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Abstract: Ultrahigh-temperature ceramic matrix composites are currently among the most promising
high-temperature-resistant materials, owing to their high-temperature strength, high-toughness
and excellent corrosion resistance; they are widely used in national defense and aerospace fields.
However, it is a difficult material to machine, and high precision is difficult to achieve using traditional
machining methods. Nontraditional machining methods are not constrained by material physical
and mechanical properties, and good surface quality is easily obtained, which is an important
direction in the field of ultrahigh-temperature ceramic matrix composites. This paper summarizes the
recent nontraditional machining methods utilized in the fabrication of ultrahigh-temperature ceramic
matrix composites. Firstly, various nontraditional machining methods for ultrahigh-temperature
ceramic matrix composites based on borides, carbides and nitrides are reviewed, and the machining
performances under different machining conditions are compared. Subsequently, the problems
and challenges of ultrahigh-temperature ceramic matrix composite nontraditional machining are
summarized and discussed. Lastly, the future development path of nontraditional machining methods
for ultrahigh-temperature ceramic matrix composites is summarized and predicted.

Keywords: ultrahigh-temperature ceramic matrix composites; nontraditional machining; electric
discharge machining; laser machining; ultrasonic machining

1. Introduction

With the rapid development of science, hypersonic missiles and reusable delivery
devices have become important development directions for military aerospace and weapon
systems [1]. At present, the main ultrahigh-temperature materials that can be used above
2000 °C are refractory metals, C/C composites and ultrahigh-temperature ceramics. Among
these, ultrahigh-temperature ceramic materials are regarded as having the greatest poten-
tial in the future ultrahigh-temperature field [2]. Ultrahigh-temperature ceramic materials
generally refer to a class of ceramic materials used at high temperatures above 2000 °C,
mainly referring to some transition metal borides, carbides and nitrides, such as ZrB,,
HfB,, TaC, ZrC, HfC and HfN [3]. In addition to having a high melting point of approxi-
mately 3000 °C, they also have excellent properties, such as high hardness, high thermal
conductivity, good oxidation resistance, good thermal shock resistance and a medium
thermal expansion coefficient. Therefore, they are very suitable for use as high-temperature
structural materials for supersonic spacecraft, and the application of ultrahigh-temperature
ceramic materials in rocket engines has also attracted widespread attention [4,5].
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Among them, ultrahigh-temperature ceramic matrix composites (UHTCMCs) are
among the most promising high-temperature resistant materials, owing to their advan-
tages of high-temperature strength, good toughness and good corrosion resistance, and
they have broad application prospects in the fields of national defense and aerospace [6-8].
Their applications in rocket engine combustion chambers, thrusters, nozzles and hy-
personic vehicle thermal protection systems are research hotspots [9,10]. Temperatures
higher than 1600 °C, or even 2200 °C, are regarded as the unique requirement of the
aerospace industry for ultrahigh-temperatures [11]. Solid rocket engines are typical appli-
cations in the ultrahigh-temperature field, where the operating temperature of the nozzle
can rise from room temperature to 3000 °C or more in the oxidation environment of
high-pressure gases and high-speed particles [12-14]. Therefore, the combustion chamber,
propeller and nozzle of a rocket must have a high melting point, superior mechanical
qualities and mechanical erosion resistance and oxidation resistance. Hypersonic vehicles
are another common application for ultrahigh-temperatures since the thermal protection
system of the vehicle must be able to endure extremely high temperatures, high heat flow,
vibration and heat load during launch and reentry into space or in the atmosphere [15-17].
The development of thermal protection materials that have strong oxidation resistance,
thermal shock resistance, ablation resistance and dimensional stability is required. On the
basis of the aforementioned specifications for aerospace ultrahigh-temperature materials,
numerous researchers have concentrated on UHTCMCs with excellent high-temperature
strength, good fracture toughness, thermal shock resistance, ablation resistance and
reliability [18-20].

Low porosity, high strength and good ablative resistance are advantages of UHTCMCs;
however, when applied alone, they also have low fracture toughness, poor thermal shock
resistance and poor oxidation resistance [21,22]. Due to the brittle nature of the ultrahigh-
temperature ceramic composite, it is easy for thermal shock failure to occur during extreme
heating, which causes irreparable harm. This has clear limitations for how the material may
be used in the context of shock and vibration and is directly tied to the composition and
manufacturing method of the ceramic material itself [23]. In order to supplement the dam-
age tolerance and thermal shock resistance of ultrahigh-temperature ceramics, researchers
try to use ultrahigh-temperature ceramics as matrices and to adopt various methods to pre-
pare UHTCMCs. UHTCMCs can be employed in a variety of high-temperature situations
other than aerospace, including neutron absorbers, fusion first walls, tokamak diverters
and fuel rod cladding in the nuclear energy sector [24-26]. They can also be used as a
finishing material for plasmas, which include electrodes, cutting tools, refractory materials
in metal machining, such as hot well tubes in the refining of steel, and electrical equipment,
such as heaters and igniters [20,27,28]. Concentrating solar energy is also one of the most
promising renewable energy technologies. In the field of renewable energy, UHTCMCs
can be a key component used in receivers to capture and concentrate solar radiation [29].
In the field of aerospace thermal protection, UHTCMCs are the most commonly used
ultrahigh-temperature ablation resistant materials. Figure 1 depicts the characteristics and
applications of UHTCMCs in the fields of aerospace, national defense, metal smelting,
medicine, nuclear energy industry and renewable energy.
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Figure 1. Characteristics and applications of UHTCMCs.

UHTCMCs are typically difficult materials to cut, and it is challenging to machine
them with high precision using traditional machining methods [29]. Machining the ma-
terials without compromising the characteristics of the ceramics and using machining
methods that offer economical solutions while minimizing residual damage represent the
main challenges in realizing the full potential of UHTCMCs. The presence of reinforcing
particles makes them difficult to machine using conventional machining methods, and the
surface roughness and tool wear are too great. As a result, machining costs rise; production
times lengthen; and the quality of machined products declines [24]. Considering the main
shortcomings of its machinability, the cost of polishing the table accounts for the vast
majority of the entire manufacturing cost. Additionally, traditional machining methods can
create cracks and stress concentrations on the surface of UHTCMCs, which can weaken
the mechanical strength of the part [30]. As a result, a crucial stage in the production of
UHTCMC components are identifying affordable and effective machining methods [25].
The majority of conventional machining machines, such as turning, cutting, grinding and
drilling, is difficult to use when machining UHTCMCs because they result in significant
tool wear, excessive roughness of material surface, low material removal rate, prolonged
chatter times and higher costs [31,32]. For example, Satyarthi [33] performed electrical
discharge machining (EDM) grinding on ceramic materials. Compared with conventional
diamond grinding, the surface finish of nontraditional machining is at least three times
that of low-temperature cooled conventional diamond grinding, and the material removal
rate is at least four times higher. Machining appears to be impractical for the production of
ceramics [26]. Therefore, machining of UHTCMCs can be achieved using a variety of non-
traditional methods, including chemical machining [25,27], laser machining [34-37], plasma
machining [38-40], electron beam machining [41-43], electrochemical machining [44-48],
ultrasonic machining [49-53] and abrasive water jet machining [54-58]. They each have
their own advantages and disadvantages. In the production of cutting blades made of cut-
ting ceramics, some surface quality, size and shape parameters are required to provide the
function of the blade (machining/cutting certain steels or alloys in a few minutes). In this
case, an appropriate technology should be found to provide this quality and appropriate
productivity. This review systematically summarizes the research status and development
potential of nontraditional machining methods in UHTCMCs. The problems and defects
in machining are pointed out. Through the influence of different machining parameters



Coatings 2023, 13, 187

4 of 27

on the performance of nontraditional machining methods, the machining characteristics
and quality of UHTCMCs are analyzed, and the applicability of nontraditional machining
methods is analyzed and summarized.

2. Boride-Based UHTCMCs
2.1. Material Properties of Boride-Based UHTCMCs

Ceramic matrix composites based on HfB, and ZrB, are the most common types of
boride-based ceramic matrix composites. By thoughtfully choosing the composition, purity
and granularity of the raw materials, the brittleness of the materials can be overcome [59].
They are hard to sinter and densify due to the strength of their covalent connections. This
can be resolved by increasing the diffusion rate of the material, delaying the evaporation
of the material, accelerating the transmission rate of the material, encouraging the rear-
rangement of the particles and improving mass transfer kinetics to enhance the sintering
performance and increase the density [60]. Due to the formation of the liquid B,O3 glass
phase, which serves as a good antioxidant defense, single-phase ZrB, or HfB, exhibits good
oxidation resistance below 1200 °C. B,Oj3 rapidly evaporates above 1200 °C, decreasing
its usefulness as a diffusion barrier, whereas ZrB, or HfB, quickly oxidize [61]. When SiC
is added, the material’s oxidation resistance can be greatly increased. Glassy silicate can
also develop on the material’s surface at high temperatures, providing good protection
below 1600 °C.

In an aspirated hypersonic cruise vehicle design, aerodynamic heating due to viscous
dissipation increases with a cubic increase in velocity, which results in a stagnation tem-
perature of about 2400 K at a cruise Mach number of 7. Due to the high L/D ratio, wave
rider-derived hypersonic vehicles are used for long cruise missions in which stagnation
is experienced along the entire leading edge of the wave rider [62]. Thus, UHTCMCs are
frequently key candidates in the hypersonic field for their ability to withstand elevated ther-
mal and pressure loads (i.e., maintain shock under lip conditions) and maintain mechanical
properties without changing the aerodynamic shape. In this family of potential materials,
composites of ZrB, and HfB;-based ceramics may be the most promising (or most studied)
candidates for such applications. This is primarily due to their superior high-temperature
properties (mechanical and oxidation) when compared to TiB; and TaB, [63-65].

2.2. Electrical Discharge Machining of Boride-Based UHTCMCs

By using incredibly hot plasma channels, EDM is able to machine brittle, hard materials
with complicated forms without any touch [66,67]. As a result, complicated geometries
can be machined using EDM for UHTCMCs [68]. Some researchers have conducted
experimental studies on the machining of boride-based UHTCMCs [69-71].

The surface quality analysis of ceramic machining is an important metric for assessing
the properties and machining quality of UHTCMCs [72-74]. For the purpose of improving
the method and effectiveness of EDM, some studies have looked at the surface quality
of boride-based UHTCMC s following EDM. In their study of the EDM performance of
ZrB,-SiC and ZrB,-SiC-HfB, ceramic materials, Monteverde et al. [75] discovered that
the surface of these two materials after EDM had Ra of 0.6 pm and 1 pm, respectively,
and that micro-cracks and recast materials had appeared on the machined surface. After
machining, shell (S), core (C) and leftover glass (G) components were discovered on the
surface. Additionally, surface microcracks diminished the material’s bending strength
by an average of 26.4%. Using microchip-based cylindrical tool electrodes, Li et al. [76]
proposed a technique for micro-EDM of ZrB,-SiC graphite composites. The microporous
machining of ZrB,-SiC graphite composites was more stable with the sheet electrode and
had an average machining efficiency that was 3.9 times greater than that of the cylindrical
electrode. It was also found that the surface roughness decreased from Ra of 1.56 to 0.97 um
after fine drilling. In their study on the EDM performance of ZrB,-SiC and NbB,-SiC
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ceramic materials, Malek et al. [77] examined the machining surface and material removal
rate (MRR) of several materials. The MRR calculation formula is as follows:
(mm3)  7d?h

_v _ 3, .
MRR = t1 (min) C4h (mm /mln)

where V is the volume of material removed (unit: mm?); t; is the machining time (unit: min);
h is machining depth; and d is the diameter of the tool electrode (unit: mm). Machined
workpieces of ZrO, and Nb,Os were discovered by X-ray photoelectron spectroscopy (XPS)
on the EDM surface, as illustrated in Figure 2a. The results showed that the oxidation of
ZrB,—SiC and NbB,-SiC occurred in the EDM machine and had a significant effect on the
MRR and surface quality. In order to assess the surface roughness of the structure’s random
region, Han et al. [78] chose a three-dimensional surface roughness measurement system
and performed precision electrical machining on complex ZrB,-SiC structural elements. The
results showed that 380 V, 3.5 A, 64 Hz for the pulse shoulder, 64 Hz for the pulse width and
3 mm/min for the maximum line speed were the optimal machining settings. The parameters
of Sa, Sz and Sq's surface roughness were 6.3617, 44.4468 and 7.8314 pm, respectively.

The performance of EDM is also influenced by the percentage of reinforcing particles
in boride-based UHTCMCs [79,80]. Saha et al. [81] examined the EDM performance of
ceramic materials with SiC contents ranging from 5 to 20 wt.% in terms of MRR and
surface roughness. They also investigated ZrB,-SiC ultrahigh-temperature ceramic
EDM method. It is discovered that as the SiC concentration increases, so does the
volume direct current resistivity of ZrB; matrix composites. As SiC increased from
5 wt.% to 20 wt.%, MRR decreased gradually, and resistivity increased steadily from
0.3 cm to 3.5 cm. The main reason was that an increase in SiC concentration reduced the
electrical conductivity of ceramic materials, decreasing machining efficiency. The EDM
performance of ZrB,-SiC ceramic matrix composites with various machining parameters
for tool materials, such as titanium, tungsten, niobium, graphite and tantalum, was
investigated by Sivasankar et al. [82]. The results showed that, when the content of SiC
was 20%, the bending strength was higher than other contents. The hardness increased
when the SiC content increased, and the MRR of the workpiece increased when the
SiC volume percentage increased. With the exception of tantalum, all materials yielded
a superior MRR on a workpiece when the SiC percentage was 30 vol.%. Tantalum
could produce a higher MRR when the workpiece contained 25% SiC. The 20 vol.% SiC
workpiece has a high tool wear ratio (TWR) for all tools. ZrB,-B4C composite samples
were treated using the EDM procedure by Mandal et al. [83]. The findings indicate that
the maximum machining speed and surface roughness occur at a B4C level of 25 wt.%.
For 25 wt.% composite material, the B4C load showed the maximum hardness (20.49 GPa
at 1.0 kgf load). The fracture toughness values of all samples are shown in Figure 2b.
Similar to the hardness, the composite showed a higher fracture toughness under a
higher B4C load. ZrB,-B4C composite could currently be machined at a maximum
speed of 10.56 mm?/min. ZrB,-B4C composites had an average surface roughness Ra
of between 1.26 and 5.64 um. Craters, protrusions and spherical nodules in the sealing
layer of the machined surface degraded the surface’s quality when the machining speed
was increased.
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Figure 2. EDM properties of boride-based UHTCMCs. (a) MRR and Surface Roughness Ra for
different boride 20 vol.% SiC composite. Reprinted /adapted with permission from Ref. [77]. Copy-
right 2013, Elsevier. (b) Fracture toughness of ZrB,-B4C composite with different composition.
Reprinted /adapted with permission from Ref. [83]. Copyright 2022, Elsevier.

2.3. Laser Machining of Boride-Based UHTCMCs

Laser machining is also widely used in ceramic machining; this is a wear-free method
where the material is not subject to either cutting forces or vibration [32,84-86]. Most
notably, compared to conventional and other unconventional technologies, this technique
offers a faster cutting speed [87,88]. Numerous researchers have carried out experimental
studies to determine whether laser machining of boride-based UHTCMC:s is feasible.

Analyzing the surface quality of laser machining boride-based UHTCMCs is a crucial
factor in determining how well they machine [36,89]. On the 2024 aluminum alloy matrix,
Yang et al. [90] fabricated a ZrO; sol-gel composite coating containing laser-ablative SiC
whiskers and ZrB, particles, as shown in Figure 3a. Under high-intensity continuous laser
irradiation, the composite coating exhibits typical pitting morphology with no spalling
or breaking. As shown in Figure 3b, when a 6.3 kW /cm? laser was used to irradiate the
substrate for 10 s, the maximum backside temperature of the substrate was just 150 °C.
The oxidation of ZrB, and the ZrO; layer produced by the ZrO; gel can prevent the heat
from the laser from transferring through the center ablative crater during laser irradiation.
Additionally, the volatilization of B,O3; and the cooling effect brought on by SiO, and
ZrOy’s liquid-solid phase transitions were significant factors in increasing laser ablative
resistance. Ideal spiral laser surface treatment was performed by Mahmod et al. [91] on a
porous ZrB,-SiC ceramic composite substrate. The following laser settings were used to
create an 8 um thick uniform glass layer: laser power of 70 W, beam diameter of 1.25 mm,
speed of 2 mm/s, acceleration and deceleration rate of 1 mm? /s. This layer was continuous
and prevented further oxidation of the bulk ceramic composite. The structure was well-
preserved, and its morphology was similar to that of the initially sintered, non-oxidized
pellets. EDS analysis confirms that no oxidation occurred in the internal blocks of ZrB,—-SiC
due to the undetectable oxygen element. Wang et al. used three typical materials (ZrB,,
ZrB,-SiC and ZrB,-SiC-G (graphite) ceramics) to systematically study the influence of
defects on the bending strength of UHTCMCs [92]. The results show that the sensitivity of
the material to the flaw angle was in the order ZrB,—-SiC > ZrB, > ZrB,-5iC-G, as shown in
Figure 3c. For the same material, a larger defect size led to greater sensitivity of strength to
the angle.
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Figure 3. Analysis and schematic diagram of laser machining for boride-based UHTCMCs. (a) Laser
ablation of composite coating schematic diagram; (b) temperature of the back surface substrate
at various laser power densities. Reprinted/adapted with permission from Ref. [90]. Copyright
2021, Elsevier. (c) Relationship between bending strength and defect length of three ceramics.
Reprinted /adapted with permission from Ref. [92]. Copyright 2020, Elsevier.

Lonné et al. [93] irradiated the porous composite ZrB; of 39 vol.% SiC with a 90 W
low-power moving laser beam under a flowing argon protective atmosphere. According
to the findings, the layer thickness approached 20 um; the temperature reached around
2500 °C; and a SiC-rich fusible phase emerged, partially dissolving ZrB, and facilitating
its sintering. Also, the surface area achieved almost complete densification. This is
because the liquid phase moved toward the sample’s surface and bulk after filling
the pores. Rudolph et al. [94] investigated how semiconductor SiC and composite
SiC-TiC-TiB, were affected by nanosecond laser pulses in the ultraviolet spectrum and
femtosecond laser pulses in the near-infrared spectrum. The findings demonstrated
that Fy, = 0.63 J/cm? was the ablation threshold of semiconductor SiC treated by a
nanosecond laser pulse in the ultraviolet band. SiC-TiC-TiB, composite ceramics have
an ablation threshold of Fy, = 1.38 ] /cm?. In contrast, regardless of chemical composition,
femtosecond laser pulse machining in the near infrared spectrum yielded a higher value
of roughly 1.7 ] /cm?.

2.4. Ultrasonic and Ultrasonic-Assisted Machining of Boride-Based UHTCMCs

Combining the fundamental material removal mechanism of ultrasonic machining
with traditional diamond grinding, a greater MRR, increased hole precision and higher
surface polish can be achieved at relatively low cost and with minimal environmental
impact [95]. Rotary ultrasonic machining (RUM) is a mechanical hybrid machining tech-
nique that has the potential to be utilized to treat a wide range of novel and challenging
materials, such as boride-based UHTCMCs.

An in-situ combined machining technique using micro-EDM and ultrasonic milling
was proposed by Li [96]. In order to improve the machining efficiency and reduce the
wear on the electrode length, two tool electrodes of different diameters can be used to
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fabricate the micro-nozzles. Large-diameter electrodes are used to remove large amounts
of material from the inlet and outlet sections of the micro-nozzle, while small-diameter
electrodes are used to manufacture the throat sections. Melting and vaporization were
the major mechanisms for material loss, whereas thermal spalling was a secondary factor.
The recast layer with a lot of microcracks could be successfully removed, and the surface
quality could be improved, by using an ultrasonic amplitude of 2.7 pm as the machining
condition for micro-cavity micro-fine ultrasonic milling with particle sizes of 10 pm
and a feeding speed of 13 pm/s. Ramulu [97] performed an experimental study on the
ultrasonic machining of SiC and 20 vol.% TiB, /SiC composites. The findings revealed
that, in terms of surface roughness, the average Ra value of SiC was typically slightly
higher, around 2.0 um, while the average Ra value of composites was about 1.3 um. The
average Rz value of SiC was also higher, at about 5.4 um, and the average Rz value of
TiB, /SiC was 4.7 um.

2.5. Others

In addition to the above nontraditional machining methods, other nontraditional
machining methods (such as electron beam melting and plasma machining) are applied
to the machining of boride-based UHTCMCs. Electron beam melting (EBM) is an es-
tablished machine of powder layer-by-layer additive manufacturing metal parts. In
their research of the microstructure of produced materials under various machining
circumstances, Jia et al. [98] aimed to assess the viability of EBM for the production
of boride-based UHTCMCs. Based on the EBM approach, a mathematical model of
ZrBy-30 vol.% ZrSip was fabricated, and the machining parameters were then simu-
lated and optimized. The findings indicated that the best machine parameters for the
fabrication of ZrB,-30 vol.% ZrSi; composites using the EBM technique were 500 W
beam power at scanning speeds of 500 mm/s and 1000 W beam power at 1000 mm/s.
Pasagada et al. [99] discovered that it was possible to fabricate ZrB,-based ultrahigh-
temperature ceramics components by liquid phase sintering using the EBM method. It
has been found that the needle-shaped patterns were produced by melting and solid-
ification change, depending on the input energy density. The impact of the quantity
of Ti added on the microstructure growth and phase evolution of ZrB,-SiC ceramic
composites during discharge plasma sintering was investigated by Ghasali et al. [100].
By using high-energy ball milling and spark plasma sintering at 50 MPa pressure for
7 min, ZrB,-20 vol.% SiC samples with a Ti content of 15 wt.% were fabricated. During
the sintering machine, the Ti additive was totally consumed and transformed into the
ceramic components TiC, TiB and TiSip. A further refractory ZrC phase was found
as a result of the lateral interaction between ZrB, and the SiC and Ti additions. Four
components of ZrB,-SiC-ZrC-C; UHTCMC were made by Adibpur et al. [101] using a
discharge plasma sintering technique. The findings indicated that the greatest charac-
teristics were found in 5% ZrC and 2.5% Cf composites, with a relative density of 99.6%,
a hardness of 18 GPa and a bending strength of 565 MPa.

2.6. Summary

In this section, the classification and properties of boride-based UHTCMCs are intro-
duced in detail, and various special machining methods applied to boride-based UHTCMCs
are described, including EDM, laser machining, ultrasonic and ultrasonic assisted machin-
ing, and other special machining technologies. The machining effects of various methods
are described in terms of surface quality, precision, machining cost, etc. applied and
obtained. Table 1 depicts the machining effect and application of special machining to
boride-based UHTCMCs. However, these technologies cannot simultaneously achieve
economical, stable and non-destructive machining of boride-based UHTCMCs. As the
preparation of new boride-based UHTCMCs will develop toward homogenization, low
porosity and more stable physical and chemical properties [102,103], better nontraditional
machining methods need to be developed.
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Table 1. Summary of nontraditional machining of boride-based UHTCMCs.

Machining Methods Materials Findings Remarks Authors, Published Year
g};e 1??1 ;)fjrlB Zﬁlfe:ngcﬁizi_s}ifg in f;e;;ggciugmrrlrgl :\;iis It has been demonstrated to be efficient in the
ZrB,-SiC and ZrB,-SiC-HfB, 75 O H Hm, resp Y- 27 EDM of UHTCMC s sintered parts for more Monteverde [75], 2008
.5 um. The surface microcracks reduce the bending strength by intricate parts
26.4% on average. mninicate parts.
The machining efficiency of the sheet electrode was increased by
3.9 times on average; the thin The use of cylindrical tool
ZrB,-SiC-graphite cylindrical electrode could electrode can significantly Li[76], 2017
improve the surface quality, and the Ra after finishing was improve the micro EDM.
reduced from 1.56 to 0.97 um.
. The presence of transition metal oxides in the
When x of (NbyZr;_,) B,-5iC was 0.5 and 0.75, the MRR and Ra of heat affected zone has sienificant influence on
ZrB,-SiC and NbB,-SiC the material were the highest, at 23.7 and 23.6 mm? /min, and 1.06 e Malek [77], 2013
and 1.09 um, respectively. the sgr.face quality and rgmoval
EDM Hm, Tesp Y efficiency of the materials.
The fracture toughness and
bending strength were both 6.5 4 0.3 Mpa - m!/2 and It can perform precision micro- or mirror-EDM
ZrB,-SiC 695.5 & 13.3 MPa. The surface roughness as well as Han [78], 2013
parameters of Sa, Sz and Sq were 6.3617 um, 44.4468 um and complex structure machining.
7.8314 pm, respectively.
. The resistivity steadily rose from 0.3 to 3.5 Q).cm as the SiC It is necessary to clarify the
ZrBy-SiC c}(;ncentra};ion grew from 5 to 20%. precise ZrB,-SiC chhining I}rllechanism. Saha [81], 2014
The bending strength and The EDM performance of
ZrB,-SiC tantalum MRR were highest on the workpiece, with a SiC content ZrB2-5iC composites is Sivasankar [82], 2016
of 25% by volume. investigated.
The composition with 25 wt.% B4C has the
ZrB,-B4C The average Ra was between 126 and 5'064 um when the content highest ma}c)hining speed, a dense structure and Mandal [83], 2022
of B4C was 25 wt.%. . . . i
superior physical and mechanical qualities.
When the power density was 6.3 kW /cm?, the maximum back The developed coating can
ZrO, sol-gel composite coating surface temperature of the withstand continuous high- Yang [90], 2021
coating was only 150 °C. energy laser irradiation.
After surface treatment with 70 W laser on ceramics, about It offers a substitute for the
ZrB,-SiC . . ’ oxidation machine that occurs in Mahmod [91], 2015
8.3 £ 1.4 um thick uniform glass layer. . .
ceramic materials.
Laser Using the femtosecond las.er method, we sgccessfully Future reliability assessments of brittle structures
machining ZrB,, ZrB,-SiC and ZrB,-SiC-G manufactured UHTCMCs with controllable size (length of and the design of high-strength brittle materials Wang [92], 2020

ZI‘Bz—39 mol.% SiC

SiC and SiC-TiC-TiB,

5-500 um, depth of 1-51 um), shape (tip radius of 0.5-6 um) and
direction (angle 0-90°).

Using a 90 W laser, a dense crust with a thickness of more than

20 um was obtained on a surface area of 0.36 cm? in
less than 2 min.

SiC had an ablative threshold of 0.63 J/cm?, while SiC-TiC-TiB2
composite ceramic had a
threshold of 1.38 J/cm?.

will greatly benefit from this.

This work confirms the feasibility of laser surface
densification of porous ZrB,—-SiC pieces.

Determined by threshold flows and morphology.

Lonné [93], 2012

Singh [94], 2003
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Table 1. Cont.

Machining Methods Materials Findings Remarks Authors, Published Year
The radial and axial machining errors of the 400 pm electrode were less r;;zf;’zzﬂ;;i?ﬂiﬂgg_ of
ZrB,-SiC-G than 16 um and 17 um, respectively, and the machining efficiency was P micro-three-dimensional 8 Li [96], 2018
1.6 times higher than that when using a small electrode.
RUM structures.
The average Ra of TiB, /SiC
. . . composites was 3.7 to 5.90 um, in which the size of TiB particles was The machinability of SiC and TiB, /SiC was
SiC and TiB, /SiC 3 to 5 um, and the Ra of SiC workpiece materials ranges studied systematically. Ramulu [97], 2005
from 2.1 to 7.54 pm.
. . Demonstrated the potential of EBM for additive
ZrB,-30 vol% ZrSi, GR had a lower TNWSRZTM; Oiihvig;ololss, te}f}:rfcllzurﬁ V\;I;rel?nthe pulse off time manufacturing of UHTCMCs with complex Jia [98], 2021
a S, € 2 mg ’ geometry.
EBM The EBM system has been
The machining depth of 700 W sample was 192 + 20 um, 165 pm validated for use with commercial
ZrB; based UHTC and 139 & 21 pm. ultrahigh-temperature Pasagada [99], 2022
superconducting materials.
In the case of ceramic matrix composites, a sintering temperature of Th lities of sintered . it b
ZrB,-SiC 2000 °C and an applied pressure of 50 Mpa were used to result in ¢ quati 1e§3 s eéeB ceramuc clo fm posties may be Ghasali [100], 2018
appropriate densification. improved due to ZrB;’s natural fire resistance.
SPS When ZrB,-18.5 vol.% SiC

Multicomponent composite Adibpur [101], 2005

ZrB,-SiC-ZrC—C;

composites with 5 vol.% ZrC and 2.5 vol.% C; were enhanced, the
material had a relative density of 99.6%, a hardness of 18 GPa and a
bending strength of 565 MPa.

material sampling method is feasible.
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3. Carbide-Based UHTCMCs
3.1. Material Properties of Carbide-Based UHTCMCs

Ceramic matrix composites based on ZrC, HfC, TaC, TiC and other carbides make
up the majority of carbide-based UHTCMCs. These compounds have a higher melting
point than borides and do not change from a solid phase during heating. They maintain
high strength at high temperatures and exhibit good thermal shock resistance [104].
However, this type of carbide ceramic also has very low oxidation resistance and fracture
toughness. To overcome the brittleness of ceramics, fiber is usually used to strengthen
and toughen them [105,106].

Theoretically, carbide-based UHTCMCs have excellent high temperature resistance,
low density, high specific strength and modulus, oxidation resistance, ablative resis-
tance [6,107] and other properties. Carbide-based UHTCMCs have the potential to re-
place metal as a high-temperature structural material [1]. However, the high-temperature
mechanical properties and machining properties conferred on carbide-based UHTCMCs
in the current mass production machine are insufficient to meet all of the requirements
of aerospace structural parts in extreme environments or long-term use [108,109]. The
high-temperature mechanical properties of carbide-based UHTCMCs used in aircraft
structural parts are mainly reflected in toughness, high-temperature stability (high-
temperature oxidation resistance) and wear resistance. High-toughness is required to
withstand high impact, bending and tensile forces during high temperature and high
speed operation [110]. High-temperature stability is critical for long-term use in hot
environments [104]. In addition, many aircraft structures are subjected to high-speed
friction between air and other objects [111]. This requires better wear resistance. Equally
important machining properties are related to whether carbide-based UHTCMCs com-
ponents can achieve the high temperature mechanical properties, mass production and
durability required for aircraft [29].

3.2. Electrical Discharge Machining of Carbide-Based UHTCMCs

The study of the relationship between machine parameters and machining per-
formance is an important link to optimize the EDM technology of cemented carbide
UHTCMC s [112-114]. Gwon et al. [112] investigated the effect of capacitance and volt-
age on the conductive SiC-Ti;CN composite during micro-discharge drilling, as well as
the inlet clearance, machining time, short circuit number, MRR, count and other vari-
ables. According to the experimental findings, SiC-Ti;CN had a higher feed clearance at
2 um/s than it did at 1 pm/s. The secondary discharge accounted for the increased inlet
clearance of SiC-Ti;CN at a feed rate of 2 pm/s. There were essentially no short circuits
when the capacitance was 1500 pF or 2000 pF, and the feed rate was 1 pm/s. The EDM
performance of Al,O3/SiC,, /TiC ceramic composites was explored by Patel et al. [73]
and optimized by using the response surface method (RSM). The discharge current
was set to 3 A; the pulse width as 10 us; and the duty cycle as 0.88 to produce the best
machining performance. Ra was measured at 1.05 um under ideal machining conditions,
but when discharge current increased, Ra rapidly worsened and then gradually fell
after the peaking value. The established model could reliably predict surface roughness
within the 95% confidence interval. Al-SiC-B4C composites were cut using the EDM
process by Kumar et al. [115] to study the effects of different machining parameters on
the slit width and cutting speed during EDM. The statistical significance test was carried
out after the mathematical model, and the results were compatible with the findings of
the experiment. According to RSM, the ideal machining settings were as follows: 20 A
current, 108.6 ps pulse width, 10 mm/min wire feeding speed and 5.65% B4C content.
Metal carbide is vulnerable to electrical erosion, and the mechanism of electrical erosion
is not yet clear. The challenge for EDM in carbide-based UHTCMC:s is to adapt the
machine to make electrical corrosion more controllable.
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3.3. Laser Machining of Carbide-Based UHTCMCs

The numerical model analysis of laser machining carbide-based UHTCMCs can im-
prove the machining parameters more efficiently [116,117]. Xia [118] studied a nanosecond
pulsed laser-induced controlled oxidation-micro-milling coupling method to enhance the
micromachining performance of carbide-based UHTCMCs. According to Figure 4a,b, a
three-dimensional finite element model was built using the ABAQUS program. The effect
of laser machining parameters and auxiliary gases on the oxidation behavior of TiB,~TiC
ceramic composites was investigated, and the effect of laser parameters on temperature
field distribution was simulated. The outcomes demonstrated that a strong laser flux
would vaporize the oxide and cause the cast layer to develop. When the laser fluence was
10.78 J/cm? and the laser scanning speed was 1 mm/s, the irradiated surface had a better
oxidation effect, and the subsequent micro-milling machine had a better oxidation effect
and a higher MRR. Under the optimal laser parameters, the porous oxide layer was formed,
and the thickness of the oxide layer and the oxide layer reached 63 and 22 pm, respectively.
In addition, the hardness of the sublayer was much lower than that of the substrate.

AAA

Laser scanning direction

Cross-section thicknesses (um)

1 1 1 _l\
02 Air N2 Ar
Assisted gas atmosphere

(b)

Figure 4. Finite element simulation for laser machining carbide-based UHTCMCs. (a) Nanosecond
laser-induced controlled oxidation of TiB,—TiC ceramic composites for subsequent micro-milling;
(b) sectional thickness of the metamorphic layer in the auxiliary gas environment. Reprinted /adapted
with permission from Ref. [118]. Copyright 2022, Elsevier.

Al,O3-34 wt.% TiC ceramics, which are increasingly employed in high-precision parts
as head sliders, have been machined using laser micromachining by Oliveira et al. [119]. The
findings demonstrated a relationship between variations in surface morphology, roughness
and clearance rate. Additionally, under laser irradiation, solid solutions of TiC and Al,O3
were transformed into TiO,, TiCy7Ng3 and Al-Ti. On Si3N4/TiC ceramic surface by
Xing et al. [120], who created two types of regular micro-groove patterns with various
geometric properties using a Nd:YAG laser. Friction and wear tests were used to examine
the tribological properties of these textured ceramics with and without MoS, lubrication.
In all experiments, the friction coefficient of the textured ceramics was lower than that
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of the smooth ceramics. The wavy grooves among the examined patterns had the best
anti-friction effect, and MoS; lubrication could extend the wear life of the textured ceramics.
By using an oxygen-—acetylene torch and high-intensity laser irradiation, Feng et al. [121]
assessed the ablative characteristics of ZrC-SiC coatings. The coating had linear and mass
ablative rates of -0.37 um/s and —0.09 mg/s, respectively, and could shield carbon/carbon
composites from abrasion for 600 s under oxyacetylene conditions. As shown in Figure 5,
the original powder inevitably reacts with oxygen during the spraying machine, and
continuous ablation forms a white oxide layer on the entire surface of the sample. However,
no obvious defects appear until the ablation time is extended to 600 s, indicating that it has
good ablative resistance.

®) =

3 )
3 300 5 ablation
-’

>

- F—_—1 s W Raia

=

s

E

600 s ablation

A
mr(?. |

10 20 30 40 50 60 70 80 90
2 Theta (°)

Figure 5. Ablative properties of ZrC-SiC coatings. (a) Appearance and (b) XRD properties of coatings
ablated at various times. Reprinted /adapted with permission from Ref. [121]. Copyright 2022, Elsevier.

3.4. Ion Beam Machining of Carbide-Based UHTCMCs

Ion beam machining (IBM) can efficiently machine carbide-based UHTCMCs [122,123].
With an energy density greater than 10 J/ cm?, Uglov et al. [124] investigated the effects
of high-energy pulsed ion beam (HPIB) and compressed plasma flux (CPF) treatment on
the phase, element composition, microstructure, hardness and depth of the modified layer
of WC-TiC-CO cemented carbide. The findings demonstrate that the fusion of tungsten
carbide and titanium carbide particles to generate a tungsten saturated (W;_Tix)C solid
solution occurs as the energy density increases in short pulse HPIB. The shock wave
produced by the high-power pulse leads to the creation of many cracks in the carbide
particles inside and below the melting layer. The melt layer formed through convective
mixing of the melt components when the CPF pulse length of 13 to 40 ] /cm? was prolonged
(up to 100 ps) and the thickness of the melt layer was 8 to 10 pm (40 J/ cm?). Two times as
hard as untreated cemented carbide, the surface containing a saturated (W1—xTix)C solid
solution had a thickness of several microns. Wolfe et al. [125] used ion beam assisted and
electron beam physical vapor deposition to fabricate multilayered TiB, /TiC coatings with
varying total layers (2-20) on WC—6 wt.% Co and 0.3 wt.% TaC substrates. As shown in
Figure 6a, the results indicated that the average Vickers hardness value increased as the
number of layers increased. In addition, the adhesion of the multilayer film with a thickness
of 4 uym was higher than 50 N. Wang et al. [126] used an ion beam assisted deposition
system to prepare nanoscale TiC/Mo multilayers with a modulated wavelength range
from 2.5 to 13.7 nm at a temperature close to ambient. Using nanoindentation method,
the multilayer’s hardness and elastic modulus were investigated. The findings indicated
that the multilayer hardness was greater than the regular mixing value and the maximum
hardness, which was almost twice the regular mixing value at 21.40 GPa at = 2.5 nm, as
shown in Figure 6b,c. Multilayers also confirmed a dependence on the arrangement of
individual layer thicknesses. Multilayers were harder than their hard components after
taking individual thickness characteristics (TiC) into account.
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Figure 6. Ion beam machining of carbide-based UHTCMCs. (a) Measured stress (MPa) as a function
of average fracture toughness (MPa-m!/2) for the 14 um thick TiB, / TiC multilayer coatings deposited
on WC-6wt.%Co-0.3wt.%TaC by argon ion beam assisted. Reprinted/adapted with permission
from Ref. [125]. Copyright 2003, Elsevier. (b) relative hardness and (c) elastic modulus of TiC/Mo
multilayered films as a function of bilayer thickness. Reprinted/adapted with permission from
Ref. [126]. Copyright 2000, Elsevier.

3.5. Others

In addition to the several nontraditional machining methods mentioned above, other
nontraditional machining methods (such as electron beam machining and water jet machining)
are used to machine carbide-based UHTCMCs. Gao et al. [127] used electron beam melting
to fabricate a consistent TiAl matrix structure of dispersed carbides by using a semi-melting
stage in the fabrication of TiC/high-Nb-TiAl nanocomposites. Most TiC nanoparticles dis-
solved during the EBM melting machine, and Ti, AIC was almost spherical, rod-like particles.
Carbides had an impact on the TiAl matrix’s microstructure deterioration and solidification
behavior. Oh et al. [128] investigated the link between the microstructure of (TiC, SiC) yTi-
6Al1-4V surface composites exposed to high-energy electron beams and their hardness and
fracture toughness. On a Ti-6Al—4V substrate, a mixture of TiC, SiC or TiC-SiC powder and
CaF; flux was added. Using an electron beam accelerator, these mixtures were then exposed
to an electron beam. Martensite matrix contained a significant number of precipitates (up to
66 vol.%), including TiC and Ti-Si, and formed a surface composite layer that was 1.2-2.1 mm
thick. Hard ceramics could be effectively cut and formed using abrasive water jet machin-
ing. Al/TiC composites were subjected to abrasive water jet machining by Kiran et al. [129]
in order to investigate the impact of various parameters on material removal and surface
roughness. The outcomes demonstrated that the MRR and surface roughness were ideal at
2.024 mm?3/min and 2.832 um, respectively; when the distance was 9 mm, the moving speed
was 165 mm/min, and the TiC was 0.9 wt.%.

3.6. Summary

The classification and properties of carbide-based UHTCMCs were described, and
various nontraditional machining methods applied to carbide-based UHTCMCs were
reviewed, including EDM, laser machining, ion beam machining and other nontraditional
machining methods. The machining effect and application of carbide-based UHTCMCs
are nontraditional machining shown in Table 2. Because the ceramic matrix of carbide-
based UHTCMCs has poor conductivity, the efficiency of electric discharge machining
is low. Electrode vibration and deep washing can improve the performance of EDM to
a certain extent. The EDM method for machining carbide-based UHTCMCs—such as
removal mechanism, molding and machine parameter optimization—still needs to be
further studied. The laser machining method can significantly reduce the formation of
the oxide layer, and water jet-assisted laser machining can obtain a higher surface quality;
however, its cost is high; its precision control is poor; and its machining methods need to
be further studied. In addition, it is necessary to further study the machining mechanism
by establishing analytical or numerical models [130-132].
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Table 2. Summary of nontraditional machining of carbide-based UHTCMCs.

Machining Methods Materials Findings Remarks Authors, Published Year
The MRR of SIC-Ti; CN and S3US3O4 Study on micro-EDM properties of
SiC_Ti converged to about 44,000 pm? /s and .
iC-Ti,CN 23,700 1tm? /s, respectively, when the novel conductive Gwon [112], 2018

S s Tesp ¥, wh SiC-Ti,CN composite.
unit discharge energy was high.

Following were the ideal machining This technique is useful for

EDM Z1B,-SiC—graphite parameters: discharged current of 3 A, figuring out the best parameter

ZrB,-SiC and NbB,-SiC

pulse time of 10 us and cycle
period of 0.88.

The optimum machining conditions
were as follows: the current of 20 A,
pulse switching time of 108.6 us, wire
feeding speed of 10 mm/min, and B4C
content in the composite of 5.65%.

settings for EDM Patel [73], 2009

ceramic composites.

Machinability prediction model Kumar [115], 2022

Laser machining

Under a laser flux of 10.78 J/cm? and a
scanning speed of 1 mm/s, the
hardness of the sublayer was
9.6 & 0.7 GPa, which was far lower
than the hardness of 20 £ 0.7 GPa.
The limit roughness increases from 0.12
to 0.65 mm as the flux increases from 2
to 8]/cm?.

The friction coefficient was stable at

TiB,-TiC

Al,O3-34 wt.% TiC

It offers a theoretical foundation

for the upcoming fine milling. Xia [118], 2022

Laser micromachining Al,O3-34
wt.%TiC ceramics is proven
to be feasible.

On SizNy ceramics, the use of

Oliveira [119], 1998

SizNy/TiC 0.6-0.7 for smooth surfaces and 0.4-0.6 laser surface texturing Xing [120], 2013
for textured surfaces. is discussed.

The linear and mass ablation rates of Seal lution of multilaver
ZrC-SiC the coating were —0.37 um/s ca'e evolution of muitiaye Feng [121], 2022

. coatings is discussed in depth.

and —0.09 mg/s, respectively.
HPT and CPF are successfully used

WCTiC—Co The CPF pulse lasted longer when the to improve the mechanical Uglov [124], 2010

energy density was 13~40 J/cm?.

properties and wear resistance of
WcTiC-Co.
The effect of the total number of

IBM . ) ' ) X . .
WC—-6wt.%Co The adhesion of a 4 um multilayer film TiB cqatmgs on 1.ts propgrtles is Wolfe [125], 2003
exceeded 50 nm. discussed using various
characterization methods.
. The highest hardness, 21.40 GPa, was The possible mechanism of
TiC/Mo discovered at A = 2.5 nm. hardening is discussed. Wang [126], 2000
The microhardness of the material was . e
433 4+ 10HV), the ultimate tensile The bihavmrn(;fr;?lidlftl:atio? and
TiC/high Nb-TiAl strength was 657 + 155 MPa and the ;“ Seguﬁ c ."Sﬂ uctu 3 Gao [127], 2021
fracture toughness was cgra %lon a:e in uence
EBM 8.1 4 0.1 MPa/m. Y particles.
The thickness of the surface composite ftis g);f;?;iiﬁg Zglrg’;izitgﬁgasm
(TiC, SiC)/ Ti-6Al-4V layer was basically uniform application of Oh [128], 2004
at1.2~2.1 mm. PP .
composite materials.
The MRR and surface roughness were Study on water jet machinin
AWM Al/TiC 2.024 mm®/min and 2.832 pum, - er{ies of Al /JTiC — Ositgs Kiran [129], 2020
respectively. prop P .

4. Nitride-Based UHTCMCs

4.1. Material Properties of Nitride-Based UHTCMCs

The matrix of nitride-based UHTCMCs is primarily composed of nitrogen and excess

metals (such as titanium, vanadium, niobium, zirconium, tantalum and hafnium), as
well as nitride ceramics with aluminum and oxygen in solid solution in silicon nitride
while retaining the structure of silicon nitride [133], e.g., ceramics made of silicon nitride,
aluminum nitride, boron nitride, etc.

Today, nitride-based UHTCMCs can be seen as a class of materials comparable to
steel. Therefore, nitride-based UHTCMCs are prime candidates for a variety of high-
temperature applications, such as rotor and stator blades for advanced gas turbines, valves
and CAM roller followers for gasoline and diesel engines [134]. On the other hand, the most
significant milestone was the use of silicon nitride UHTCMCs as a thermal node component
produced by AlliedSignal for aircraft and industrial auxiliary turbine power units, as well
as various components used in aircraft turbine engines [135], and as a valve for automotive
diesel engines selected by Daimler-Benz. Because of this, producing complex shapes using
conventional machining methods is very challenging and expensive, and it can result in
cracks on the machined surface [29,136].
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4.2. Electrical Discharge Machining of Nitride-Based UHTCMCs

Nitride-based UHTCMCs have been verified to be capable of machining with
EDM [137,138]. Using the Taguchi L25 orthogonal test, Selvarajan et al. [139] inves-
tigated the EDM characteristics of Si3N4—TiN intermetallic compounds and ceramic
composites. The machine parameters, including current, pulse opening and closing
times, spark gap voltage and dielectric pressure, were optimized by taking into account
the measured response. Gray correlation analysis was used to calculate the ideal per-
formance characteristics. The measurements were as follows: spark gap voltage = 40 V;
dielectric pressure = 18 kg/cm?; current = 7 A; pulse off time = 9 ps; and pulse on
time =7 pus. ATZ (ZrO,Al,03) and SizN4-TiN are two different ceramic composites
whose ablative behavior was examined by Schubert et al. [140]. Experiments were con-
ducted to evaluate the highest aspect ratio of the micro-hole that could be produced,
the surface quality that resulted and the viability of machining intricate 3D structures
by EDM. The findings demonstrated that in order to get a high MRR, a certain set of
parameters must be established because the material properties of ceramic composites
are strongly dependent on their mixing ratio. As a result, the ideal parameter range
for oxide ceramics, such as ATZ, was found to be between 40 and 60 uJ, whereas for
non-oxide ceramics, such as Si3N4—TiN, the ideal parameter range was between 100
and 110 pJ, as shown in Figure 7. Si3N4—TiN exhibits unique ablative behavior, with
an MRR of 200% compared to ATZ, as a result of the breakdown of SizN4—TiN at high
temperatures in the discharge zone. In their investigation of the impact of micro-EDM
milling performance on Si3Ny-TiN workpieces, Marrocco et al. [141] examined MRR
and TWR in relation to discharge pulse types to assess how various pulse forms affected
the performance indices of such micro-EDM. Analysis revealed that MRR was solely
responsive to normal pulses for the set of machine parameters taken into account, with
other pulse types having no discernible impact. However, the presence of arcing and
delayed pulses resulted in an unanticipated improvement in tool wear, whereas the
TWR was adversely affected by regular pulses. The surface of the SizN4—TiN micro-EDM
was examined using SEM and EDS, and it was discovered that there were resolidified
droplets and microcracks, which altered the chemical composition and surface quality of
the ensuing micro-machining features. Bucciotti et al. [142] investigated and assessed
the EDM machining method while researching the microstructure, mechanical character-
istics and toxicological characteristics of Si3N4—TiN ceramic composites. Si3N4—TiN’s
mechanical and microstructural characteristics demonstrated that it had the potential to
function as a biomaterial that could replace load-bearing prostheses. The development
of Si3sN4-TiN as a biomaterial and the use of EDM to create devices with a near-net shape
were thus encouraged.

20 Si3N4-TiN

Figure 7. Surface quality analysis and electron microscopy of ATZ and Si3N4—TiN before and after
machining. Reprinted /adapted with permission from Ref. [140]. Copyright 2016, Elsevier.
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4.3. Laser Machining of Nitride-Based UHTCMCs

In recent years, lasers have been widely used in nitride-based UHTCMCs ma-
chining [143-146]. TiN/Si3sNs was machined using a Nd:YAG laser by Campbell and
Islam [147], who also examined the rate of material removal, the surface roughness and
the likelihood of microcracks. The findings demonstrated that TiN/Si3sN4 had a MRR as
high as 110 mm3/min. The surface roughness was impacted by the pulse energy. The
lower the energy, the smoother the surface. In the range between 0.8 and 1.0 J/pulse, the
average surface roughness was 0.81 pm. The effectiveness of material removal was unaf-
fected by plasma production, even when the overlapped pulse frequency was as high
as 75%. On ceramic composites made of SizNy and TiC, Vlasova et al. [148] performed
laser ablation research. The findings demonstrated that SizN4/TiC would break down
when exposed to laser light, and these compounds would also split into Si, Ti and N5.
The byproducts of laser-induced ablation was deposited as composite glass (amorphous)
sheets after being oxidized to SiO, and TiO, as they traveled through the atmosphere
containing O, + Nj. TiSiy, which participated in the ablation machine and absorbed
Ti, Al and Y atoms/oxides in the film, was partially formed by the Y,0O3; and Al,O3
impurities in the laser ablation ceramics. In order to create a sequence of linear parallel
micro-grooves on the surface of the samples, Tshabalala et al. [144] treated Si3N4—SiC
composite samples using a nanosecond Nd:YAG laser system under various laser energy
(0.1~0.6 m]) and lateral pulse overlap (50%~88%). The findings demonstrated that when
pulse energy and transverse overlap increased, material removal increased logarithmi-
cally. The ideal surface texture was attained at a combination of 0.3 mJ (2.38 x 105 J/m?)
and 50% pulse energy, and transverse pulse overlap, as illustrated in Figure 8. The
material removal threshold was set at 0.1 mJ (0.78 x 105 J/m?).
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Figure 8. Three-dimensional surface topography image by confocal laser scanning microscope.
Reprinted /adapted with permission from Ref. [144]. Copyright 2016, Elsevier.
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In order to create a high-quality microchannel bionic texture on a Si3sN4/TiC ceramic
surface, Xing et al. [149] investigated the effects of nanosecond laser machine parameters
with a wavelength of 1064 nm on the surface quality and geometry of microchannels. The
findings demonstrated that the laser machine settings had a significant impact on the
microchannel’s surface morphology and geometry. Larger channel depth and width were
often produced by increased laser power, slower scanning speeds, higher frequencies and
higher sweep frequencies due to more energy accumulation. For microchannel machining,
laser machine parameters of 10 W of power, 20 kHz of frequency and 50 mm/s of scanning
speed were ideal. Xing et al. [150] used a femtosecond pulsed laser with a pulse width
of 120 fs, a wavelength of 800 nm and a repetition frequency of 1000 Hz to create several
parallel nanoscale grooves on the surface of SisNy /TiC ceramics. The ideal values were
2.5 pJ pulse energy, 130 um/s of speed and a single-pass. Increases in pulse energy and
decreases in scanning speed result in deeper grooves. Surface roughness rose as pulse
energy, scanning speed and scanning times increased.

4.4. Ion Beam Machining of Nitride-Based UHTCMCs

Using a dual ion beam technique, Colligon et al. [151] produced hard nanocomposite
TiN/SizNy coatings on Si. An analysis of the coating’s cross-section, using high-resolution
transmission electron microscopy, revealed that the ion-assisted microstructure transforms
from an unaided columnar structure to the presence of tiny crystals in the amorphous
seepage network. When ion-assisted energy was increased for Si substrates that were
not heated, microhardness values rose from 24 to 29 GPa, whereas for substrates that
were deposited at 400 °C, microhardness values were 7 to 8 GPa or higher. The coatings’
microhardness values remained unchanged even after annealing at 1000 °C, demonstrating
their remarkable thermal stability. Direct ion lithography and a Ga-focused ion beam
were utilized by Mitrofanov et al. [152] to illustrate the feasibility of creating a submicron
window in the Si3sN4/GaN shield. The Si3sN; mask after Ga-focused ion beam etching had
good quality and no imperfections according to a substrate surface analysis. SEM pictures
showing the creation of fringed surfaces provided further evidence of the selective growth
materials” high crystal quality.

4.5. Summary

In this section, nitride-based UHTCMCs are introduced in terms of composition,
properties and limitations of traditional machining. A variety of nontraditional machining
methods for nitride-based UHTCMCs, including EDM, laser machining and ion beam
machining, are summarized. The optimization of electrical parameters in EDM can improve
the machining quality, and the optimization of laser machine parameters can obtain the
best surface texture of nitride-based UHTCMCs microchannels. The machining effects and
applications of nontraditional machining of nitride-based UHTCMCs are shown in Table 3.
In comparison to boride- and carbide-based UHTCMCs, relatively little research has been
conducted on nontraditional machining of nitride-based UHTCMCs.



Coatings 2023, 13, 187

19 of 27

Table 3. Machining performance of nitride-based UHTCMCs.

Machining . . 1. Authors,
Methods Materials Findings Remarks Published Year
The best performance parameters resulted in a
SisN,~TiN current of' 7Aa pulse opening time of 7 us, a ) This method can efffectively ) Selvarajan [139], 2016
pulse closing time of 9 s, a dielectric pressure improve the spark corrosion machine.
of 18 kg/cm? and a spark gap voltage of 40 V.
The range of the optimization parameter set was It encouraged using Si-N,—TiN in
ATZand SisN4-TiN  found to be between 40 and 60 pJ for ATZ and B e Schuber [140], 2016
EDM between 100 and 110 pJ for SisN4-TiN. )
The surface roughness Ra measured after Evaluation of the effect of
. . micro-EDM was between 0.77 and 0.98 um, and vajuation of the efiect o ,
Si3Ny-TiN L . discharge pulse shape on Marrocco [141], 2020
the initial roughness Ra of the workpiece was .
micro-EDM performance
between 0.16 and 0.30 pm.
. . The Ra value of the material was 1.40 &+ 0.15 um Encourages further research on et
SisNy-TiN on the flat surface and the machined surface. Si3N4—TiN as a biomaterial. Bucciotti [142], 2010
. . Between 0.8 and 1.0 J/pulse, the surface Verifying the feasibility of laser .
TiN/SisNy roughness was 0.81 um on average. machining TiN/SizNy. Campbell [147], 1995
To open up new opportunities for
The SiO; halo was first formed during the modifying surface
SizNy /TiC ablation machine at E~ 5]. AtE ~ 10], a halo characteristics and producing Vlasova [148], 2020
that could be attributed to Ti appeared. nanomaterials for a number of
Laser technical fields.
L . . Material removal threshold was set at 0.1 mJ Exploring the material response during "
machining Si3Ny-SiC (0.78 x 105 ] /m?). PLM surface texturing. Tshabalala [144], 2016
The optimized laser machining parameters were
. - as follows: laser power of 10 W, frequency The effect of laser parameters on . o
SisNa/TiC of 20 kHz, scanning speed of 50 mm/s and microchannels is studied. Xing [149], 2021
one overscan.
The ideal parameters were a 2.5 uJ pulse ener The use of a femtosecond pulsed laser
SizNy /TiC p D P &Y' in the surface nanobraiding of ceramics Xing [150], 2014
a scan speed of 130 um/s and a single-pass scan. . . .
based on Si3Ny is very important.
) . The microhardness values for the substrate that These coatings are highly .
TiN/SisNy was deposited at 400 °C were 7-8 GPa or higher. thermally stable. Colligon [151], 2005
IBM After FIB etching, the etching depth of the The Obtalt?lid if)stﬁts Ciin 1():;. used for
Si3Ny/GaN material was 67 nm, and the average Ra was P YPIng Mitrofanov [152], 2017
submicron photonic and
0.53 nm. .
electronic structures.
5. Discussions
UHTCMC:s are widely used in aerospace, automobiles, manufacturing and other fields
due to their high wear resistance, corrosion resistance and low density. However, the perfor-
mance of UHTCMCs can be negatively impacted by material surface and subsurface degra-
dation, such as microcracks, during machining. Ceramic engineering enhances the method
for machining materials but degrades their mechanical qualities. Traditional machining of
UHTCMCs has drawbacks such as significant tool wear and inevitable machining flaws. Most
research focuses on the removal mechanism of UHTCMC s, parameter optimization and tool
selection. To reduce machining defects, the traditional machining methods for UHTCMCs need
to be further optimized. This includes developing new tool structures and optimizing machine
parameters. Table 4 shows a relative comparison of different machining methods [30].
Table 4. Relative comparison between different nontraditional methods. Reprinted /adapted with
permission from Ref. [30]. Copyright 2020, Elsevier.
Parameter Influencing Economy
Machining . .
. Capital Toolings/ Power Removal Roughness .
Machine Investment Fixtures Requirements Efficiency of Surface Tool Wear Ratio
Flectrical discharge Medium High Low High Medium High
machining
Laser machining Medium Low Very low Very high Medium Very low
Ultra§qn1c Low Low Low High Very Low Medium
machining
Electroche_mlcal Very high Medium Medium Low Low Very low
machining
Plasma arc .
machining Very low Low Very low Very low Very high Very low
Chen"ugal Medium Low High Medium Low Very low
machining
Conventional Low Low Low Very low Very Low Low

machining
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(1) Figure 9 compares the machining efficiency, machining accuracy, machining cost
and environmental impact of different nontraditional machining methods of UHTCMCs.
Compared with other machining methods, the EDM machine is a green machining method
with less pollution and a low cost. It has the potential to prepare surfaces with excellent
antifouling properties [153]. EDM is frequently used to machine UHTCMCs because it is not
constrained by the workpiece’s hardness, tensile strength, toughness or other mechanical
qualities [154]. At the same time, the EDM of UHTCMCs has a high material removal
rate. For example, Si3Ny—TiN exhibits a unique ablation behavior during EDM, and the
MRR is 200% compared with ATZ [140]. However, selecting an auxiliary electrode that is
appropriate for a specific industrial application for a variety of UHTC-EDM machining
is complicated and difficult because many different factors must be considered, such as
the properties of the ceramic material, the size and formation of acoustic emissions, the
machining performance indices and many others. This requires extensive numerical and
experimental studies on establishing a machine database of different UHTCMCs [155].

A
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= = machining
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=
)
<
—
P
B Plasma
) arc Nanosecond
- machining laser
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Machining efficiency

Figure 9. Machining efficiency, precision, cost and environmental impact of different nontraditional
machining methods of UHTCMCs. (The radius of the circle indicates the machining cost; the
larger the radius, the higher the cost. The color of the circle indicates the environmental impact of
manufacturing, while green, yellow and red indicate small, medium and large impacts).

(2) Although laser machining does not have the problems of tool wear, delamination
and burr defects during machining and has high machining efficiency, there are heat-
affected zones and ablated oxide layers on the surface of UHTCMCs after machining.
The area of the heat-affected zone and the thickness of the ablated oxide layer can be
decreased using the ultrashort pulse (such as femtosecond laser) method, optimized
laser settings and the addition of protective gas. For example, Mahmod [91] performed
laser machining on UHTCMC s after optimizing laser settings with a femtosecond laser.
A better laser surface treatment was achieved, and the thickness of the ablative oxide
layer was reduced to 8.3 um, about 60% of that before optimization. The laser machining
method of UHTCMCs still needs to be based on numerical simulation software. The
removal mechanism of ultrahigh-temperature ceramic matrix composites was thoroughly
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investigated using laser ablation experiments, and new technological measures were
proposed to reduce the area of the heat-affected zone and the thickness of the ablation
oxide layer.

(3) In comparison to traditional machining, ultrasonic vibration-assisted machining
minimizes tool wear and, to a certain extent, suppresses delamination and burr flaws. At
the same time, ultrasonic machining has a better machining effect on UHTCMCs. The Ra
of TiB, /SiC is about 35% lower than that of SiC, and the Rz is about 13% lower than that of
SiC [97]. Although ultrasonic vibration-assisted machining increases the precision of the
machining, machining flaws cannot be entirely avoided, and the price of a complete set of
ultrasonic vibration—assisted machining equipment makes it impractical to use on a large
scale in actual production. At the same time, in order to improve the machining quality of
UHTCMCGs, it is also necessary to further investigate the coupling mechanism between the
ultrasonic vibration tool and the material, the mechanism via which the material is removed
when vibrated, the development of new ultrasonic vibration equipment, the optimization
of the machine, etc.

(4) Lastly, although research on machining UHTCMCs using other nontraditional
machining methods (ion beam, electron beam, water jet, etc.) or hybrid machining methods
has been carried out; overall, the machining methods need to be improved. The influence of
different machine parameters and types of different UHTCMCs should be considered in the
experimental machining, and the possibility of efficient, precise, stable and non-destructive
machining should also be explored.

6. Conclusions

This review summarized the current state of research and development potential
for nontraditional machining methods in the machining of UHTCMCs, in addition to
highlighting machining problems and defects. Some prospects that can be considered for
nontraditional machining of UHTCMCs are described below:

1.  Nontraditional machining methods need a series of technical innovations to meet the
requirements of UHTCMCs machining. In addition, it is necessary to establish an
analytical or numerical model to understand the cutting mechanics, in addition to
further preliminary studies in the basic areas of the removal mechanism of UHTCMCs.

2. The study of how various UHTCMCs material removal processes affect their mechani-
cal properties (i.e., fatigue, creep and degradation) is of great interest to the aerospace
and nuclear sectors.

3. The development of machining methods suitable for UHTCMCs is still in its early
stages. For example, some researchers use diamond abrasive cutting technology to
machine UHTCMCs, but the machining time is long and the tool wear is too large,
increasing the machining cost by 60%-90% [156]. Researchers in the machining field
need to work with materials scientists to explore more efficient and reliable methods
of machining UHTCMCs.

4. Due to the specificity of nontraditional machining, some machining techniques have
a negative impact on the environment. In the future, the large-scale machining and
manufacturing of UHTCMCs should not only consider the machining efficiency and
machining cost but should also consider the impact on the environment.
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