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Abstract

Ceramic Matrix Composites (CMCs) are currently an increasing material choice for several
high value and safety-critical components, fact that has recently originated the need of
understanding the effect of several machining processes. Due to the complex nature of
CMCs - i.e. heterogeneous structure, anisotropic thermal and mechanical behaviour and
generally the hard nature of at least one of the constituents (e.g. fibre or matrix) -
machining become extremely challenging as the process can yield high mechanical and
thermal loads. Furthermore, the orthotropic, brittle and heterogeneous nature of CMCs
result in different material removal mechanisms which lead to unique surface defects.
Hence, this review paper attempts to provide an informative literature survey of the
research done in the field of conventional and non-conventional machining of CMCs with
a main focus on critically evaluate how different machining techniques affect the machined
surfaces. This is achieved by exploring and recollecting the different material
characterisation techniques currently used to observe and quantify the mechanical and
thermal surface and subsurface damages and highlight their governing removal
mechanisms.
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1. Introduction

Composite structures have got the attention of several industrial applications due to the
possibility of improving the strength-to-weight ratio when compared to non-reinforced
materials. Depending on the material forming the matrix, composites are commonly
classified in PMCs (Polymer Matrix Composites), MMCs (Metal Matrix Composites) and
CMCs (Ceramic Matrix Composites) [1]. Figure 1 shows these three main composite groups
stating their most common reinforcement architecture (i.e. particulate or fibre
reinforcements) and the materials often employed.

Composite materials

Polymer Matrix Composites
(PMCs)
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Main architecture: fibre composite
Materials used:

Fibres: Carbon, Glass

Matrix: Epoxy, Polyester, Phenolic

Metal Matrix Composites
(MMCs)
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Main architecture: particulate composite
Materials used:

Particles: SiC

Matrix: Aluminium, Titanium, Magnesium

Ceramic Matrix Composites
(CMCs)

Main architecture: fibre composite
Materials used:
Fibres: SiC, Carbon, SiO,, Al,05
Matrix: SiC, Carbon, ZrB,, HfB,, Al,O;

Figure 1 Classification of the composite materials depending on the nature of the matrix
showing for each of them the main reinforcing architectures and materials used.

Concerning the field of machining composites, a large amount of research has been
depleted and recollected in several reviews [2]-[4]. Nevertheless, these surveys only
reported on the machinability of PMCs and MMCs. In the specific field of reinforced
ceramics, a review was written focusing on the manufacturability and machining of
particulate ceramics [5]. Therefore, as the field of long fibre reinforced CMCs has not been
in-depth studied and because of the recent growth in demand of these material for high
temperature structural applications (e.g. aerospace, automotive and nuclear industries
[6]-[8]) it is believed that reporting about the current understanding in machining CMCs
is of major scientific relevance. Furthermore, the effect that different machining processes
induce to the surface integrity and the corresponding evaluations techniques needed to
characterise these damages are not discussed either in the aforementioned reviews.
Hence, as the machined surface is definitely a crucial aspect in structural components such
as the ones that CMCs are be designed for, this review aims at collecting and critically
analysing the different results achieved so far in the literature in reference to the surface
integrity.

CMCs are considered challenging to be machined due to their unique nature. Hence, with
the aim of providing a physical explanation of why they are considered the most difficult
to machine composites, the main material-related properties affecting the machining
process have explained and compared in a graph:

e Hardness (Hv): It can be related to the local resistance that a tool finds to indent
or deform a material. Consequently, hard materials produce elevated mechanical
and thermal cutting loads which result in a detrimental effect to the machined
surface. In CMCs, considerably harder materials (compared to other composites
such as PMCs or MMCs) are commonly used as a reinforcement (e.g. SiC fibres,
Al203) and matrix (e.g. SiC, Al203), as represented in the blue axis in Figure 2.
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e Fracture toughness (Kic): Represents the amount of energy needed to fracture a
material. Hence, lower values of fractures toughness will be characteristic of
materials tending to suffer a brittle removal mechanism. However, to compare the
significance of these values in a cutting scenario among different materials, the
hardness (as an indicator of the machining forces presented by the material) and
fracture toughness (as an indicator of the tendency of the material of being
removed in a brittle manner) should be used together. Hence, the green axis in
Figure 2 represents the ratio Hv/Kic for which large values translate to a greater
tendency of occurring brittle fracture during cutting.

Therefore, it can be observed in Figure 2 that composites containing SiC and Al203 (closely
followed by the silica glass) should be considered the most difficult to machine materials
as they will yield higher cutting forces (caused by higher hardness) and will be more prone
to suffer brittle fracture during the cutting process (caused by higher values of Hy/Kicratio).
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Figure 2 Approximate values from [9] of (a) Hv (in blue) and (b) Hv/Kic (in green) for the
different materials used in the manufacturing of composite structures such as PMCs,
MMCs or CMCs (red band defining “difficult to machine” has been arbitrarily drawn just
to highlight the materials with higher values).

Hence, it can be concluded that among all the composites, CMCs containing SiC and/or
Al203 will display the highest machining forces and might tend to suffer a brittle removal
mechanism. This combination is critical for the surface generation, especially when
considering aerospace and nuclear applications, where small cracks can lead to a
catastrophic failure. Hence, due to the challenges that these materials present for
machining, in this review not only mechanical and conventional machining processes will
be considered but also non-conventional ones such as laser ablation, abrasive waterjet
and electrical discharge machining.



2. Material definition

Engineered monolithic ceramics have been the material choice for several applications
(e.g. mirrors in space telescopes, furnaces) due to their high hardness, stiffness and
chemical resistance at high temperatures. Nevertheless, their brittle nature (especially the
low fracture toughness) has prevented their implementation in critical structural
applications. As ceramics composites reinforced with long fibres (CMCs) are designed with
engineered interfaces between the fibres and the matrix, a controlled bridging mechanism
of the cracks is achieved, resulting in an improved fracture toughness and hence, more
promising mechanical properties [10] for structural applications such as in aero-engines
or nuclear reactors. Figure 3 shows a summary table including the main types of CMCs
(based on their matrix material) together with some examples of industrial applications.

[ Silicon Carbide h

. . . T ~
matrix composites Reinforcements: Applications:
Key points : q
Used in high thermo-
structural applications
with long time
exposures. g A
Rocket nozzle Aeroengine vane
\ Di Carlo, 2015 Spriet, 2015 )
Carbon ) N
matrix composites Reinforcements: Applications:
Key points ‘

Used in frictional
applications and short
high temperature

applications.
21 Break discs Ventilators gas
\_ Hatta et al., 2015 Krenkel et Thebault, 2015 Hatta et al., 2015 )
Oxide h .
matrix composites J Reinforcements: Applications:
Key points ! o K

Used in applications
where superior
thermal stability is

needed. : : :
[P SR ) FYe K Mixer noozle Acoustic noozle
L Keller et al., 2015 10um Keller et al., 2015 Keller et al., 2015 )
ZrB, or HfB, | .
matrix composites J Reinforcements: Applications:
Key points S8 BRLYPY 7B matrix

Used in applications W e e SiC fibres
where ultrahigh
temperature is

needed (>2000°C)

Kagawa et al., 2015 Kagawa et al., 2015
Nozzle

Rentry nose
\ Johnson, 2015 Savino et al., 2015 /

Figure 3 Summary of the main CMCs matrices with typical reinforcements and the most
popular industrial applications [6], [7], [11]-[17].

4



CMCs are classified depending on the nature of the ceramic matrix: oxide (e.g. Al203, SiO2
or 2Al203Si02) or non-oxide (e.g. SiC, C, BN, ZrB2 or HfB2). Non-oxide CMCs are currently
the most used materials due to their mechanical robustness at high temperature,
especially SiC-based CMCs which is a trendy material choice for extreme applications such
as aero-engines [18]. The most common non-oxide CMCs are SiC/SiC, C/SiC, C/C or
SiC/ZrB> and are treated in this review. Oxide-oxide CMCs are used due to their improved
oxidation and degradation resistance in combustion environments [19] and are also
covered in this review even if little amount of literature is available at the moment.

For both types of CMCs, similar ceramic phases (e.g. SiC/SiC or Al203/Al203) are commonly
used in the same structure in order to reduce the amount of residual stresses that can be
generated during the manufacturing process. Several authors have studied how the
processing temperature and the Coefficient of Thermal Expansion (CTE) mismatch affects
the residual stresses between fibres and matrix by using Raman Spectroscopy, XRD or
micro-hardness tests [9, 10, 11]. Depending on this CTE mismatch and the processing
temperature, high levels of tensile or compressive residuals stresses were found in the
CMC structures, condition that could affect or be affected by the machining process.
Moreover, for the majority of CMCs, machining is challenging due to their very unique
nature characterised by:

¢ High hardness

e Brittle or semi-brittle behaviour

e Orthotropic mechanical and thermal behaviour

e Highly heterogeneous structure (fibres, matrix and porosities)

2.1. Surface integrity

Surface integrity in a machining context is a measure of the effect that a material removal
process has on the surface of a component, characterising the material-related changes
(i.e. damages) that are formed [23]. Surface integrity has been an important research
field when machining high performance metals such as Nickel and Titanium based alloys
[24]. In general, three main aspects are studied when analysing the surface integrity:

e Surface topography: includes the characterisation of surface morphology such as
roughness and waviness. In general, average values for the entire surface (e.g.
average roughness, Ra) are used for quantitative comparisons as direct relationship
with the fatigue performance have been reported in the literature.

e Surface metallurgy: includes the metallurgic alterations of the surface and
subsurface. In general, electron microscope techniques (i.e. SEM and TEM) coupled
with Electron Bark Scattered Diffraction (EBSD) and X-ray Diffraction (XRD) are
used to observe the crystal structure after machining and quantify the strains
induced to the subsurface. In hard metallic alloys, a machining-induced
recrystallization layer is formed in these materials and its thickness is commonly
used as a quality control parameter.

e Mechanical characteristics: changes in hardness and residual stresses due to the
machining induced deformation are quantified generally by micro indentation and
XRD respectively. Commonly, a profile in depth of these two properties is provided
to understand the subsurface mechanical alterations.

Nevertheless, due to the different and unique nature of CMCs, the material removal
mechanism is completely different to metallic materials and consequently its surface
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integrity. Moreover, the fact of dealing with heterogeneous ceramic materials with smaller
grain sizes, amorphous components and several interfaces, obliges to explore new
methods of characterisation, as the conventional ones (i.e. XRD) might not be appropriate
for measurements such as residual stresses. For this reason, this review paper focuses on
reporting the surface integrity presented by CMCs when machining with conventional (i.e.
drilling, milling or grinding) and non-conventional (i.e. pulsed laser, abrasive waterjet or
electrical discharge) machining processes, stating the main characterisation routes while
understanding the phenomenon that governs the material removal mechanism.

2.2.Importance of the surface integrity for in-service performance

CMCs are designed to resist harsh conditions such as cyclic mechanical and thermal loads
in severe applications (e.g. in aerospace, nuclear or frictional). Hence, the surface and
subsurface damages created during the machining processes need to be characterised in
order to evaluate the component's life. Furthermore, the hierarchical structure of non-
oxide CMCs (especially SiC-based CMCs) is designed to also resist in degrading
environments (e.g. Oz, H20 vapour, hydrocarbon or impurities such as Na*) [25].
Nevertheless, if its protecting surface layers fail, the internal structure can suffer an
accelerated degradation leading to a brittle and catastrophic failure of the component [26].
Hence, a careful understanding of the effect of the machining process into the surface of
CMCs is of critical relevance for the industrial community.

3. Conventional machining

Since CMCs are commonly used for complex parts (i.e. aero-engine vanes), conventional
machining is the common process used to reshape the material and reach the geometry
or assembly requirements. In this section, the different machining processes which are
based on a conventional mechanical material removal with a tool are discussed. First, the
fundamentals are presented by looking at the work done in orthogonal cutting and scratch
tests. Afterwards, the processes of drilling, milling and grinding are explained in separate
sections.

3.1. Orthogonal cutting and scratch tests to enable the understanding material removal
in machining of CMCs

Orthogonal cutting and scratch tests are commonly used as a simplified scenario with the
aim of capturing the basic phenomena in the material removal process occurring in
machining. Orthogonal cutting is commonly assimilated to machining processes with
defined cutting edges (e.g. drilling, milling), while scratch tests tend to be studied for the
understanding of the effect of a single particle in an abrasive-based cutting processes (e.g.
grinding).

Due to the orthotropic and brittle nature of long fibre reinforced composites, the
orthogonal cutting on a C/C material was studied for three different orientations: parallel,
across and transverse; with the aim of understanding the different cutting and fracture
mechanisms [27]. Figure 4 shows several frames of the high-speed imaging system
obtained with the aim of understanding the different cutting mechanism that orthotropic
and brittle materials, such as CMCs, can present. The material damage that appears for
large uncut chip thickness and led by an unstable crack formation, was found to follow the
fibre-matrix interface as it is the direction with a lower fracture toughness (see Figure 4
d-f). Nevertheless, for small uncut chip thickness (see Figure 4 a-c), the translaminar



fracture toughness for transverse fibres and the inelastic shear behaviour for parallel fibres
were found to be the dominating factor in the cutting mechanism.

Figure 4 Frames of a high speed imaging system when performing orthogonal cutting in
a C/C with three different fibre orientations (parallel, across and transverse) for a small
uncut chip thickness (a), (b), (c) and for a large uncut chip thickness (d), (e), (f)
respectively [27].

Liu et al. [28] performed dry grinding and scratch tests at different fibre orientations (0°,
30°, 45° and 90°) which showed that the scratched surface for 30° and 45° was more
severely damaged than for 0°. In the case of fibres oriented at 30°, 45° and 90°, the
fibres were not completely removed due to the large bending deformation during the
movement of the grid. This results in a severe lateral damage as shown in Figure 5.

(b)

Figure 5 SEM images of a C/SiC with a scratch angle of (a) 90° and (b) 45° showing the bending
mechanism of the fibres and the induced lateral damage [28].

Even if the reinforcement of CMCs is mainly based on long fibres, the study of the effect
of ceramic matrices reinforced with ceramic particles is of high relevance as some Ultra
High Temperature CMCs are particle reinforced (as mentioned in Figure 3). Moreover, in
some long fibres CMCs, the matrix itself can be a particulate ceramic, as it is the case of
some melt infiltrated SiC/SiC. Ghosh et al. [13, 14] studied the behaviour of a particulate
ZrB2-SiC when performing scratch tests at different loads. Even if the main objective of
the study was not to understand the material removal mechanism but to comprehend the
impact resistance, similarities in the results can be obtained as very small uncut chip
thickness are normally used when machining hard ceramics/CMCs. It was reported that
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microcracking and microplasticity were dominating the scratch behaviour leading to the
conclusion that both, ductile and brittle phenomena might appear when machining
ceramics at small uncut chip thickness. Overall, the particulate nature led to a pull out
(i.e. debonding) or grain fracture mechanisms in the SiC-particle regions and slip planes
in the ZrB2 areas (Figure 6).

Microcracks

Scratch i H Seratch Debonding of SiC particle
groove ¢ — groove along interface

Slip lines

2 um

5 um

Figure 6 (a) SEM images of the scratch induced deformation in a ZrB2-SiC for a load of
250 mN showing (b) slip-line patterns and micro cracks along the scratch groove [29].

Furthermore, the roughness of the machined surface was shown to be highly dependent
on microcracking mechanisms of the particles and concluding how important the
reinforcement is in the surface topography obtained after machining composite materials.
The effect in the residual stresses was evaluated in the same material by using micro
Raman Spectroscopy in the SiC particles [31], showing an increase of tensile residual
stress when rising the scratch load. However, as ZrB> is not Raman active, the residual
stress evolution in the matrix, which represents a 95% of the material, were not quantified.

3.2. Drilling

It can be learnt from the orthogonal cutting work that, when using machining operations
for which the tool rotates along its axis (i.e. drilling or milling), a combination of the
different cutting mechanisms appears (as schematically represented in Figure 7), and
resulting in different effects in the surface integrity. Consequently, it is important to
emphasise that average or generic values of surface topography, microstructure or
mechanical characteristics might not be representative when characterising the machined
surface in orthotropic materials such as CMCs.

parallel fibres transverse fibres

Figure 7 Influence of the fibre orientation when drilling perpendicular and tilted holes in
orthotropic material such as CMCs.
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The hole-making processes research in CMCs has mainly focused on the comparison
between conventional drilling (CD) and rotary ultrasonic machining (RUM) using abrasive
tools; this is not surprising research avenue since conventional (e.g. carbide, diamond
coated) drills wear rapidly in hard structures like CMCs. The main CMC material studied
has been the C/SiC for which relative high thrust forces appear due to the hard nature of
the SiC matrix and the challenging surface finish that, due to the brittle nature of the
Carbon fibres, is difficult to achieve. Because of the high thrust forces together with the
laminated nature of CMCs, entry and exit delaminations are a machining induced damages
that have been widely investigated. Figure 8a and Figure 8b show the three mechanisms
that form the exit delamination (i.e. tearing, burring and edge chipping) and the influence
that this damages have depending on the fibre orientation [32], [33]. Several authors
[34]-[37] concluded that Rotary Ultrasonic Machining (RUM) produced an overall lower
thrust force (=10-15% [34]) which was translated to a less significant exit delamination.
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Figure 8 Exit delamination in CMCs showing (a) SEM image an exit delamination in a
C/SiC material showing three different regions: tearing, edge chipping and burring (b)
the influence of the fibre orientation in the delamination [33].

Nevertheless, even if exit delamination is a relative important factor, it can be highly
improved by three main approaches:

e Adding a back-up or supporting plate (for example made in graphite which is a rigid
material that holds the sample but at the same time can be easily cut), as proposed
in [33].

e Designing improved drill geometries that produce a lower thrust force, an example
is proposed in [32].

e Using more gentle cutting parameters (in general lower feed rates) although these
might not be applicable in industry.

Consequently, in this review, the surface integrity (e.g. fracture morphology, residual
stresses...) of the hole walls is considered a more compelling and challenging factor that
needs further characterisation and study. Due to the orthotropic nature of long-fibre
reinforced CMCs and the rotation direction of a drill bit, different fibre orientations are
found during the cutting process, significantly affecting the machined surface [27], [38].
Wang et al. [38] studied the influence of the process (RUM against conventional drilling)
with no obvious evidence that the later improved the surface finish. Figure 9 shows the
different surfaces obtained for RUM and conventional drilling for the four different fibre
orientations (0°, 45°, 90° and 135°).
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0° 45° 90° 135°

Figure 9 Surface integrity considering different fibres orientations (0°, 45°, 90° and
135°) for Rotary Ultrasonic Machining (RUM) and Conventional Drilling (CD) [38].

Rotary
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Conventional
drilling
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A more in-depth analysis of the morphology and microstructure of the machined surface
was carried out in a SiC/SiC when drilling with a standard diamond coated drill [39]. It
was reported that, different components of the CMC structure - i.e. fibres (Hi-Nicalon SiC),
fibres’ coatings (Chemical Vapor Infiltration CVI-SiC), particles in the matrix - displayed
various deformation and fracture mechanisms even if their common SiC-based nature, as
shown in Figure 10. The understanding of the material removal mechanism was then
evaluated by characterising the surface integrity and showing a fracture dominated
behaviour in the fibre-rich region and a more ductile mechanism in the matrix-rich region.

Tool
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'SiC particle

Grain pull-out
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Figure 10 Material removal mechanism and surface integrity for the different
constituents of a SiC/SiC structure: Hi-Nicalon (Hi-N) SiC fibres, Chemical Vapor
Infiltrated (CVI) SiC coating and SiC-Si matrix [39].
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This was further studied by characterising the residual stresses via micro Raman
spectroscopy that the CMC structure presented after the material removal process. Due to
the different Raman spectra that each element of the CMC structure has (i.e. fibres, Si and
SiC), it was possible to measure the residual stresses for each component after a specific
fitting routine. This resulted in tensile residual stresses in the fibres and compressive in

the matrix [39].
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Figure 11 Residual stresses before (“as-manufactured”) and after ("as-machined”) the
machining process obtained via Raman spectroscopy in the (a) Hi-Nicalon SiC fibres, (b)
free Si found in the matrix and (c) SiC particles forming the matrix [39].

Gavalda Diaz et al. [40] also studied how the hard-heterogeneous nature of SiC-based
CMCs affects the drilling performance when machining small holes (between 0,8 and 5
mm diameter) with standard twist drills. It was reported that, because of this unique
nature of SiC-based CMCs, premature tool brakeage happens when machining with small
tool diameters (i.e. 0,8 mm diameter). This was analytically and experimentally explained
based on a radial force measured during the drilling trials, not appearing when machining
other hard materials such as monolithic SiC. It can be observed from the schematic in
Figure 12 how, due to the heterogeneous distribution of tows, matrix and porosities, the
drill bit is surrounded at each instant by different constituents, leading to an instability
effect of the drilling process.
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Figure 12 (a) Schematic showing how the distribution of fibres, matrix and porosities can
affect induce a radial force and (b) force diagram showing the radial instability that the
drill suffers when machining hard CMCs [40].

3.3. Milling

Similarly to what has been reported in drilling, most of the studies in milling of CMCs have
been focused on the comparison between conventional and ultrasonic assisted milling. Few
researchers worked on force prediction models [41], [42], while others evaluated the
surface finish by looking at the roughness and the morphology of the machined surface
[43]. Yuan el at. [44] identified the critical penetration depth which induces a ductile-to-
brittle transition in rotatory ultrasonic face milling (RUFM) of C/SiC. It was concluded that,
for penetration depths greater than 4 um, the surface roughness suddenly increased,
presenting larger number of grooves and craters (due to a brittle fracture). On the other
hand, for smaller values of penetration depth, the Carbon fibres tended to be more
continuous without large fractured areas. Similar conclusions were drawn when milling
C/C composites, where a slightly improved surface finish was obtained with ultrasonic
instead of conventional milling. Evidence of a ductile-to-brittle transition during the
machining was observed in the matrix, while a pull out mechanism was dominating the
fibre removal mechanism [45].

The study undertaken by Bertsche et al. [46] compared the performance of conventional
milling against rotatory ultrasonic machining (RUM) for making slots in SiC/SiC. It was
demonstrated that, although the RUM workpiece had a more homogeneous surface
roughness, it yielded overall greater values than the ones obtained via conventional milling
(see Figure 13a and Figure 13b). In the study, no explanation on the causes were given
but it could be assumed that the main reason relies on the dynamics of the RUM process
that, due to the vibratory displacement of the tool, the SiC-based CMC is continuously
impacted forming uncontrolled microcracks. This can then result in greater values of
surface roughness than if carefully chosen parameters are used in conventional machining
processes to achieve a semi-ductile material removal mechanism. The fundamental
principle behind this is that during indentation (or impacting) of brittle materials, median
and radial cracks tend to be formed, as shown in Figure 13c and previous reported in
rotary ultrasonic machining of brittle materials [43].
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Figure 13 Surface comparison between (a) RUSM and (b) CG [45]. (c) Crack system
(median and radial) in single-edge non-overlapping cut with cutting velocity directed
normal to the plane of cross-section in a brittle material [43].

As an alternative method to reduce the process-induced forces and tool wear (which is a
very significant issue when machining SiC-based CMCs) and further enhance the surface
finish, investigations have been undertaken to analyse the feasibility of using laser-
assisted machining to soften the material ahead of the tool before cutting. Despite the
technique has been shown to be cost-effective, reduce the cutting forces and the tool wear
[47], [48]; little amount of work has been found in the literature in terms of in-depth
characterisation of the surface integrity after milling of CMCs, so that the authors identify
here an open ground for interesting research topic.

3.4. Grinding

Finishing operations are commonly needed for CMCs to achieve the close tolerances
required in the aerospace and nuclear industries. Amongst all the abrasive machining
processes, grinding is the preferred finishing operation for brittle and hard materials as it
might be one of the few options to achieve high dimensional and geometrical part
accuracies at acceptable material removal rates. Many studies focused on the observation
of the material morphological characteristics, such as the fibre orientations and wave
patterns, to explain the material removal mechanism and understand surface integrity
resulting after grinding. A schematic of the grinding process for the longitudinal, transverse
and across fibre orientations is illustrated in Figure 14 [49].
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Figure 14 Schematic diagram of the different fibre orientation when grinding CMCs: (a)
longitudinal fibres, (b) transverse fibres and (c) across fibres [49].

The grinding process in a C/SiC has been studied by several authors. Zhang et al. [49]
reported similar values of surface roughness for all the fibre orientations (Ra= 1 pm, Rz =
5-10 pm), but for the lower wheel speeds (= 19.6 m/s) (i.e. higher uncut chip thickness)
the surface roughness increased dramatically when grinding along the longitudinal
direction (Ra = 6.5 pym, Rz = 45 ym). This could be caused due to a propagation of the
cracks along the fibre interfaces which resulted in voids produced by the fibres being
pulled-out. In contrast, at higher wheel speeds (= 39.3 m/s) (i.e. lower uncut chip
thickness) the material removal was accomplished in a brittle manner, mainly by a
combination of fibre fracture and matrix cracking [49], [50]. The surface achieved for
different orientations in a C/SiC after a grinding process has been shown in Figure 15.
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Figure 15 SEM micrographs of C/C-SiC in the different combinations of fibres orientation
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and schematic of the grinding direction on the workpiece surface [50].

Du et al. [51] tried to relate the grinding process parameters to the machined surface
obtained along the different fibre orientations on a 2D C/SiC. Nevertheless, the surface
roughness seemed not to have a direct trend with the uncut chip thickness, probably
because of the complexity of the material removal process. Exfoliation of the Chemical
Vapour Infiltration (CVI) SiC matrix found on top of the fibres was observed when grinding
along the longitudinal direction of the fibres (Figure 16a). Both sheared and fractured
fibres were reported under grinding conditions along the transverse direction, as can be
seen on Figure 16c¢. Furthermore, when grinding across the fibres, some of them were

found to be fractured parallel to their longitudinal axis (Figure 16b).
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Figure 16 Ground surface morphology in (a) longitudinal, (b) across, (c) and (d)
transverse directions of the fibre [51].

Furthermore, this study commented that for specific fibres, a so-called “extrusion fracture”
was observed and characterised for an uneven lamellar fractured surface (see Figure 17a).
It was explained that, this type of fracture resulted from a crack propagation in a non-
perpendicular direction to the longitudinal axis due to the bending of the fibres. However,
it could be added that this fracture phenomena could also be linked to the morphology of
the fibre structure (in this case onion-skin like) if different types of structures (e.g.
random, radial or mixed) were commonly found in the same Carbon fibre reinforced CMC.
To endorse this hypothesis, further research was performed into whether pitch-based
Carbon fibres can display different transverse textures depending on the spinning
temperature at which the pitch is heated. In fact, there is a change of slope in the viscosity-
temperature diagram at a transition temperature below which either random or onion-skin
structures can be obtained [52], Figure 17b. This leads to belief that the fracture surface
shown in Figure 17a could be due to different fibre structures (i.e. random and onion-like)
which are randomly formed during the melt spinning process of the Carbon pitch.
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Figure 17 "Extrusion fracture" of a carbon fibre [51] probably due to its onion-skin
structure and (b) different carbon fibre structures with varying melt spinning for two
types of pitch [53].

Few investigations concerning oxide-oxide CMCs are reported in the literature with the
most studied material being a 2.5D woven SiO2/SiO2 [54]-[56]. These articles focused on
the surface roughness, waviness and morphology after the grinding process but no in-
depth studies have been reported in relation to the surface integrity, which in turn is one
of the major challenges when machining CMCs and an essential aspect for the assessment
of the grinding or any other machining process. From the investigation, the grinding
process was reported to be based on crack propagation mechanisms along the fibre-matrix
interface for 0° fibres and matrix shearing and fibre fracture (with shorter crack
propagation) along the interface for 90° fibres [56].

Experimental studies conducted to compare different grinding strategies (i.e. conventional
grinding (CG), ultrasonic assisted grinding (UAG) and intermittent grinding (IG)) were also
found in literature. According to the experiments performed by Tawakoli and
Azarhoushang [57] in two different C/SiC materials, CG yielded an improved surface
roughness compared to IG (=2-4 times lower values of Ra for CG). However, the residual
stresses in the surface ground with the segmented tool (IG process) were lower,
apparently due to a reduction in the rubbing stage of grinding and consequently the
process temperature [58]. Nevertheless, in the aforementioned publication, the residual
stresses were measured by analysing the X-ray diffraction patterns without previously
specifying the methodology followed, which, in the authors opinion, is fundamental for a
good interpretation of the results (due to the heterogeneous and pre-stressed nature of
CMCs). On the other hand, UAG produced higher values of surface roughness than CG due
to the continuous impact of the abrasive grains into the ceramic, which caused cracks to
propagate [59]. The extent of the subsurface damage observed when grinding 90° fibres
with UAG was reported to be less significant than in CG (as shown in Figure 18). However,
it is believed that the damage might not very regular along the surface and the parameters
chosen might not have been optimised for CG, as the uncut chip thickness calculated for
the experimental conditions reported in [59], [60] is considerably higher than the brittle-
to-ductile transition found for other similar CMCs. In addition, Ding et al. [61]
demonstrated that the surface integrity can be improved in CG of CMCs if the process
parameters are selected carefully.
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Figure 18 SEM images of subsurface damage in 90° fibres produced by UAG and CG
[60].

Hence, it can be concluded that the surface integrity in conventional machining of CMCs is
mainly influenced by the different material removal mechanisms that different fibre
orientations (e.g. parallel, transverse...) and materials (e.g. SiC fibres, SiC coatings, SiC
particles...) within the same CMC structure display. Moreover, apart from the residual
stress values presented in [39], it is difficult to obtain quantitative data which characterises
the machined surface. This is because compare values of surface roughness might not
have physical sense as they clearly depend on the fibre orientation and region being
measured (i.e. fibre or matrix). On the other hand, it has been shown that features such
as holes (larger than 1 mm diameter), slots and surface finishing can be successfully
machined with conventional mechanical techniques by mainly using diamond and cubic
boron nitride tools.

4. Non-conventional machining
4.1. Pulsed Laser Ablation (PLA)

Laser machining is a viable process to CMCs, especially for the hole-making in ultra-hard
SiC-based CMCs as the conventional drilling of small holes can become challenging [62]
due to the hard and heterogeneous nature of the CMCs. Moreover, compared to other
glasses or ceramics, SiC species have shown to absorb the laser wavelength effectively,
establishing the laser as a relatively efficient machining technique [63]. Concerning the
surface integrity, one of the main drawbacks in laser ablation is the heat affected zone
(HAZ). Hence, especial attention has been paid in terms of oxidation and degradation
analysis of the non-oxide ceramics (i.e. SiC and C) commonly found in CMC materials. It
is well known in the literature that, in order to reduce the thermal damage, pulsed laser
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ablation is recommended, leading to different technologies such as millisecond,
nanosecond, picosecond or femtosecond laser ablation, depending on the pulse duration.

The millisecond laser ablation was studied by looking at the influence of the processing
parameters to the machined surface. Several pressure assisted gases (e.g. N2, Ar, 02)
were proved to give different results in terms of Silicon oxidation, observing evidently that
an 02 atmosphere produced a greater silicate phase. However, this oxidation layer was
not quantified nor characterised in-depth [63].

Laser ablation, with the aim of smoothing the surface, with a nanosecond laser was studied
in a SiC/SiC and a C/SiC CMCs structures. After the laser treatment, a decrease in the
carbon content while an increase of the oxygen peak were observed from an EDS analysis,
concluding that the C phase tended to suffer a faster oxidation than the Si [64]. When
decreasing the pulse duration, the influence of the debris-removal mechanism becomes
more important, especially for long aspect ratio holes. This phenomena was studied for a
picosecond laser ablation in C/SiC and SiC/SiC [62], [65] reporting that, when using low
energy densities (e.g. 0.51 J/mm?) the debris tended to not be removed, leaving an
irregular surface finish and being unable to produce through-holes (Figure 19a). On the
other hand, when the energy density was increased (i.e. 1.52 J/mm?), through-holes were
able to be machined even if some irregularities were still found, especially at the exit and
on the hole wall (Figure 19).

0.51 J/mm®

1.52 J/mm®

0.5nim

0.5mm

(a) o (b) ()

Figure 19 SEM images of the hole entry, hole exit and X-Ray CT of the hole geometry
when laser-drilling a 3 mm thick C/SiC with a (a) 0.51 J/mm?, (b) 1.02 J/mm?and (c)
1.52 J/mm? [65].

A more in depth analysis of the degradation found in non-oxide CMCs after laser ablation
was performed by characterising the debris and machined surface in a C/SiC [65], [66]
when using picosecond laser ablation. A = 10 um layer induced by laser ablation was found
at the entry (see Figure 20d and Figure 20e) and on the hole walls (see Figure 20b and
Figure 20c), concluding via EDS its oxidised nature. A similar analysis was performed in a
SiC/SiC concluding that the most suitable laser power is a compromise between oxidation,
which increases with the power, and hole-shape quality, which decreases with the power
[43]. To reaffirm the formation of an oxide layer when machining SiC-based CMCs and
obtain further information, a quantitative analysis was performed by measuring the atomic
percentage of elements via X-Ray Photoelectron Spectroscopy (XPS). As shown in Figure
21, the results clearly demonstrated an increase of the oxygen content in the machined
surface when rising the laser power [62].
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Figure 20 SEM analysis of a C/SiC sample showing (a) general view of the hole, (b) and
(c) Silica formation in the cross section of the hole (d) and (e) Silica formation at the
entry of the hole and (f) EDS spectra of the layer [66].
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Figure 21 Surface analysis of a SiC/SiC machined with a picosecond laser showing (a)

XPS spectra of the material as-received, (b) XPS spectra of the material as-machined

and (c) table showing a the XPS quantitative analysis for different processing powers
[62].
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Femtosecond laser ablation was used to machine holes in C/SiC [67], [68], SiC/SiC [69],
[70] and SiC-TiC-TiB2 [71]. This research found that even with femtosecond ablation
technologies, the SiC species tended to produce a silica-based oxide in the ablated surface
[70]. However, compared to nanosecond ablation, the femtosecond technology produced
a considerably reduced amount of silica (in this specific case between 4 and 5 times less)
[71]. In Zhai et al. [68] work, the influence of the surface convexities that CMCs have due
to their heterogeneous nature and complex manufacturing process was studied giving
interesting results on how the machined profile is affected. It is concluded that the
convexities fount in the irregular surface and the heterogeneous nature of CMCs resulted
in uncontrolled abnormalities in the shape of the machined tranches (see Figure 22).

Section A-A

L B W

-

400um

Figure 22 (a) Schematic showing how the convexities influence the laser beam incidence
(b) trenches obtained in a C/SiC for 1 W, 100 um defocus at different speeds and (c)
Micro CT scan showing the Section A-A in (b) [68].

Hence, it can be concluded that PLA can be an interesting technique to machine small
features (i.e. holes or slots) and to smooth surfaces in CMC structures. However, one of
the big drawbacks when machining with pulsed laser ablation is that the machining time
can be long [66] and therefore, it might not be a suitable technique for large features such
as holes with either larger diameters or long depths (e.g. holes with a larger diameter than
1-2 mm and depth of 4-5 mm). Moreover, it is well known from the literature that the
oxidation of non-oxide CMCs can affect the life performance of the component and
therefore, the influence of the laser in the mechanical performance of CMCs should be
further studied.
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4.2. Abrasive Waterjet (AWJ) machining

Abrasive Water Jet (AWJ) machining has been shown to be a promising process to cut and
shape hard ceramics such as SiC [72] and reinforced materials [73], [74].

A feasibility study on a particulate reinforced ceramic TiB2/SiC was performed by looking
at the hole-making and slotting operations, showing a favourable potential of the
technique for hard ceramic composites [75]. However, a reduced surface quality was found
at the jet exit due to the tapering effect (kerf tapper angle) and a more brittle/fracture
removal mechanism due to the loss in energy of the jet (especially for thick samples).

In difficult-to-machine long fibre reinforced ceramics, the machining process becomes
more challenging due to the orthotropic fracture properties that especially 2D woven CMCs
present. As explained by Ramulu et al. [76], the high pump pressure (e.g. 400-600 MPa)
is needed to perforate the material can be easily dissipated in the form of interlaminar
cracking or ply delamination. For this reason, machining features where the jet is started
within the sample (as represented in Figure 23a) might tend to be more challenging for
2D woven CMC structures than edge features, as represented in Figure 23b.
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Figure 23 Schematic showing the influence of the AWJ when machining hard CMCs
depending whether (a) the jet starts in the middle of the workpiece or (b) at the edge.

Nevertheless, it was shown by Hashish et al. [77] that AWJ can be a suitable and efficient
technique to machined holes, slots and through cuts in SiC/SiC and Al203/Al203 CMCs if
the operating parameters (especially the starting conditions such as pressure and rate of
abrasives) are optimised. On the other hand, process related defects can still be originated
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due to the complex nature of CMCs. The main process-related defects reported were
chipping, rounding, tapering, or exit delamination, as shown in Figure 24.
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Figure 24 Examples of the main defects normally found in orthotropic brittle materials
such as CMCs [77].

Finally, when machining a SiC/SiC, through cuts were successfully achieved leaving
however damage evidence such as tapering (see Figure 25a) and chipping of the edges
(see Figure 25b). Furthermore, small diameter holes (1-2 mm) were successfully

machined in ® 6 mm thick samples, as shown in Figure 25c.
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Figure 25 Examples of (a) through cut, (b) edge fracture and (b) hole making with AWJ
in a SiC/SiC material [77].

Hence, it can be concluded that AW] is a promising technology to machine CMCs and
especially, to perform fast through cuts. Furthermore, if the parameters are carefully
chosen, small features such as holes can also be successfully achieved. On the other hand,
a further in-depth study characterising the surface integrity AWJ of CMCs, is highly needed
before being able to compare it to other more established and reported technologies such

as laser or conventional machining.
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4.3. Electrical Discharge machining (EDM)

Electrical discharge machining is a technique widely employed to perform cuts and holes
in electrically conductive materials which are difficult-to-cut by conventional methods.
However, a huge instantaneous temperature is built up due to the process’ sparks,
affecting the machined surface not only due to the temperature damage but also due to
the difference between temperature properties among the components (i.e. the different
CTE between the fibres and the matrix could lead to residual stress levels). Some review
works treating the EDM of ceramics mainly focuses on the prediction of the process forces
[78], [79] and little investigation was made on ceramic composites while CMCs are barely
mentioned.

The ED hole-making operation on C/C composites was experimentally investigated
determining that pulse current, gap voltage and pulse on time are, respectively, the most
influencing parameters on the process in terms of hole circularity and overcut [80]. Other
investigations [81], [82] showed the possibility of preventing fibre breakage and
delamination (always greater at the entry surface than at the exit) at low pulse current
(lower than 0.2 A). The main material removal mechanisms dominating the process were
defined as melting and evaporation, leading to a more severe damage along longitudinal
fibres [81]. EDX analysis on the recast layer revealed the existence of Copper from the
electrode when increasing the peak current, which once deposited on the machined surface
arrested the crack propagation along the fibre direction [82]. Wei et al. [83] conducted a
comparative investigation on the performance of different EDM techniques: conventional
EDM against EDM with electrode vibration and with deep flushing were tested in a SiC/SiC
sample. It was verified that an efficient debris evacuation was critical to avoid excessive
damage on the workpiece and consequently, both tool vibration and deep flushing
improved the surface quality. The matrix was eliminated through cracking onset and
propagation (along the fibre direction), leading to stripping-off from the unmachined
material. Exposed fibres were then broken in a brittle manner due to thermal expansion
and compression produced by the sparks, as shown in Figure 26. Nevertheless, further
studies concerning surface integrity and the industrial have not yet been studied.

Melted material

affected area filling cracks

(b) E— ©

Figure 26 (a) Schematic showing the damage in CMCs when machining with EDM and
damages on the EDM surface: (b) growing and expansion of thermal cracks [83], (c)
fibre exposure and breakage after chipping of the matrix [83].
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Therefore, after this detailed literature review covering the conventional and non-
conventional machining techniques tested in CMCs, it can be concluded that there is not
an evident technique which provides a “damage-free” machined surface when removal
material in this group an ultra-hard composite structures.

5. Conclusions

The recent growth in demand of CMC materials in the aerospace, nuclear and automotive
industries has resulted the need of developing an understanding of the machining
processes. However, due to the unique nature that these materials present (i.e. hard,
brittle, heterogeneous and orthotropic) they are considered very difficult-to-machine and
hence several conventional and non-conventional machining processes have been
attempted in the literature.

Based on a mapping of the existing published literature, it can be observed (Figure 27)
that, on the one hand, the amount of research publications (mainly in China), in the field
of machining CMCs has considerably grown during the last five years, particularly for
mechanical/conventional and laser machining processes. On the other hand, although very
promising machining techniques, the research on abrasive waterjet and electrical
discharge machining has been considerably less studied. Furthermore, it can be observed
that the CMC attracting more interest for the machining research is the C/SiC followed by
the SiC/SiC.
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Figure 27 Overview over the last 10 years with the different conventional and non-
conventional machining process studied in CMCs, classified by CMC type and country.

Thus, based on the in-depth review on conventional and non-conventional machining
techniques, it can be concluded that so far, there is not an exclusive method for which
CMCs can be successfully machined achieving all the final features (i.e. hole-making,
slotting, surface finishing) needed in the industries. However, from the most relevant
results obtained the following conclusions can be drawn:
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e In mechanical machining (e.g. drilling, milling and grinding) the different material
removal mechanisms appearing when cutting orthotropic-brittle materials highly
affect the surface by inducing different fracture evidence and a combination
between ductile and brittle behaviours (based on the uncut chip thickness used).
The surface integrity has been mainly evaluated by understanding the fracture and
microstructural changes via electron microscopy (i.e. SEM and TEM). Furthermore,
relevant results on residual stresses for the different components of the CMC
structure were reported via Raman Spectroscopy and could be one of the
quantitative methods needed to compare the performance of different machining
processes/tools.

e In PLA, an in-depth understanding of the surface degradation caused by the
process-induced temperature is proposed for different laser technologies (i.e.
nanosecond, picosecond and femtosecond) via SEM, X-Ray CT, XPS and EDS. It is
widely concluded that, the formation of an oxide layer in the machined surface is
difficult to avoid when machining holes, but it can be highly improved by using
ultrafast pulse technologies (e.g. femtosecond ablation) and by optimising the laser
power. Moreover, it could also be commented that the machining time needed to
achieve good surfaces is long and therefore, it might be only industrially viable
when removing little amount of material.

e The literature available in AWJ machining of CMCs reported a feasibility study on
machining through cuts and holes in SiC/SiC and Al203/Al>.03 materials. It is known
that, especially for cuts started within the samples, the laminated structure (i.e.
orthotropic nature) of CMCs might tend to delaminate when starting the water jet
within the sample and hence precautions (e.g. ramping of pump pressure) in the
setup might need to be first studied. Little information about the surface integrity
is reported in these studies and hence the authors encourage the community to
further investigate this field.

e Little literature is available for the EDM of CMCs. This could be caused by the limited
electrical conductivity of some of the constituents of several CMCs and the tendency
to create local thermal damages due to the anisotropic thermal distribution.
Moreover, tool wear due to the localised build-up current might also a limiting factor
when using ED-based processes.

Hence, it can be concluded that depending on the operation, different machining
techniques might need to be used and consequently different material characterisation
methods. Table 1 lists, for each of the machining processes, its relative feasibility to
machine holes, slots, off-cuts or smooth the surface.

Table 1 Feature/Operation which could be successfully applied in CMCs based on the
machining process.

Feature/Operation
Machining process Hole Slot Off-cut Surfac.e
Smoothing
Conventional + + o +
Drilling, Milli d illi illi . ; o
(Dri |g€i,ndi|n|gn)g an (drg;l:r{%rr:%les (;;::Icrl]iﬂgo)r (time consuming) (grinding)
Pulsed Laser Ablation + + - +
(PLA) (holes g<1mm) (small features) | (time consuming) (small regions)
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Abrasive Waterjet " If|t' . ™ I'(t) . + " -
ore literature ore literature . ore literature
(AW]) ) ) (Relatively fast) needed)
Electrical Discharge o IFt’ . ™ IFt’ . ™ I'Ct, . " |'(t’ .
‘s ore literature ore literature ore literature ore literature
Machining (EDM) needed) needed) needed) needed)
(+) = recommended, (0) = not enough information, (-) = not recommended

6. Prospective outlook

The authors believe that it would be of great interest for the scientific and industrial
communities to further develop initial research done in the field of fundamentals of
material removal mechanisms by developing analytical or numerical models to understand
the cutting mechanics. Moreover, as done for other high temperature and performance
alloys, a study of how different material removal processes affect the mechanical
performance of the material (i.e. fatigue, creep, degradation) would be highly relevant for
the aerospace and nuclear industry. This should be very valuable information to take into
consideration when selecting which machining process to use in CMCs.

Furthermore, it is important to emphasise that the study of potential characterisation
techniques suitable and needed to understand the surface integrity in CMCs is still in a
premature stage. For example, compared to other metallic materials, it has not been yet
quantified how the damage (e.g. residual stresses, cracks or oxidised layers) progresses
in depth depending on the process parameters, cutting tools or nature of the CMC (e.qg.
interphases). Hence, the authors believe that the machining community could work with
material scientists to study more in-depth the causes of surface damages after machining
by establishing more generic characterisation rules.
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