating-up and holding time approximately 15–20 min
totally and applied pressure of 30–50 MPa. The tolerances
of as-sintered parts are within 0.2–0.3 mm so that it is easy
to obtain a ﬁnal ﬁnishing accuracy by conventional
mechanical grinding at post-processing [96].
Alumina oxide is one of the most widely used ceramic
materials owing to its attractive properties, low cost, and
less demanding sintering conditions. However, like other
ceramic materials, it suffers brittle fracture under loadbearing conditions, which limits its application as a loadbearing material. Over the years many studies have been
dedicated to improving the toughness and strength of
alumina ceramics through methods such as:
– Dispersing a small amount of a harder phase such as SiC,
Si3N4, and ZrO2.
– Dispersing with a ductile phase such as metallic particles
(Cr, Ni, Cu) or high-strength phases such as carbon nanotubes (CNTs) or graphene nano-platelets (GNPs) [90].
The heating rate during the SPS process depends on the
geometry of the container/sample ensemble, its thermal
and electrical properties, and on the electric power
supplier. Heating rates as high as 1000 °C/min can be
achieved. As a consequence, the processing time typically
takes some minutes depending on the material, dimensions
of the piece, conﬁguration, and equipment capacity [97].
However, the use of conventional sintering methods such as
hot pressing, high-temperature extrusion, and hot isostatic
pressing to consolidate these materials often results in grain
growth which affects the properties of the end product.
Preventing or at least minimizing grain growth to maintain
the nanostructure features of the matrix is possible through
careful control of consolidation parameters, particularly
heating rate, sintering temperature, and time. In this
regard, spark plasma sintering (SPS), also known as ﬁeld
assisted sintering (FAST), is an effective nonconventional
sintering method for obtaining fully dense materials [94].
The main aim is a minimization of grain growth through
grain boundary pinning and the introduction of stresses
opposing grain growth emanating from the thermal
mismatch between the matrix and the dispersed secondary
particles [91].
Microwave sintering is considered a relatively new
ceramic material processing technique that differs signiﬁcantly from conventional sintering methods due to the
nature of the heat transfer mechanisms involved. Hence,
microwave sintering is classiﬁed as a non-conventional
sintering technique. This method presents itself as a fast,
economical, and ﬂexible processing tool. Some of the most
important advantages against conventional sintering
systems include lower energy consumption and production
costs, reduction of processing times, higher heating rates,
and, in some cases, even an improvement in the physical
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properties of the consolidated material. As a consequence,
scientiﬁc interest in this novel technique is increasing [98].
3.1 Contact manufacturing methods
3.1.1 Hot pressing
One of the most important tasks for an advanced
processing technology is to obtain a signiﬁcant increase
in the durability of the cutting tools, through the use of
powder metallurgy in order to increase the cutting speed.
There is a need for more stringent requirements for the
sintered tool materials, especially their mechanical properties and wear resistance [99].
Gevokyan et al. [100] studied hot pressure sintering
under alternating current. They used aluminum oxide and
tungsten mono-carbide powder of submicron grain size to
manufacture a sintered structure under different conditions such as temperatures and pressures. The cutting tool
inserts are made from the nano-sized mixture of the Al2O3
and WC powders by a ratio of 50–55%. Comparing the
proposed cutting tool with commercial one showed that the
plates have an increased durability (up to 30%) and the
sintered material grains became smaller than 1mm and had
better properties.
Another work by Li et al. [101] proposed a new ceramic
tool material (Al2O3/TiB2/TiSi2) by manufacturing it by a
vacuum hot pressing technique. TiSi2 was added into the
composite because of its oxidation susceptibility to crack
healing of ceramics. They studied the effects of TiSi2
content, sintering temperature and sintering duration time
on mechanical properties and microstructure of the
material. The dosage of TiSi2 increased so that the average
grain size decreased, but the high percentage of TiSi2 may
cause abnormal growth of grain. It was found that there
was transgranular fracture and intergranular fracture on
the fracture surface. It was demonstrated that the
optimized TiSi2 amount was 15 wt.%, the optimized
sintering parameters of the ceramic tool material were;
sintering temperature 1600 °C, pressure 32 MPa, duration
time 30 min.
With the same idea but another composition, Wang
et al. [102] produced TiN/TiB2 composite ceramic cutting
tool material by hot-pressed sintering in a vacuum and
investigated the effects of sintering temperature and Ni
additive on the mechanical properties and microstructure.
They demonstrated that with increasing sintering temperature the fracture toughness decreased, but ﬁrstly the
ﬂexural strength of TiN/TiB2 composite increases then
decreases with increasing sintering temperature and the
same condition with additive Ni for TiN/TiB2, but the
fracture toughness increases consistently with an adding of
Ni additive.
Zin et al. [103] prepared TiB2/TiC composite powder
by ball milling in ethanol then vacuum drying. The TiB2/
TiC/8 wt.% nano-Ni composite ceramic cutting tool
material was sintered using a vacuum hot pressed sintering
technique by six processes which including different
holding stages and times. They investigated the effect of
sintering processes on the mechanical properties and
microstructure. They demonstrated that the mechanical
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properties and microstructure depended on the holding
time. The long duration of the process led to changes in the
grain size of TiB2 and TiC, the formation of pores and
brittle damage to the plates, resulting in the mechanical
properties of the composition TiB2/TiC/8 wt.% nano Ni
becoming deteriorated. However, the use of the SPS
process showed a signiﬁcant improvement in mechanical
properties due to the formation of a thinner microstructure
and higher relative density, thus its ﬂexural strength,
fracture toughness and hardness improved.
Yin et al. [24] reinforced an Al2O3 based composite
ceramic tool material with micro-scale and nano-scale TiC
particles with different contents of cobalt. Additionally,
they investigated the mechanical properties and microstructure. The optimal mechanical properties are in Al2O3/
TiC micro-nano-composite containing 3 vol.% Co which
was sintered under pressure of 32 MPa at 650 °C in vacuum
for 20 min. They found that the mechanical properties
increased and then decreased as the cobalt increased,
however low content of cobalt lead to poor relative density
and leads to cobalt cause micro cracks at grain boundaries,
the existence of interface cobalt could decrease the stress
concentration and value of tensile stress in Al2O3 matrix.
Micro-scale and nano-scale TiC particles improve the
ﬂexural strength and fracture toughness. Micro-scale TiC
deﬂects and bridges the cracks. Whereas, Fazhan et al.
[104] proposed WC matrix composite tool material and
produced it by the hot pressing technique in machining
titanium alloy Ti6Al4V, and they studied the cutting
performance and wear mechanisms of the tool.
Taguchi et al. [105] discussed the oxidation behavior of
Si3N4/Y2Si2O7 ceramics at 100 °C and 1200 °C. They
sintered Si3N4 samples from liquid phase using 7 and
14 vol.% of Y2Si2O7 as a sintering additive. The density of
the sintered samples reached 99%. The samples heated
under stationary air for different periods between 0 and
256 h. They demonstrated that Si3N4 has high oxidation
resistance at 1000 and 1200 °C in the air when the volume of
additives is high.
Rutkowski et al. [106] studied silicon nitride based
composites with up to 10 wt.% nano-ﬂakes (GPN)
addition. They measured the mechanical properties and
elastic properties like fracture toughness, bending strength
and Knoop hardness. It is shown that such a tool can be
used with a cutting speed of 75 m/min only in machining
NC6 steel. However in machining grey cast iron cutting
speed can be 800 m/min, but it could decrease the tool life,
and it would be less than the traditional pure silicon nitride
material.
Yin et al. [107] also worked on alumina-based material.
They fabricated ceramic tools by hot pressing technology
with alumina-based composite ceramic tool material
reinforced with carbide particles. Metallic phase added
into the composite ceramic is a choice based on the
distribution of the residual stresses. They investigated the
effects of metallic phase on mechanical properties and
microstructure. By reﬁning microstructure, ﬁlling pores
and enhancing interfacial bonding strength could support
room temperature mechanical properties. However it also
effects shaping strength degradation at high temperature
because of the oxidation of the metallic phase and gets soft

at high temperature in the air. They demonstrated that the
fracture toughness of composite was enhanced with a
metallic phase because of the lower residual stress in the
matrix and interaction of a more effective energy
consuming mechanism, such as cracks bridged by particle
crack deﬂection and intergranular grain. Zhao et al. [11]
studied the effects of adding TiC nano-particle content size
of particles and setting processes on the mechanical
properties of hot-pressed Al2O3/SiCw ceramic tool. They
demonstrated that the hardness and fracture toughness is
increased with increasing TiC percentage. TiC percentage
is 4 vol.% and particle size of 40 nm is the best ﬂexural
strength. They were concerned with the inﬂuence of
particle size on ﬂexural strength, hardness, and fracture
toughness. They noticed that decreasing TiC particle size
increased ﬂexural strength because of the enhanced density
and reﬁned grain size of the composite. This was due to the
dispersion of smaller TiC particles sizes. The whiskers were
distributed along a direction perpendicular to the hot
pressing direction. Fracture toughness is enhanced by
whisker crack bridging, crack deﬂection and whisker
pullout.
Kun et al. [108] compared and studied the mechanical
properties and microstructure of a proposed sintered tool
made of silicon nitride based nano-composites which are
prepared with different amounts (1 and 3 wt.%) of
multilayer graphene (MLG) as well as exfoliated graphite
nano-platelets (xGnP) and nano graphene platelets. They
found that graphene platelets were included with porosity
in the matrix. The bending strength and elastic modulus of
MLG/Si3N4 composites were enhanced when compared to
other graphene added silicon nitride ceramic composites.
Theoretical methods are useful to predict the performance and the ability of the cutting tool. Zhao et al. [109]
designed a model for a functionally gradient ceramic tool
material with symmetrical composition distribution. The
Al2O3/TiC functionally gradient ceramic tool material was
fabricated by powder laminating and uni-axially hotpressing techniques. The thermal shock resistance of Al2O3
was evaluated by water quenching and three-point bending
tests of ﬂexural strength. The functionally gradient
ceramics exhibited higher retained tension under all
thermal shock temperature differences compared to
homogenous ceramics, indicating their higher thermal
shock. They supported their results by calculations of the
transient thermal stress ﬁeld. They also investigated the
performance of the cutting tool in the rough turning of the
cylindrical surface of an exhaust valve of a diesel engine in
comparison with commercial Al2O3/TiC ceramic tool
material. They demonstrated that the tool life is longer
than the common one by 50% because the latter is affected
by thermal shock cracking accompanied with mechanical
shock, however the proposed tool is affected by fatigue
crack extension rather than the thermal shock.
Pfeifer et al. [110] studied the effect on the microstructure of silicon nitride based nano-composites with different
carbon additions. The nano-composite containing Si3N4
and C on the proportion of 1–10 wt.% carbon (CNT) or
carbon black (CB) and graphite or graphene. They
produced specimens by hot isostatic pressing. They
obtained the tribological characteristics for Si3N4. However
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Tian et al. [111] created another type of silicon nitride, they
proposed Si3N4/(WTi)C/Co nano-composite ceramic tool
materials with a multi-layered structure by hot pressing
technique. The composite without Co was used as the
surface layers, and the composites containing Co were the
inner layers. They studied the ﬂexural strength, fracture
toughness and the hardness of the composite and observed
fracture surface and dentations cracks. It showed that the
ﬂexural strength and fracture toughness were increased by
the graded structure and high hardness still maintained.
They designed ﬁve layers graded nano-composites with a
thickness ratio of 0.2 sintered pressures 30 MPa at 1700 °C
vacuum conditions for 45 min. They found optimum
mechanical properties with ﬂexural strength 992 MPa
hardness 17.83 GPa fracture toughness 10.5 MPa/M1/2.
Song et al. [112] fabricated TiB2/WC/TiC ceramic tool
material composites by hot pressing sintering at a
temperature at approximately 1650 °C, they added WC,
TiC, Mo and Co to make a liquid phase and enhance the
densiﬁcation. The effects of addition TiC, Co, (Mo, Ni)
were investigated. It demonstrated that TiC reduces the
defects such as pores and microstructure, and the results
showed that the microstructure of (Mo, Ni) and Co which
added to TiB2 were identical, the core was TiB2 and TiC
was at the rim. As the TiC increased the ﬂexural strength,
density and microhardness were increased. It demonstrated that TIB2/WC 30 wt.% was the best combination for a
dense microstructure and mechanical properties.
Zhao et al. [113] produced new TiB2 composite ceramic
tool materials by hot pressing and they added a different
percentage of TiC and SiC. In ambient air with various
temperatures from 800 to 1300 °C; mechanical properties,
ﬂexural strength, composition, and microstructure were
investigated. They found that TTS3 (TiB2–8.1 wt.%TiC
16.4 wt.% SiC) when compared with TTS (TiB2–15.9 wt.%
TiC 10.6 wt.% SiC) and TS (TiB2–22.4 wt.% SiC) had
optimum results for all the properties.
3.1.2 Spark plasma sintering
Spark plasma sintering (SPS) is an advanced technology
with a high potential for material processing. SPS is very
similar to hot pressing (HP) but differs from the latter by
the source of heat. For SPS, a pulsed DC is supplied
through the matrix and thus acts as a heat source due to the
Joule effect. It should be noted that the goal of most SPS
studies is to minimize grain growth to obtain dense
nanostructured materials.
The system consists of an SPS sintering press machine
with a vertical single-axis pressurization mechanism,
specially designed punch electrodes incorporating a water
cooler, a water-cooled vacuum chamber, a vacuum/air/
argon-gas atmosphere control mechanism, a DC pulse
sintering power generator, a cooling-water control unit,
Z-axis position control unit, and a temperature measuring
unit [96]. Figure 10 illustrates the mechanism of SPS
schematically [93].
When sintering the compacted powder is clamped
between the die and the punch to which the electrodes are
connected. After that, a spark discharge lights up, thanks
to which it becomes possible to obtain a high contact

15

Fig. 10. SPS system conﬁguration [93].

temperature, leading to thermal and electrolytic diffusion
between the particles. The SPS process takes place at a
temperature between 1000 and 2500 °C [97]. The distribution of heat and the temperature difference between the
core and the edges of the workpiece will be determined by
its thermal conductivity, the time of the process cycle and
the power input [114]. Much attention should be paid to the
growth of grain in the sintered ceramics, as this will
signiﬁcantly affect its mechanical and sometimes optical
properties [115].
Conventional electrical hot press processes use DC or
commercial AC power, and the main factors promoting
sintering in these processes are the Joule heat generated by
the power supply or high-frequency induction heating
elements and the plastic ﬂow of materials caused by the
hydraulic or mechanical driving pressure [96]. When
sparking occurs, a high-temperature ﬁeld with sputtering
phenomena generated by the spark plasma and spark
impact pressure eliminates adsorptive gases and oxide ﬁlms
and impurities existing on the surface of the powder
particles. The action of the electromagnetic ﬁeld enhances
high-speed diffusion due to the fast migration of ions. The
application of the pulse voltage induces various phenomena
[95]. The local high-temperature state is observed as a
bridging, evaporation, solidiﬁcation and re-crystallization
phenomena.
High-pressure spark plasma sintering (HP SPS) is
another option of the well-proven spark sintering method
for sintering materials, especially superhard polycrystalline
diamond or cubic boron nitride, ceramic composites, nanopowders, or refractory substances. Using this and other
SPS methods, ceramics can also be synthesized with
metastable phases or intermetallic alloys [116].
High-pressure spark plasma sintering (HP SPS)
techniques were tested and applied to a Ti–10Al–20Si
inter-metallic alloy using a pressure of 6 GPa and temperatures ranging from 1045 °C to 1324 °C. The low-porosity
consolidated samples consist of Ti5Si3 silicides in an
aluminide base. The hardness changed between 720 and
892 HV [117].
The sintering process is accompanied by uniaxial
compression. The magnitude of the applied force will be
limited by the high-temperature fracture strength of the
graphite press tool (100–150 MPa). The increased pressure
will somewhat restrain the growth of grain. The short
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Fig. 11. Spark plasma sintering stages [93].

sintering time and the fast heating rate prevent the
interaction between the workpiece and the graphite tool,
thereby reducing contamination [118]. Of course, there is a
dependence on the physical properties of the sintered
material and the size of its particles [119].
SPS is carried out in four main stages (Fig. 11). First,
there is a vacuum treatment installation for sintering. Then
the sample warms up. After that, the pressing mode is
activated. In this case, at the point of contact of the powder
particles, a spark discharge occurs and a zone of local
overheating with a temperature of several thousand
degrees appears. The surface of the grains of the powder
melt, the necks appears between them [120]. The last stage
is cooling.
Differences in electrical effects are inﬂuenced by the
conductivity of the compressed material. In the case of
current-conducting powders, the heating is due to Joule
heating. Of course, there may be some heterogeneity
caused by the porosity of the workpiece [91].
Ramirez et al. [121] created two Si3N4 containing
graphene nanostructures with different graphene sources,
pristine graphene nano-platelets, and graphene oxide
layers produced by SPS. With composite 60b/40a-Si3N4
and ∼300 nm grain size with a 4 vol.% reduced graphene
oxide shows a toughening increase of 135% and 10% in
ﬂexural strength. Thicker graphene nano-platelets showed
an increased 40% in toughness and about 10% increase in
ﬂexural strength. The differences depended on the
variations in the graphene/Si3N4 interface characteristics
and extent monolayer graphene exfoliation.
Mozaheri et al. [122], considered producing Multi-walled
carbon Nano-tubes (MWCNT)/nanostructure Zirconium
composites with a homogenous distribution of different
MWCNT quantities (ranging within 0.5–5 wt.%). By using
spark plasma sintering, they succeeded in keeping the
MWCNTs attached to zirconium grains and in obtaining fully
dense materials. This reduced the grain growth and kept the
nano-size structure. In this regard, Liu et al. [123]
also overviewed a study to determine the efﬁciencies of
new material of graphene platelet/zirconium-aluminum

composite (GPL/ZTA). Objects are produced by SPS at
different temperatures. They obtained GPL/ZrO2/Al2O3
powdered by ball milling of graphene platelets and alumina
powders using ultra stabilized ZrO2 balls. They showed that the
GPLs were uniformly distributed in the ceramic matrix at
1550 °C; GPL/ZTA and the composites had full density,
maximum hardness, and fracture toughness. ZTA composites
showed an increase in resistance of about 40% due to the
addition of graphene platelets.
Meanwhile, Gutierrez-Gonzalez et al. [8] prepared
150 mm diameter samples of Al2O3/SiCw and Al2O3/
SiCw/TiC composite disks produced by spark plasma
sintering. The physical and mechanical properties were
investigated in different areas of the disks to obtain the
efﬁciency of homogeneity of the sintering process. They
demonstrated that the incorporation of TiC as a reinforcing
phase to the Al2O3/SiCw composite enhanced the mechanical strength, hardness, and densiﬁcation.
In the SPS process, the sintering temperature is usually
measured inside the wall of a graphite matrix with a
thermocouple or surface using a pyrometer, and not
directly in the powder. Thus, there are differences in
temperature between the measured value and the actual
temperature of the ﬁlled powder [96]. It was found that the
sintering temperatures in both metals and ceramics by SPS
were about 50–250 °C lower than in the middle of ﬁlled
powder material [124].
Heating occurs using a sufﬁciently low voltage (about
10 V) by a current up to 10 kA. The temperature that can
be obtained using graphite tooling reaches 2400 °C. The
chamber is cooled at a speed of 150 °C/min. It can be
increased to 400 °C/min using additional gas cooling [119].
3.1.3 Comparison between the spark plasma sintering and
high-pressure sintering ceramics
The features of the ceramic material sintering processes will
be determined primarily by the equipment and tooling
used. The technology of hot pressing involves heating in the
furnace of the preform at a temperature slightly lower than
the melting temperature from a few minutes to several
hours. In the SPS synthesis, the sample is heated from the
inside by passing current pulses through it. In this case,
there is no need for preforming. The sintering occurs inside
the graphite matrix. The SPS is characterized by the lower
sintering temperature, the shorter holding time, the
smaller grain growth, the suppressed powder decomposition and the strong preferential orientation effect in the
resulting workpiece [116]. Also, among the advantages of
SPS method over hot pressing systems should be noted the
ease of installation management, the ability to adjust the
power, the relative speed of the process, its satisfactory
reproducibility and reliability. The SPS compared to
conventional hot pressing is shown in Figure 12.
In the case of hot pressing when the blank from the
powder is heated by external heating elements due to
radiation and convection of inert gas, it becomes difﬁcult to
obtain a high heating rate and the process can be very long.
This results in overconsumption of electricity, the cost of
which for the case of SPS is three to ﬁve times less [96]. The
sintering temperature for SPS technology, although it
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Fig. 12. Comparison between SPS and conventional sintering
[94].

Fig. 13. Comparison of the temperature proﬁle in hot pressing
left and SPS right [91].

Table 2. Characteristics of SPS and HP sintering [96].

the electric current pulse. Of course, there are some
technological methods that minimize such a negative
impact [97].

Temperature gradient sintering
Grain boundary controlled
sintering
Fine crystalline structure
controlled sintering
Temperature rise rate
Sintering time
Temperature rise time
Holding time
Homogenous sintering
Productivity
Investment in equipment
Running cost

SPS
Sintering

HP
Sintering

+
+




+



+



Fast
Short
–
+
–
+

Slow
Long
–
D
D
D

Excellent (+), Good (–), Fair (D), Difﬁcult ().

reaches 2000C, usually remains 200–500 °C lower than for
the case of hot pressing. Also the duration of the process is
much shorter being approximately 20 min, including the
time to warm up the object and its exposure. In the SPS
process, the surface of the powder particles is more easily
cleaned and activated, which improves the quality of the
resulting ceramics. Some characteristics of SPS and hot
pressing technologies are shown in Table 2.
Figure 13 clearly shows there is a much smaller
temperature difference, DT, between the edge (TA) and
center (TI) of the SPS sample as opposed to the hot-pressed
object. A common phenomenon for a hot pressing method
is a large temperature difference between the outside and
the core of the compact, which often leads to the
development of cracks in the sintered samples. In the case
of SPS, the temperature gradient is much weaker, which
signiﬁcantly reduces residual stresses [91].
However, it should be noted that SPS technology has
its problems. Although there is an adequate electrical
conductivity in the powders to achieve the uniform
temperature distribution in the sample signiﬁcant electromagnetic interference affects the intensity and shape of

3.2 Non-contact manufacturing methods
3.2.1 Microwave sintering
Microwaves have been used since the 1960 for heating
purposes, particularly for food- and water-based products.
Industrially, the use of microwave energy has become
increasingly important because it represents an alternative
to traditional methods with high-temperature processes.
For example it has been employed in wood drying, resin
curing, and polymer synthesis. The growing interest in
industrial microwave heating is due mostly to the reduction
of production costs resulting from lower energy consumption and shorter processing times. However, several aspects
need to be still investigated as each material behaves
differently in the presence of microwaves. The application
of microwave heating has now expanded to material science
and technology, beginning with process control and moving
onto ceramic drying, powder calcinations, and decomposition of gases with microwave plasma, in addition to powder
synthesis [98].
Traditional processing techniques include hot isostatic
pressing, mold casting, and sintering in conventional
ovens. As ceramics require very high processing temperatures compared to metals and polymers, these processes
tend to be very energy intensive and result in higher
production costs to the manufacturers. Therefore, new
technologies known as nonconventional sintering techniques, such as microwave technology, are being developed
in order to reduce energy consumption, while maintaining
or even improving the characteristics of the resulting
ceramic material. This novel and innovative technology
aims at helping industrial sectors lower their production
costs and, at the same time, lessen their environmental
impact [98].
The use of microwaves in ceramic processing is a
relatively recent development. They can be applied
effectively and efﬁciently to heat and sinter ceramic
objects [125].
Many traditional and advanced ceramics have been
processed by microwave with reported enhancements in
reaction, and diffusion kinetics exhibiting better properties
than the conventionally processed material [89].
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Particularly, microwave sintering represents an interesting opportunity for consolidating advanced ceramic
materials with reduced processing time and energy
consumption by utilizing electromagnetic radiation to
provide high-enough temperatures that allow full densiﬁcation of the material. The most important advantages of
microwave sintering against conventional sintering methods are listed as follows [98]:
– Shorter sintering time and lower energy consumption.
– Higher heating rates can be used.
– Materials with a ﬁner (nano-metric) microstructure with
a high degree of densiﬁcation and enhanced mechanical
properties may be obtained due to the densiﬁcation
mechanisms involved.
– Flexible due to the possibility of processing near-netshape materials.
Microwaves are a small part of the electromagnetic
spectrum with wavelengths ranging from 1 mm to 1 m in
free space and frequency between 300 GHz and 300 MHz,
respectively. However, for research and industrial applications only very few energy bands are allowed. The most
common worldwide microwave frequency is 2.45 GHz, used
for almost all research in materials processing. Based on the
microwave matter interaction, most materials can be
divided into three categories: opaque (bulk metals),
transparent (very low dielectrically lossy materials) and
absorbers (moderate to high dielectrically lossy materials).
It is well recognized that bulk metals are opaque to
microwaves and are good reﬂectors at room temperature;
this property is used in radar detection. However, as we will
see in the subsequent sections, metals in powder form are
very good absorbers of microwaves and get heated very
effectively.
Further, bulk metals, if pre-heated to moderate
temperatures (∼500 °C), also become good microwave
absorbers. Most other materials are either transparent or
absorb microwaves to varying degrees at an ambient
temperature depending upon their inherent electrical and
magnetic properties. The degree of the microwave absorption and consequent heating proﬁle changes dramatically
with the rise in temperature. Microwave heating is material
dependent; therefore only those materials that couple in
the microwave ﬁeld will get heated and the rate of heating
will depend upon their degree of absorption, which is a
function of various factors including the dielectric loss
(insulators), magnetic properties (metals), grain size,
porosity, frequency, electrical conductivity, etc. [89].
Microwaves, like any other type of electromagnetic
radiation, have electrical and magnetic ﬁeld components,
amplitude, phase angle, and the ability to propagate, that
is to transfer energy from one point to another. These
properties govern the interaction of microwaves with
materials and produce heating in some of them. Depending
on the electrical and magnetic properties of the material,
their interaction with microwaves can be classiﬁed as one of
three types [98].
Transparent: Microwaves penetrate and are transmitted through the material completely with no energy
transfer occurring (Fig. 14a). These materials are known as
low-loss insulators.

Fig. 14. Effect of microwaves on the processed material.

Opaque: Microwaves are reﬂected with no penetration
into the material and no energy transfer. These are known
as conductors (Fig. 14b) microwave energy.
Absorbent: Microwaves are absorbed by the material,
and exchange of electromagnetic energy occurs (Fig. 14c).
The amount of absorption depends on the dielectric
properties of the material [98].
In order to explain the interaction of absorbing
materials with microwave radiation and the energy transfer
that occurs during this interaction, several physical
mechanisms have been proposed. These mechanisms
include bipolar rotation, resistive heating, electromagnetic
heating, and dielectric heating. Depending on the material,
the response to incoming radiation can be attributed to one
mechanism or a combination of several of them.
The bipolar rotation occurs when electrically neutral
polar molecules with positive and negatives charges are
separated. Within a microwave ﬁeld, these dipoles rotate in
the direction of increasing amplitude. As a consequence of
this rotation, friction among the molecules arises generating heat uniformly throughout the material.
Resistive heating occurs in conductors or semiconductors with relatively high electrical resistivity. These
materials possess free electrons or a high ionic content
where the ions receive enough freedom so current can be
generated.
Electromagnetic heating takes place in materials with
magnetic properties that are highly susceptible to
external electromagnetic ﬁelds, such as those induced
by microwave radiation. This type of heating can be
described as a magnetic pole rotation of the material
analogous to the rotation of polar molecules in oscillating
electrical ﬁelds.
Dielectric heating is a mix of bipolar rotations and
resistive heating. In microwave sintering of ceramics, this is
the predominant mechanism. In the next section, the
principles of dielectric heating in microwave-absorbent
materials are described [98].
In contrast to traditional heating methods, microwave
sintering of composites can offer certain advantages, such
as energy efﬁciency, environmental friendliness, enhanced
densiﬁcation and a ﬁne grain size due to the faster heating
rates and the lower sintering temperature (Fig. 15).
Additionally, uniform volumetric heating and smaller
and equiaxed pores in the sintered green compacts and ﬁne
microstructure are added advantages of microwave
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Fig. 15. Comparison between conventional and microwave
sintering processes.

sintering. Hence, microwave sintering should result in
improved mechanical properties and better product
performance [125].
Alumina is the most common ceramic and has been
widely used in microwave sintering research by many
scientists working in the ﬁeld. Because of its highly
refractory nature, pure alumina is difﬁcult to sinter to full
densiﬁcation unless suitable sintering aids or some special
processing techniques are adopted. Many people have
successfully sintered alumina to high densiﬁcation in
microwaves.
Nearly full sintering of the alumina using the microwave process has been achieved much faster and at a lower
temperature than the conventional process. Small disc
alumina samples microwave sintered at 1400 °C, with no
hold time, were 98% dense. In conventional heating, it
requires at least 1600 °C and two hours of soaking time to
achieve the same degree of densiﬁcation accompanied by
substantial grain growth. In general, in the microwaves
nearly full density has been achieved at about 200 °C less
than the conventional temperature as shown in Figure 16
[89].
3.2.2 Self-propagation high-temperature synthesis (SHS)
Self-propagating high-temperature synthesis (SHS) or
combustion synthesis (CS) is a rapidly developing research
area. SHS materials are being used in various ﬁelds,
including mechanical and chemical engineering, medical
and bioscience, aerospace and nuclear industries. SHS is a
self-sustained combustion process that yields practically
valuable compounds and materials. Thus any selfsustained reactions, including synthesis from elemental
powders, reactions of compounds, termites type reactions,
combustion of porous solid reactive media in a gaseous
oxidizer (also known as inﬁltration combustion), can be
used for the SHS of advanced materials [126].
SHS allows workpieces to be produced from inorganic or
organic compounds by combustion-like exothermic reactions in solids of different natures [127].
Self-propagating high-temperature synthesis or combustion synthesis has been used to synthesize refractory
materials such as ceramics, ceramic composites, and
intermetallic compounds. This technique is concerned
with the ignition of a compressed powder mixture, in either

Fig. 16. Comparison between the specimens relative density
when microwave or conventional sintering.

air or an inert atmosphere, producing chemical reactions
with sufﬁcient heat release (exothermic reaction) that the
reaction becomes self-sustaining [128].
The earliest attempts at developing high-temperature
structural ceramics started at the 1940s and were focused
on BeO-based porcelains. During the 1950s, the efforts
shifted toward cemented carbides (cermets). From the
1960s up to 2000s, the silicon-based ceramics such as silicon
carbide (SiC) and silicon nitride (Si3N4) were extensively
developed due to their ability to retain strength up to 1300–
1400 °C as well as their high resistance towards oxidation in
air. However, some major drawbacks related to SiC and
Si3N4 (low electrical conductivity, low resistance toward
the corrosion by water vapor and alkali cations, unstable
mechanical properties under oxidation) were recognized.
These drawbacks prevented the large-scale implementation of SiC and Si3N4-based materials as high-temperature
ceramics [129].
The self-propagating high-temperature synthesis
(SHS) is a well-known method for the fabrication of
several high-temperature ceramics, intermetallic and nanocomposite materials in a single-step of processing. The SHS
technique has inherent advantages over the other methods
that require high-temperature furnaces and longer processing times. Materials produced by the SHS process have
advantages such as high purity of the products, low energy
requirements, and relative simplicity. The exothermic heat
generated during the SHS reaction is used for the
completion of the chemical reaction. Once the reaction is
initiated at a particular ignition temperature (Ti), the
combustion front propagated within the reactants travels
at a particular combustion velocity Vc to yield the ﬁnal
product. The feasibility of synthesizing a given compound
or composite through this route and sustainability of the
wave front propagation mainly depends on the extent of
heat liberated by the exothermic reaction(s) and the heat
dissipated from the system to the surroundings. The
adiabatic temperature Tad, the theoretically calculated
maximum rise in temperature under adiabatic conditions,
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is important for self-sustainability of a particular set of the
exothermic reactions. Since most of the exothermic
reactions are initiated at a temperature (Ti) above the
room temperature, the total enthalpy generated by the
exothermic reaction is assumed to be consumed in
increasing the temperatures of the products, and there is
no heat loss to the surroundings [130].
The method of self-propagating high-temperature
synthesis (SHS) provides the use of elemental powders
as starting reagents while varying their granulometric
composition over a wide range and has a relatively short
production cycle and low power consumption. With its use,
the compact materials with a metastable structure and a
high degree of chemical purity can be produced owing to
the unique effect of self-puriﬁcation of synthetic products
from dissolved and adsorbed impurities, which is caused by
high values of the temperature and burning rate of various
SHS systems [131].
High-temperature advanced ceramics (HTACs) have
the potential for applications as special refractory
materials or liners in foundries, as high-temperature
shielding materials in aerospace engineering, gas turbine
blades, cutting tools and as electrodes. To withstand the
severe thermal requirements in the next generation of
hypersonic vehicles particularly the sharp-shaped details,
the materials should be able to sustain the operating
temperatures approaching 2200 °C resisting evaporation,
erosion and oxidation. Diborides of transition metals such
as ZrB2 and HfB2 are commonly referred to as suitable
ceramics for their extremely high melting temperatures
(ZrB2 3040 °C, HfB2 3250 °C), solid state stability, good
thermo-chemical, and thermo-mechanical properties. ZrB2
and HfB2-based composites reinforced with SiC and TiC,
indeed exhibit excellent refractoriness, high oxidation
resistance, and are good potential candidates for such
applications. Due to their extremely high melting points,
covalent bonding, and low self-diffusion coefﬁcient, these
materials require very high sintering temperatures even
higher than 2300 °C for densiﬁcation. Sintering at high
temperatures generally induces coarsening of the ﬁnal
microstructures, which leads to signiﬁcant amounts of
residual porosity and decreases the mechanical strength of
sintered products. Different approaches have been investigated to optimize fabrication procedures and performances
of these ceramics. Such as hot pressing, spark plasma
processing, self-propagating high-temperature synthesis
(SHS), sintering with additives, liquid phase sintering etc.
However, the type and amount of grain boundary phases
deriving from the sintering aids often deteriorate the high
temperature properties, particularly when metal sintering
aids were used. Also the grain boundary phases and grain
size inﬂuence the properties to a large extent. All the
processing techniques mentioned above have their own
merits and demerits. Amongst all those processes, the SHS
technique is more promising and challenging [130].

4 Cutting conditions of ceramic tools
High quality of mechanical parts can be achieved by the
control of several parameters like cutting conditions,

workpiece hardness, and cutting tool coating materials,
leading to an improvement in mechanical properties like
fatigue strength, corrosion resistance, and a reduction in
friction and wearing [132]. High-speed machining leads to
lower cutting forces, higher removal rates, and, therefore,
to lower energy consumption [133].
The introduction of modern technologies can reduce the
duration of the production cycle and reduce the cost of
items, which can reduce its price or increase proﬁt [1].
Working conditions are affected directly by the
temperature; thus Bouzakis et al. [134] proposed a
methodology based on theoretical and experimental tests
to predict the performance of a coated cutting tool. The
properties of PVD ﬁlm, like fatigue strength and impact
resistance at room and elevated temperatures with
different cutting conditions such as cutting forces and
feed were examined.
Altin et al. [135] presented investigation results
experimentally on the inﬂuence of cutting speed on the
tool life when machining Inconel 718 with silicon nitride
based and ceramic tools with whiskers. They showed that
that crater and ﬂank wears are usually dominant wear
types in ceramic square type (SNGN) inserts while ﬂank
and notch wear are dominant in round type (RNGN)
inserts. Minimum ﬂank wear was with SNGN tools at low
cutting speeds while they see this with RNGN tools at high
cutting speeds.
Surface roughness or surface quality is an important
parameter that determines the post-manufacturing product quality. Tool wear, properties of the machined
material, the vibration and sensitivity of the machine tool
and adhesion of chips on the edges of the cutting tool (builtup edge (BUE)) are parameters affecting roughness [136].
Keblouti et al. [132] overviewed experimentally the
inﬂuence of cutting parameters and coating materials on
the performance of the cutting tool on the surface quality
and cutting forces when turning of AISI 52100 steel with
using ANOVA technique. Also, they compared between
uncoated and coated (with TiCN/TiN coating layer)
cermet tools with constant substrate and geometry inserts.
A mathematical model was created. They demonstrated
that feed rate has a signiﬁcant effect on the surface quality;
however, cutting depth affects the cutting forces. Using a
PVD coating a (TiCN/TiN) coated insert showed lower
surface roughness compared to other tools.
The variety of machined component material hardness
and the choice of cutting conditions have an inﬂuence on
the tool life, cost and the quality of the products. Wang
et al. [137] chose four ceramic ends milling tools and
examined their performance. They included Si3N4 and Ti
(CN) in machine hardened AISI H13 steel and other hardto-machine materials. They demonstrated that the value of
the cutting forces of the ceramic end milling tools are less
than the cutting forces of commercial cemented carbides,
and the machined surface which is produced by ceramic end
milling tools has a better surface roughness and longer tool
life.
Xie et al. [138] proposed an uncoated tool with grooves
7–149 mm in depth and 0.14–0.5 mm in aspect ratio on tool
rake surface along with the cutting chip, to explain the
inﬂuence of micro-groove shape and size on the cutting
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temperature and cutting forces when turning titanium
alloy under dry conditions. They fabricated the grooves by
micro grinding with a diamond wheel (V-Tip). They
discussed tool wear, cutting forces, temperature, and
cutting performance. They demonstrated that the cutting
forces and temperature decreased with grooved tools.
The optimum cutting speed of ceramic cutting tools is
three to ten times larger than that of ordinary cemented
carbide tools with the same geometrical parameters, which
can improve the processing efﬁciency dramatically. The
high hardness of workpiece materials will contribute to
large cutting force and severe friction on the tool-chip
interface. Additionally, the low thermal conductivity of
workpiece materials will increase the cutting temperature,
which further promotes tool wear and tool failure, such as
adhesive wear, oxidation wear, diffusion wear, chipping
and fracture [137]. Temperature near the rake face
increases signiﬁcantly when the depth of cut changes from
0.2 to 0.4 mm. The increase in contact length between chip
and rake face can be responsible, since it grows, together
with uncut chip cross section [139].
Lima et al. [140] investigated the wear mechanisms; tool
life and wear types of a SiAlON ceramic tool material
composite in turning nickel-based alloy Inconel 751 within
an argon and oxygen atmosphere. They used design of
experiments techniques with variables such as tool life, tool
material, SiAlON (Si3N4/Al2O3), whiskers (Al2O3/SiCw),
mixed (Al2O3/TiC), cutting speed, tool geometry and gas
cooling atmosphere with type dry cutting which is
consisted with argon and oxygen. They demonstrated that
the SiAlON is the best performance and secondly the
whisker ceramic, because of the oxygen-rich atmosphere,
the notch wear was accelerated especially at low cutting
speed.
Yin et al. [141] studied the tool life and the cutting
performance of an Al2O3/TiC micro-nano-composite
ceramic tool in machining austenitic stainless steel. They
demonstrated that wear resistance of an Al2O3/TiC micronano-composite was better than an alumina-based ceramic
tool only. The ceramic tool failure is predicted by fatigue
behavior.
Traditionally, cutting ﬂuids have been widely used in
machining operations in efforts to increase cooling and
lubricity, and as a result enhances tool life and reduce
process variability [142]. Many countries and foundations classiﬁed them as hazardous wastes, and impose
even stricter controls if they contain oil and certain
alloys. At the same time, the presence of coolant is
necessary to enable the machining of hard to cut
materials. Therefore many types of research tried to
increase the cutting tool hardness or design self
lubricating materials and ﬁnally designing cutting tools
with a textured pattern.
Dry or wet machining is a major decision that affects
cutting conditions. Sugihara et al. [143] proposed a new
CBN cutting tool with a textured ﬂank face to increase the
efﬁciency of cutting tools with coolant. They designed the
cutting tool as based on experiments with a wide range of
cutting conditions in high-speed machining of Inconel 718.
Ariff et al. [144] studied parameters affecting the machining of T6061 aluminum alloy using silicon nitride (Si3N4)
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inserts cutting tool material by machining dry and with
coolant.
The tool wear of Si3N4 was investigated to obtain the
optimum cutting conditions for both dry and coolant
machining. This showed that dry machining with smaller
parameters offers lower wear rates varying from 37 to 48%
depending on cutting speed. The optimum conditions for
machining T6061 aluminum alloy by Si3N4 is 518 m/min.
They also showed that the dry machining of Al6061
aluminum by Si3N4 instrument in high speeds was optimal.
Dhang et al. [145] discussed another method of coolant
called near dry. Through their work they studied the dry
and near dry intermittent orthogonal cutting of AISI 1045
steel by using an uncoated P30 grade cemented tungsten
carbide tool with different surface textures applied on the
rake surface. They enhanced the surface roughness on the
specimen and decreased the cutting forces on the cutting
tool.
In the past, machining parameters were based on the
experience of the machine operator [1]. Today it is
important to create suitable equations that show the
optimized machined conditions, and they must be related
to the cutting tool material, geometry and be concerned
with the surface roughness of the machined component.
Evaluating cutting tool performance and predicting its
durability are very important in choosing the proper
cutting tool material. Therefore Baska et al. [146]
compared various milling end mills cutters in the
machining of hardened steel (DIN X 210 Cr12) to obtain
their durability. They used the results to enhance the
performance of the end mill. Figure 17 shows the
capabilities of various cutting tool materials [147].
Within the machining processes cutting forces inﬂuence
the cutting performance and therefore the cost of the
product. Because tool cutting edges are made to be sharp
enough to cut the alloys and metals to be machined they
suffer from high stresses during the cutting process.
Therefore much research is carried out to determine
perfect tool geometry [148]. Tian et al. [133] studied the
cutting forces, tool wear, morphologies and mechanical failure
with a wide range of cutting speed (600–3000 m/min). They
demonstrated that the cutting force decreased and then
increased with increasing cutting speed. The notch type wear
existed with relatively low cutting speeds (600–1000 m/min)
but with increasing the cutting speed the notch wear
decreases. Notch wear on the ﬂank face was greater in and
milling than that in face milling under the same conditions,
but surface roughness for and milling was following then in
face milling.
According to Ma et al. [149], they examined the residual
stress and discussed the cutting forces, temperature, and
cutting conditions. They measured the residual stresses
after machining and also they studied the inﬂuence of
mechanical and thermal loads on them. Large feed reduces
the effect of the cutting forces on the residual stresses.
Vereschaka et al. [150] designed a damping device
(Fig. 18) which works in minimizing peak stresses occurring
through the cutting process and improves the performance
of ceramic tools. The damper device was made of steel C45
with hardness less than the material machined. It reduced
the peak stresses and they studied the proposed
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Fig. 17. Ability of tool material with cutting speed on machining several materials [147].

Fig. 18. Principal scheme of damping device; (1) workpiece
being machined; (2) disc damping peak stresses in cutting with
the tool; (3) damper of extension vibrations of a workpiece;
(4) cutting tool equipped with cutting inserts of cutting ceramic.

nanostructured multi-layered coatings. It concluded that
damping peak stresses enhance the reliability of ceramic
and carbide tools.

5 Conclusions
One of the main problems concerning machining is
associated with the cutting tool and its quality. It is often

required to fabricate a tool with high hardness and good
mechanical properties, having suitable performance and
reasonable life. A dry machining capability is preferred,
without ignoring the cost related issues as well as
requirements on the tool-fabrication method. Taking into
account of those factors, cutting ceramics have been widely
investigated: mechanical and tribological properties have
been assessed and further researched in order to obtain
optimal properties of ceramic tools and to enhance cutting
tool performance; several methods of ceramics manufacturing were also investigated. With a high degree of
probability, it can be assumed that in 10–15 years time
ceramic cutting-tools could take the place of a modern
carbide tool. Already, some studies showed that the cutting
forces when using ceramic tools are less than that when
using carbide tools. In addition, ceramics provides better
surface quality and longer tool life. Excellent mechanical
properties of ceramics have been obtained using advanced
technologies, including hardness, bending-strength and
crack resistance, these allowing its uses with success in the
industry.
The hot-pressed sintering and spark plasma sintering
are preferential methods of manufacturing cutting tools.
Nevertheless, non-contact methods such as microwave and
some SPS sintering are also being actively developed. Each
of them is characterized by its properties achievable,
sintering mechanisms, merits or disadvantages. Some
comparison has been made among those technologies to
identify the most suitable process for particular cutting
tools. Indeed, enhancement of cutting tool performance of
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the created tools with low cost is an immense priority.
Optimizing tool design is one of the economical ways for
advancing the cutting tools without need to change the tool
material while still improving the tribological and
mechanical properties, through changing the geometry of
the tools. It is concluded that creating speciﬁc tables for
proper cutting conditions for each tool material saves time
and cost, while tool life and surface roughness can still be
improved. It is also concluded that creating new cutting
tools or choosing cutting tool materials for a speciﬁc cutting
process is dependent largely on several parameters which
mutually interact with each other and each of which cannot
be singled out easily.
In summary, cutting tools made of ceramics are very
promising, although the mechanical properties still need to
be enhanced. Creating new cutting tools with better
mechanical and tribological properties, further developing
tool designs, and creating more accurate equations for
describing cutting conditions, are the work to be addressed
further, representing a future trend.
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