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ABSTRACT Fiber-reinforced composites have become the preferred material in the fields of aviation and aerospace
because of their high-strength performance in unit weight. The composite components are manufactured by near net-
shape and only require finishing operations to achieve final dimensional and assembly tolerances. Milling and grinding
arise as the preferred choices because of their precision processing. Nevertheless, given their laminated, anisotropic, and
heterogeneous nature, these materials are considered difficult-to-machine. As undesirable results and challenging
breakthroughs, the surface damage and integrity of these materials is a research hotspot with important engineering
significance. This review summarizes an up-to-date progress of the damage formation mechanisms and suppression
strategies in milling and grinding for the fiber-reinforced composites reported in the literature. First, the formation
mechanisms of milling damage, including delamination, burr, and tear, are analyzed. Second, the grinding mechanisms,
covering material removal mechanism, thermal mechanical behavior, surface integrity, and damage, are discussed. Third,
suppression strategies are reviewed systematically from the aspects of advanced cutting tools and technologies, including
ultrasonic vibration-assisted machining, cryogenic cooling, minimum quantity lubrication (MQL), and tool optimization
design. Ultrasonic vibration shows the greatest advantage of restraining machining force, which can be reduced by
approximately 60% compared with conventional machining. Cryogenic cooling is the most effective method to reduce
temperature with a maximum reduction of approximately 60%. MQL shows its advantages in terms of reducing friction
coefficient, force, temperature, and tool wear. Finally, research gaps and future exploration directions are prospected,
giving researchers opportunity to deepen specific aspects and explore new area for achieving high precision surface
machining of fiber-reinforced composites.

KEYWORDS milling, grinding, fiber-reinforced composites, damage formation mechanism, delamination, material
removal mechanism, surface integrity, minimum quantity lubrication

1 Introduction strength and stiffness [1,2]. Moreover, these materials can

carry out the integrated design and manufacturing of
Fiber-reinforced composites can reduce the weight of material structure and function, which easily realizes the
components greatly because of their high specific overall manufacturing of large and complex components
to reduce the connection greatly [3]. Therefore, fiber-
Received November 7, 2021, accepted February 14, 2022 reinforced composites have become the preferred
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materials for aerospace equipment, such as rocket nose
cone and fairing shell. In addition, fiber composites with
special structure have been successfully applied to the
nuclear reactor cooling system of nuclear submarine
because of its vibration and noise reduction capabilities,
as well as excellent high-temperature resistance. Ceramic
matrix composites (CMCs) have been the preferred
choice as replacement of more conventional materials in
high-temperature applications for innovative industries,
for instance, the replacement of nickel superalloys in
aeroengines (pass duct case and seal adjusting plate) and
aircraft brakes in the aerospace production and shielding
for nuclear energy reactors. Fiber composites have been
widely used in important scientific, technological, and
military fields. Composites are manufactured by near net-
shape by laying and curing, and there is also some 3D
printing manufacturing at present [4,5]. However, to
ensure the component accuracy and assembly require-
ments, the cured composite parts still need a lot of
subsequent secondary processing of edge contour,
functional window, and connecting hole [6].

The components of fiber-reinforced composite gener-
ally have large size and thickness, resulting in a large
amount of material removal. The main processing method
is still the machining of cutting, such as turning [7,8],
milling [9,10], drilling [11,12], and grinding [13,14]. At
present, the research on the drilling of fiber composites
has been comprehensive, and a large number of reviews
systematically analyzed and summarized the drilling
damage mechanism and suppression strategies. However,
in addition to drilling, milling and grinding are two
indispensable and irreplaceable machining methods to
ensure integrity [15]. Milling and grinding have similar
and unique tool workpiece interference mechanisms
[16,17]. Intermittent cutting refers to the removal of
material by the cutting edge in milling [18,19]. In fact,
grinding is also intermittent cutting microscopically,
because of the random distribution of grains [20,21].
However, the scale of intermittent cutting varies [22].
Therefore, the defects produced by these two machining
methods also have uniqueness and commonalities. One
advantage of near net-shape manufacturing is that the
final dimension and assembly tolerance can be achieved
only by finishing machining, such as milling and grinding
[23]. The boarding gate and porthole assembly port on the
barrel structure of B787 integral fuselage must be milled
[24]. Precision parts and mating locating surfaces shall be
machined by precision grinding [25,26].

However, fiber-reinforced composites are heteroge-
neous from mesoscopic, which are composed of fiber,
resin, and interface. Macroscopically, it has multi-layer
and multi-directional heterogeneous anisotropy charac-
teristics, with high hardness, anisotropy, lamination, and
other characteristics. These composites are typical
difficult-to-machine materials [27]. The problems related
to composites (i.e., anisotropy and heterogeneity of

composition) and the inherent brittleness of ceramic
components and their interfaces complicate the study of
the basic mechanism of abrasive removal process [28]. In
addition, these problems combine the inherent random-
ness of the grinding process. Fiber or matrix fracture
occurs very easily in the process of cutting, thereby
resulting in quality defects, such as delamination, burrs,
and cracks on the machined surface, wherein achieving
the required machining accuracy and surface quality is
difficult. It also leads to low tool life and frequent tool
change, which causes difficulty in realizing high
precision and digital machining [29]. The scrapping of
components causes significant economic losses and even
catastrophic accidents. Therefore, the high-quality and
high-efficiency machining of fiber composite parts poses
a severe challenge to existing cutting theory and
technology.

In light of the above, the main objective of the present
work is to provide a comprehensive review on the milling
and grinding of fiber composite laminates. Therefore, this
paper reviews the advances in milling damage formation,
grinding mechanism, and suppression strategies systema-
tically and comprehensively. The logical relationship of
integral structure is shown in Fig. 1 [13,30,31]. Initially,
the mechanism of material removal, delamination, burr,
and tear in milling is analyzed. The evolution relationship
among different damage forms is discussed. Subse-
quently, the grinding mechanisms, including material
removal mechanism, thermal and mechanical behavior,
surface integrity, and damage, are discussed microcos-
mically and macroscopically. Afterward, the suppression
strategies available in the literature, including ultrasonic
vibration assisted machining, cryogenic cooling, mini-
mum quantity lubrication (MQL), tool geometry, and
coatings, are summarized. Finally, conclusions, research
gaps, and outlook are made, giving the researchers the
opportunity to deepen specific aspects and explore new
area for reaching high-precision surface machining of
fiber-reinforced composites.

2 Milling damage formation mechanism

2.1 Material removal mechanism

The study of material removal mechanism in the cutting
process plays a key role in the basic understanding of
processing quality and damage formation. However,
investigating the material removal mechanism is often
difficult because of the heterogeneity and obvious
anisotropy of fiber-reinforced composites. Various types
of fiber-reinforced materials and their structures also limit
any conclusive or generalized theory related to the chip
formation of these composites. The material removal
mechanism of milling in different fiber directions is
diverse because of the anisotropy of fiber composites.
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Koplev et al. [32] conducted an experimental comparison
of cutting unidirectional carbon fiber-reinforced plastic
(UD-CFRP) perpendicular and parallel to the fiber
direction using a fast stop device. Poor surface quality
and serious sub surface tear are produced when cutting
perpendicular to the fiber direction. The machined surface

parallel to the fiber direction is smooth. To understand the
cutting behavior of carbon fiber-reinforced plastic
(CFRP) more intuitively, Kaneeda and Takahashi [33]
observed the formation of CFRP chips online by using a
scanning electron microscope. In unidirectional fiber
reinforced polymer (FRP) chips, chip formation is highly
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dependent on fiber orientation [34]. The size of
discontinuous chips decreases with the increase in fiber
orientation at 0° < fiber cutting angle (FCA) < 45°. No
significant change in chip formation was observed when
FCA > 45°. In the trimming process in the direction of
0°-90° fibers, the fracture plane in which the chip release
occurred was parallel to the fiber direction along the
fiber-matrix interface. Three different cutting mecha-
nisms can be used in the unidirectional FRP trimming. In
the 0° fiber orientation, the chip formation mechanism
includes cantilever bending failure along the fiber matrix
interface and fracture perpendicular to the fiber direction.
In the case of 75° fiber orientation, chip formation
involves compressive load induced shear at the tool tip.
When FCA > 90°, chip formation and material removal
include out-of-plane shear and in-layer deformation
caused by severe compressive load. Nayak et al. [35]
found that the chip length and broken fiber length of the
CFRP milling decreased with the increase in fiber
orientation. Tensile fracture is the main cause of fiber
fracture when FCA > 90°. Li et al. [36] showed that chips
are produced by matrix fiber interface shear along the
fiber direction at 15° < 6 < 75°. When the fiber angle
exceeds 75°, the chip will yield because of the bending
fracture, and the fiber may rebound in the cutting process
to reduce the surface roughness of the machined surface.
According to the fiber direction and the rake angle of the
cutting edge, the chip formation of CFRP unidirectional
plate can be divided into five types [37,38]. For the 0°
fiber direction, the chip formation mode includes
delamination type and fiber buckling type. It is shown as
cracking along the fiber/resin interface and fracture
perpendicular to the fiber direction under bending load.
When 0° < FCA < 90°, regardless of the positive and
negative rake angles, the chip formation mode is fiber
cut-off, which is manifested as the shear fracture caused
by extrusion at the fiber cross section and inter-laminar
shear fracture at the fiber/resin interface. Chip flow is
formed in a plane parallel to the fiber direction. The tool
movement causes serious fiber deformation when the
FCA > 90°, thereby resulting in delamination and shear at
the fiber/resin interface. Li et al. [36] divided the energy
consumption in CFRP processing into three parts: new
surface energy, friction energy, and chip fracture energy.
The chip friction energy is dominant, followed by new
surface energy and chip fracture energy. The energy
consumption of newly machined surfaces decreases with
the increase in FCA. The milling force of 45°/135° fiber
direction laminate is smaller than that of 0°/90° fiber
direction laminate. The location of the maximum
tangential force is matched with the area generated by
delamination [39]. Machining surface damage mainly
includes hole defects caused by local single carbon fiber
fracture, surface cracks caused by elastic bending
deformation of carbon fiber, and voids or incomplete
adhesion between carbon fiber and matrix. Two types of

carbon fiber fracture can be observed during processing:
shear fracture and bending fracture. Open or tear cracks
also exist in the matrix, and the deformation of the fiber
will also lead to the breakage of the matrix. In addition,
open and sliding cracks are seen at the interface [40].
Ghafarizadeh et al. [41] believed that the propagation of
processing damage was also closely related to fiber
orientation. In the milling process with machining
direction of 0° the compression damage of uncut
materials expands to the fiber direction. For 45° and 60°
tool rotation, this failure mode will affect a large area of
uncut material, and matrix cracking failure will also affect
a relatively large area of uncut material below the tool.
Discontinuous and broken chips are produced in the
milling of glass fiber-reinforced plastics (GFRP) [42]. In
the 45° and 90° fiber directions, the debris is crushed into
powdery particles of fiber and epoxy resin matrix because
of the out-of-plane fracture and extrusion of workpiece
material by processing tools. The surface roughness of
GFRP milling decreases with the increase in cutting
speed and cutting depth and increases with the increment
of feed rate [43]. The best surface quality can be obtained
under low feed rate and high cutting speed [44]. For
Kevlar 49 fiber composite, different fiber orientations
will produce various forms of shear stress, which will
lead to different forms of chip breaking, such as
stretching or extrusion [45]. Moreover, acute angle
cutting less than 45° has more advantages than obtuse
angle cutting. At the same time, latitude fiber is
responsible for increasing shear F, and tensile F,, and
longitude fiber is responsible for extrusion F) and shear
F,. When FCA = 30° the lattice shear action is the
largest, and then the shear action is weakened.
Insufficient shear leads to residual burrs, but the
longitude fiber is not affected.

2.2 Delamination

In the milling process, the cutting force will cause high
inter-laminar stress in fiber composites. The high inter-
laminar stress and low inter-laminar strength of fiber
laminates will cause cracks between layers, and the
cracks will gradually expand and cause delamination
[46]. Delamination can be divided into interlayer and
surface delamination. The surface layer of the fiber
laminate is more prone to delamination than the interlayer
because the surface fiber does not have enough
supporting force provided by the matrix. Compared with
unidirectional fiber composites, the interlayer effect
caused by different fiber angles between the adjacent
layers of multi-directional fiber composites has a greater
impact on the material removal process, especially
between layers with fiber angles of 90° and 135°. The
main reason is that the interlayer effect of multi-
directional laminates enhances the interlayer support
provided by adjacent layers [47]. Figure 2 shows the
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formation of surface delamination during milling
[47—49]. In the milling process, the milling tool produces
an axial milling force F; on the workpiece because of the
spiral angle. F. has an upward pushing effect on the
surface fiber. Delamination will occur when F; is greater
than the adhesion between the fiber and the matrix. F; is
the main cause of surface delamination; the cutting force
first increases, then decreases, and finally increases with
the FCA from 0° to 180° [50]. The cutting force increases
with the feed rate and radial cutting depth [51].
Delamination directly affects the strength and fatigue
resistance of composites. During milling, when the inter-
laminar stress exceeds the inter-laminar and fiber bonding
strength, debonding will occur between the fiber bundle
and the matrix, accompanied by the deformation of the
fiber layer. The deformation of the fiber layer would
gradually recover after being cut. However, with the loss
of the adhesion of the matrix, the delamination defect
becomes permanent. Inter-laminar delamination may
occur in any fiber layer of milling fracture [52]. Tears and
burrs will show if it appears on the surface. Therefore, the
delamination of the surface layer is the root cause of
tearing and burr. Colligan and Ramulu [48] divided the
surface delamination into three types (Fig.2). The first
type is that the fiber breaks along the axial direction and
is pulled out from the matrix to form grooves and voids

without fiber, that is, tear defects. The second type is that
the fiber is not cut and hangs outward along the fiber
direction, that is, burr defect. The third type is the
presence of loose fibers along the feed direction at the
milling edge. Sheikh-Ahmad et al. [53] proposed that the
characteristics of delamination also included their types
and occurrence frequencies. Delamination mainly occurs
in the surface layer, and the delamination types are
mainly types I/Il and I. The average delamination depth
rises with the increase in feed rate and the decrease in
cutting speed, which corresponds to the increase in
effective chip thickness. Colligan and Ramulu [48,49]
attributed the delamination of fiber composite surface to
the lack of support between the upper and lower layers.
Hintze et al. [54] linked the FCA with delamination
defects and found that the FCA tended exhibit
delamination defects in the range of 90°-180° for any
fiber direction. In the process of fiber composite side
milling, controlling the fiber cutting angle by controlling
the radial cutting depth can reduce the occurrence of
delamination defects effectively. Further fiber bending
fracture model shows that the fiber is prone to bending
fracture perpendicular to the workpiece in the FCA of 0°—
90°. The bending fracture easily occurs in the plane of the
workpiece in the range of 90°-180°. Hintze and
Hartmann [55] considered only one type of surface layer
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delamination, that is, fiber protrusion and fiber
delamination always occurred simultaneously. The active
force leads to the initial damage of the laminate, which
can cause fibers to deflect instead of being cut off. Any
fiber protrusion at machined edges is associated with
delamination. Protruding fiber bundles lead to much
deeper top layer delamination than protrusions of separate
fibers. In addition to the anisotropy and non-uniformity of
fiber composites, Azmi et al. [56] studied the tool wear
mechanism and wear form in GFRP end milling and
considered that the sharpness of the tool can affect the
generation of delamination defects significantly. Hintze
et al. [54] obtained a similar conclusion on the slot
milling of CFRP. The wear tool with larger edge radius
can significantly increase the defects, such as burr and
delamination, on the machined surface.

2.3 Bur

When delamination occurs, the fiber is separated from the
matrix. Some fibers with surface delamination were not
completely cut off by the milling tool but by bending
deformation. After the milling cutter leaves, the elastic
deformation of the fiber recovers and forms burr defects.
Figure 3 [31,57-59] shows the burr formation mechanism
of fiber-reinforced composites in edge and slot milling. In
the milling process, the surface fiber will be affected by
the axial cutting force outward from the surface. When
the axial force is greater than the interlayer bonding force
in the milling process, the fiber will separate from the
matrix and debond. Bending deformation occurs under
the cutting force action after fiber peeling. Uncut carbon
fibers will remain on the machined surface and form
burrs because no material support is available outside the
surface. The burr direction is generally consistent with
the fiber direction [60]. Although high cutting speed and
low feed rate are recommended for edge cutting of fiber
composites, the situation is different in CFRP slot
milling. In slot milling, the low thermal conductivity of
the resin matrix tends to retain heat in the cutting area.
This phenomenon leads to the softening, degradation, and
combustion of the matrix that binds the fibers together.
The softened matrix causes the flexible fibers to escape
from the cutting edge and diffuse to a larger area,
especially in the 90° and 135° directions [61]. Ghidossi
et al. [62,63] also proved that tool wear was the main
cause of burr in edge milling. Wang et al. [57] used
cohesive elements to simulate interlaminar fracture and
inserted bonding elements along the fiber direction into
the top layer of CFRP to simulate interlaminar cracks. As
shown in Fig. 3, burr and tear damage increase with FCA.
When FCA is 0°, no burr exists, because the fracture of
CFRP occurs in the cutting area, and the damage is
eliminated. For 45°, 90°, and 135°, the crack caused by
the failed cohesive element propagates to the unprocessed
area along the fiber direction, so the fiber deformed easily

and cannot be completely cut off. Uncut fibers remain
above the machined surface to form burrs. The strong
support effect of 45° fiber is just opposite to the weak
constraint effect of 135°. Therefore, the burr length of 45°
is shorter, and that of 135° is significantly longer. The
UD-CFRP edge milling study by Wang et al. [58] showed
that the thermal conductivity of fiber decreases with the
increase in the angle between heat flow and fiber
orientation, and the temperature is greatly affected by
thermal conductivity. The cutting temperature of 45° is
the lowest, and that of 135° is the highest. As shown in
Fig. 3, when the fiber orientation is 45°, the optimal heat
dissipation area is the largest, which can effectively
reduce the temperature rise [58]. When the fiber
orientation is 135°, the optimal heat dissipation area is the
smallest, and losing a lot of heat is difficult. Resin
degradation occurs on the cutting surface or surface when
the cutting temperature exceeds the glass transition
temperature. The fiber cannot receive enough support
from the resin matrix, thereby resulting in the poor
processing quality of the composite. The results of UD-
CFRP slot milling by Kumar and Gururaja [31] showed
that the milling temperature of 45° and 135° fiber
orientation reached 160 °C. This result may be due to the
decrease in thermal conductivity of 45° and 135° fiber-
oriented UD-CFRP, which will increase the heat
accumulation in the processing area. Due to the low
thermal conductivity, the 135° fiber-oriented laminate has
the largest heat storage area (yellow mark) and low heat
dissipation area (green mark) (Fig. 3) [31]. He et al. [59]
believed that burr and delamination are consistent, and its
mechanism closely depends on the FCA. Due to the force
on the fiber during chip formation, 90° is considered the
critical angle for fiber cutting. As shown in Fig. 3, fiber
bending will lead to serious burr and delamination in the
top layer when FCA is at 90°-180°. Below 90°, fiber
extrusion results in minimal or no burrs. However, in
burr-free areas, machined surfaces usually have a poor
surface finish. The damage also increases with speed
when the feed rate per tooth is constant. Hou et al. [64]
proposed that chatter was an important factor that
affected milling surface quality, and the milling stability
of CFRP was influenced by fiber direction. The milling
stability is the best when FCA is 0° and the worst when
FCA is 45°. When the fiber direction is 90° or 135°, the
stability is between 0° and 45°. Compared with stable
milling, burr, bulge, pit, and other defects are more likely
to occur under chatter milling. The surface roughness of
stable milling is reduced by 25%-53% compared with
chatter milling.

2.4 Tear
When the residual burr is too long, the suspended fiber is

stirred in by the milling tool and pulled with the tool feed.
The root of the fiber will break, resulting in tearing
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defects when the tensile force is greater than the tensile milling tool, and the fracture crack penetrates into the
strength of the fiber. Therefore, burr and tear are the surface material of the workpiece to form tear defects. If
further expansion of delamination defects and the macro the residual burr is very long, then it is easily wounded by
embodiment of surface delamination. When the FCA is the tool teeth and breaks the fiber. The fracture position is
90°-180°, the surface fiber is bent and broken by the generally deeper than the workpiece surface, and the tear
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defect is formed on the workpiece surface. The cutting
depth is affected by the tear angle and the sharpness of
the cutting edge. The fiber layer is separated from the
matrix material before tensile fracture because the axial
tensile strength of the fiber is greater than the interlayer
bond strength. The tearing direction is generally along the
fiber. The tearing of the milled surface is generally
accompanied by burr defects and has a similar evolution
trend. During slot milling, serious resin coatings are
found on the machined surface when the FCA is 0°-90°.
Serrated fracture and tear defects appear on the machined
surface when the FCA is 90°-180° [60]. The debonding
and instability of CFRP surface material fiber is the cause
of machining defects. According to the study of Wang
et al. [57], CFRP milling with FCA of 90° and 135° has
obvious tear damage. The stress extends to the machined
surface along the fiber direction, resulting in the
unpredictability of the location of stress concentration.
The CFRP breaks below the processing area, resulting in
tearing defects. More cracks propagate to the machined
surface because the material is lifted under the bending
stress at FCA of 135° and forms significant deformation.
Therefore, the fibers easily break below the processing
area, resulting in serious tearing. Therefore, 90° and 135°
CFRP milling has poor surface quality, accompanied by
burr and tear damage. The FCA has a significant effect on
the milling force, stress, and material failure during the
high-speed milling of carbon fiber cloth. The cutting
force and stress follow the law of 90° > 135° > 45° > (0°.
The anisotropy of fiber mechanical properties leads to
different material removal forms, which is the main
reason for the difference in cutting force. Under the
cutting tool load, the fibers mainly exhibit shear failure
and brittle removal. In addition, machining parameters
play an important role in milling force, and single tooth
feed rate is the most significant factor that affects milling
force. At the same time, the progressive damage model
predicts that the shear failure of materials is mainly
concentrated in the shear region and extends along the
feed direction [65].

3 Grinding mechanism

3.1 Material removal mechanism

The removal mechanism of fiber composites is complex
because of the unique structural characteristics of
heterogeneity, anisotropy, and multi-phase cross-scale
composition. In addition, the inherent brittleness of
ceramics and interface complicates the study of the
fundamental mechanism of abrasive removal process
[66]. Even more, the randomness of grains in grinding
leads to more complex contact state and cutting behavior
between grains and workpiece. Figure4 [25,67-69]
shows the material removal mechanism of fiber-

reinforced composite grinding. Hu and Zhang [67] found
that the fragments produced by multi-directional CFRP
grinding showed a mixture of fine powder and broken
fibers of different lengths (Fig. 4). This is different from
unidirectional fiber-reinforced composite grinding. In
UD-CFRP, the chip geometry mainly depends on the
fiber orientation. The chips with 0° fiber orientation are
mainly pulled out of broken fibers, and the chips with 90°
fiber orientation are mainly fine powder. Qu et al. [70]
showed that with the increase in grinding depth, a large
number of damages was formed before the abrasive
particles contact the fiber. Poor support conditions
increased the debonding depth. The fracture surface of
single fiber and fiber bundle becomes increasingly
uneven and irregular. The grinding force and chip size
increase gradually, and the grinding surface quality
decreases gradually. According to Liu et al. [68] in the
grinding of 2-dimensional (2D) C/SiC composites, the
failure forms are mainly the combination of fiber fracture,
matrix fracture, and interface debonding (Fig. 4). The
grinding debris is composed of carbon fiber debris,
carbon powder, and SiC matrix debris. The main removal
mechanism of 2D C/SiC composites is brittle fracture.
Zhang et al. [71] reached the same conclusion on the
failure form of material removal in unidirectional C/SiC
composite grinding. Yang et al. [72] found that most
fibers and matrix were broken into fine debris during the
grinding of unidirectional C/SiC. The average crack depth
and the average length of debris increase gradually with
the cutting depth. However, two completely different
kinds of debris are formed in the grinding of 2.5D C/SiC.
The appearance and size of warp wear debris are very
similar to those of unidirectional C/SiC. The crack is
more likely to propagate along the fiber direction in the
weft, indicating the formation of long and large fiber
debris. Further, Liu et al. [73] analyzed the grinding
mechanism of 2D C¢/C-SiC composites by single grain
scratch test. The fiber bundle is damaged by the
combined action of peeling and tearing, which depends
on the FCA. The material removal mechanism is mainly
brittle removal, that is, the combination of fiber layered
brittle fracture and SiC matrix cracking. The influence of
carbon fiber on machining results is greater than that of
matrix material. In each cutting mode, matrix cracking,
matrix/carbon fiber bonding, carbon fiber fracture, and
other phenomena occur, thereby resulting in the brittle
spalling of the material. Different cutting methods have
various effects on chip width, and the order of chip width
is L > > ©. Fibers scratched in the | and || directions
are often removed as blocks by peeling or pushing away
[74]. Li et al. [75] reached a similar conclusion in the
single grain scratch test and considered that the cutting
force and direction would affect the failure mode and
subsurface influence zone of the material. Garcia Luna
et al. [25] studied the effects of grain shape, size, spacing,
and fiber direction on the material removal mechanism of
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SiC/SiC composite grinding through a single grain
scratch test (Fig. 4). The results show that the grain shape
has a greater influence on the force than the fiber
orientation because of the removal of brittle materials.
Circular grain produces greater thrust than square and

triangular grains because it has no stress concentration
points. However, square grain shows excellent ability in
reducing transverse damage of transverse fibers. The
grain shape determines the location of cracks, and the
fiber orientation determines the subsequent crack
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propagation, and preferentially along the interface
direction. Yin et al. [69] studied the effect of grinding
speed on the material removal mechanism of SiC/SiC
using single grain (Fig.4). The results show that
increasing the grinding speed can embrittle the material
and strengthen the fracture of fiber. When grinding along
the warp direction of the fiber, the fiber shows brittle
fracture, and the matrix is torn during high-speed
grinding. No fiber ploughing or substrate coating is
observed in low-speed grinding. When grinding
transversely along the fiber warp direction, increasing the
grinding speed can completely remove the fiber, and a
little cut fiber residue is found on the bottom surface of
the groove, which improves the surface finish. Increasing
the grinding speed can also improve the removal rate of
SiC/SiC composites. Wei et al. [76] conducted the
frequency component analysis and damage pattern
recognition of acoustic emission signals from 3D
orthogonal Si0,/Si0O, composite grinding. The results
show that the main sources of acoustic emission are fiber
fracture, matrix crack, and debonding between fiber and
matrix. The grinding study of 2.5D woven SiO,/SiO;
composite by Wang et al. [77] showed that crack
propagation and material breakage can be found in the
grinding area. The main removal mechanism is brittle
fracture, which is similar to brittle homogeneous
materials [78,79]. Inoue and Kawaguchi [80] clarified the
grinding mechanism of GFRP. Two internal failure
modes are observed near the surface of the fiber bundle.
One is the mode, in which deeper fiber debonding unfolds
in the whole fiber bundle. The other is that the failure in
the fiber bundle is relatively shallow and random in terms
of depth and expansion, often in the form of needle
cracks. There are two kinds of fiber bundle cutting
profiles. One is the pit formed by the protruding fiber
bundle under the action of digging up during grinding,
and the other is the expansive bulge composed of uncut
glass fibers. Chockalingam et al. [81] showed that the
protruding fibers are still obvious in GFRP dry grinding,
although the surface is covered with broken matrix. The
surface ground with synthetic coolant is clean, hard, and
smooth. Chockalingam and Kuang [82] compared the
GFRP grinding performance of alumina grinding wheel
and cubic boron nitride (CBN) grinding wheel. The
results show that the grinding force ratio and machining
efficiency of CBN grinding wheel is generally higher
than that of alumina, and the grinding surface roughness
is lower in most cases.

3.2 Thermal and mechanical behavior

Grinding force is an important index to investigate the
influence of machining parameters on grinding perfor-
mance [83]. It results from the elastic and plastic
deformation of the workpiece and the interaction among
grains, materials, and debris [84,85]. It involves almost

all factors of grinding and is the basis of researching
grinding technology, designing appropriate cutting tools,
and selecting appropriate machine tools. It is also an
important index to evaluate the processing characteristics
of materials. Figure 5 [74,75,83] shows different grinding
experimental equipment of single grain. Figure 6
[71,74,77,86] shows the mechanical behavior of fiber-
reinforced composite grinding. The grinding force of
fiber composites is also highly dependent on the fiber
orientation [86]. Zhang et al. [71,87] investigated the
grinding forces in three typical grinding directions of
unidirectional C/SiC composites. The grinding force
follows the order: normal > longitudinal > transverse. Li
et al. [75] designed a novel scratch test equipment (Fig.
5). The results show that the tangential force (F}) is
generally greater than the normal force (F}) at the same
cutting depth. In the longitudinal scratch direction, the
carbon fiber is mainly pulled out and bonded with the
fractured SiC matrix. In the transverse scratching, the
carbon fiber is mainly cut off and slightly pulled away
laterally with the fractured SiC matrix. The longitudinal
cutting force is greater than the transverse cutting force
because of the high axial Young’s modulus, and the
carbon fiber transmits its stiffness and resistance to the
fiber direction. The grinding force of multi-directional
CFRP (MD-CFRP) increases approximately linearly with
the grinding depth and is generally greater than those of
UD-CFRP composites. The reason may be that the layers
with different fiber orientations have stronger mutual
support [67]. The grinding force increases with the feed
speed and cutting depth and decreases with the increase in
grinding wheel speed. Under the same experimental
conditions, the force ratio (Fy/F;) and specific grinding
energy of 2D C/SiC composites are lower than those of
traditional ceramics [68], such as Al,O3, SiNy4, ZrO,, and
SiC ceramics [88,89]. This result may be due to the
introduction of brittle carbon fiber material, which causes
the 2D weave C/SiC composite to have higher brittleness
and easily damaged, so that its force ratio is lower than
that of traditional ceramic materials. According to the
weave and laminated structure of fiber bundles, Liu et al.
[74] selected three typical surfaces (e.g., SA, SB, and SC)
for scratch test (Fig. 5) under different scratch speed and
depth combinations. Under different scratch modes, the
order of the maximum scratch force is normal >
transverse > longitudinal, and the order of the average
scratch force on the three surfaces is SB > SA > SC (Fig.
6). Under the same grinding parameters, the grinding
force of 2.5D C/SiC is always greater than that of UD-
C/SiC [72]. Considering that the weak coupling force
between unidirectional fibers promotes the crack propaga-
tion further. In 2.5D C/SiC, the orientation of warp and
weft yarns changes under the action of needle structure,
which shows that the coupling between fibers is effective
in obtaining higher strength. Wang et al. [77] found that
the grinding of 2.5D woven SiO,/SiO; composite can
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travel along the fibers. Therefore, for 2.5D woven
Si0,/Si0, composite, the influence range of grinding
process is wider than that of other materials. As shown in
Fig. 6, only shear stress is generated on the fiber without
tensile stress in the grinding direction of B2 and C2.

Thus, the matrix is less damaged [77]. Cao et al. [86]
found that the material removal of 2.5D woven SiO,/SiO,
composite was mainly caused by shear fracture and open
crack when FCA = 0°. The force that separates the
fiber/matrix interface is small, because the bonding



12 Front. Mech. Eng. 2022, 17(2): 24

>

Grinding force/N

N WA LN O
3
i
I

Al A2 Bl B2 Cl C2
Grinding direction

______________________________________________ -
| Zhang et al. [71] Effect of fiber orientations of C/SiC composites on the grinding force |
' |
| 40 |
Ll == 1500 /min mm 500 0min| %0 |
Sl == 3000 r/min (I == 3000 rmin | | |
|Z= vy, Y 150 )
I 30 F % |
ot I o
12 25} 140 3|
% | =_@ Eo|
£yl = £
:."é 207 = 430 2 :
12151 2
le [ 120§,
|<Zj 10 - E‘:’o|
S| {108
| | |
Lo d 0|
| Normal | Longitudinal | Transverse Normal | Longitudinal | Transverse |
L Unidirectional CVI-C/SiC Unidirectional CVI-C/SiC |
_______________________ q
| Liuetal. [74] Scratching force on SA, SB, and SC |
' |
| O I, O Iy O, I, O, |
' |
' |
' |
' |
' |
' |
' [
' 7
| Grinding forces of 2.5D SiO,/SiO, composite in each |
| grinding direction |
' |
| Wang etal. [77] |
' |
I I Matrix |
| . Warp |
I Interface |
: . Weft |
16 4
| %é 14 B2 :
S12]
| 510 C2 |
l2 8] —— F, (exp) I
1,3 |
| 2 —o—- [, (sim) |
| o === I, (sim) |
' [
' |
' |
' |
' |
' |
' |
' |
' |
' |
' g
' |
o)

I
|
|
|
|
|
|
|
|
|
|
|
|
|
I I —— F, (exp)
|
|
|
|
|
|
|
|
|
|
|
|
|
|

Fig. 6 Mechanical behavior of fiber reinforced composites grinding. Reproduced with permission from Refs. [71,74,77,86] from
Elsevier.

strength between fiber and matrix is much lower than FCA = 90°, because the fiber has the highest longitudinal
fiber strength. The material removal involves the shear strength and the resistance to the vertical compression of
fracture of fibers with the increase in FCA, and the the grinding wheel increases. According to the weaving
grinding force increases due to the high shear strength of method (Fig. 6) [86], the proportion of weft fiber is less
fiber. The vertical grinding force is the largest when than that of warp. Therefore, the normal grinding force of
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surface B is larger than A. The supporting conditions and
debonding depth are the key factors that affect the
grinding force. According to the interaction of forces, Qu
et al. [70] decomposed the grinding force model of C/SiC
composites into the mechanical model of the fracture area
of the SiC matrix and the formation area of the fiber
grinding chips. Based on energy balance theory, Wei
et al. [83] modified the specific grinding energy model,
combined with the single abrasive experiment of 3D
orthogonal Si0,/Si0; composite (Fig. 5) and proposed a
new semi-analytical force model of single grain grinding
force. Liu et al. [90] found that the grinding force
remained basically unchanged with the increase in
grinding wheel particle size. The reason is that with the
increase of particle size, the particle size of abrasive
particles decreases while the number of active abrasive
particles increases, resulting in slight changes in grinding
force. Kodama et al. [91] believed that carbon fiber
composites produce two-stage heat affected layers during
grinding. First, the heat affected layer of the glass
transition of the resin matrix, and the heat affected layer
of the thermal replacement of the matrix resin are
generated. The thermal deformation of matrix resin
deteriorates the characteristics of grinding surface. From
the point of view of machining quality and machining
damage degree, small equivalent chip thickness trimming
is the most suitable [92]. Under fine machining
conditions (e.g., minimum equivalent chip thickness,
minimum cutting depth), no edge delamination and
internal damage occurs. Fan et al. [93] established the
simulation model of CFRP grinding heat distribution ratio
and found that the grinding heat was preferentially
conducted along the fiber because the thermal conduc-
tivity of fiber is obviously greater than that of resin. The
resin surface temperature is higher because the thermal
conductivity of the resin is low. Sheikh-Ahmad et al. [94]
proposed that inverse heat conduction method was an
effective and efficient technique for determining the
energy balance in machining CFRP. Qian et al. [95]
found that the heat generation mechanism at 90° was
more complex compared with 0°, resulting in the highest
cutting temperature when the FCA was 90°. The thermal
damage depth is the minimum at 0° and the maximum at
90°.

3.3 Surface integrity and damage

The damaged carbon fibers in the grinding of CFRPs
include fiber pullout, voids, partially cut fibers, breakage
and fracture of carbon fibers, and flowed matrix [96,97].
The surface roughness of MD-CFRP changes with the
fiber’s local orientation, and there are secrious fiber
pullout and other damage in 135° layer [67]. Hanasaki
et al. [98] investigated the grinding of UD-CFRP and
MD-CFRP and found an interesting phenomenon. As
shown in Fig. 7 [77,97,98], the workpiece surface

roughness in the 90° direction is the smallest, and the
surface roughness in the 135° direction is the largest
during UD-CFRP grinding. However, the surface
roughness of MD-CFRP composed of 45°/135° is less
than that of UD-CFRP. The explanation for this
phenomenon is detailed as follows. The unidirectional
carbon fiber of 135° is bending and fracture, and the
fracture point is unstable. However, the combination of
45° and 135° carbon fibers can stabilize the fracture
point. Soo et al. [99] found that tool wear, cutting force,
and surface roughness were high using CBN abrasive for
CFRP laminate edge grinding compared with diamond
abrasive. The resulting damage includes slight edge
fracture/chip and pores caused by fiber/matrix loss. The
damage caused by both abrasives includes slight edge
fracture/chip and pores caused by fiber/matrix loss.
However, there is no obvious large-scale delamination in
the two kinds of superbrasive coatings. From the surface
micromorphology, matrix cracking, fiber pullout, and
fiber outcrop are the main damage forms in the grinding
of unidirectional C/SiC composites. In the grinding
process, the debonding depth between matrix and carbon
fiber depends on the sharpness and lubrication state of
grains [100]. Using mechanical damage phenomenology,
Cao et al. [101] analyzed the formation mechanism of
grinding surface ripple of CMCs composites. Fiber
orientation plays a decisive role in waviness, which is
different from the traditional theory of ripple formation
caused by the vibration of machine tool system. Zhang
et al. [71] found that the surface roughness of arithmetical
mean deviation of the profile R, and maximum height of
the profile R, of unidirectional C/SiC composites in
grinding directions follow the order of longitudinal >
normal > transverse. Fiber pullout and fiber outcrop are
the basic damage modes of unidirectional C/SiC.
Interface peeling, matrix cracking, fiber pullout and fiber
outcrop are the main defect forms of 2.5D C/SiC.
Compared with unidirectional C/SiC, the subsurface
damage of 2.5D C/SiC is shallower and wider [72]. Wang
et al. [77] considered that the surface damage of 2.5D
Si0,/Si0; composites mainly resulted from matrix
crushing and fiber debonding. Matrix breakage is caused
by two reasons: 1) The matrix is weak and damaged by
grinding force; and 2) the matrix is squeezed by fibers
(Fig. 7). The latter plays a greater role because it cannot
only destroy the matrix in the grinding area but also
destroy the matrix in the area far away from the grinding
area. In the aspect of fiber debonding, there have been
studies on the influence of fiber orientation on the cutting
process and the damage of fiber debonding on the
machined surface [71,86,102]. However, these studies
ignore the interaction among fiber bundles. Wang et al.
[77] considered that the difference of warp and weft fiber
bundle deformation capacity was the key factor that
affected the overall deformation. The weft bundle is only
inserted into the gap to form a weak connection. When
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the grinding force is in the direction shown in Fig. 7, the
weft fiber produces greater deformation than the warp
fiber bundle. Then, the bonding connection between warp
and weft is destroyed, thereby forming mechanical
damage on the fiber bonding. Fiber debonding usually

appears as a slight tear in the grinding area, and its
damage to the surface quality is less than that of matrix
breakage. Therefore, grinding along the weft axis is a
better choice to reduce fiber debonding. Transversely
oriented fibers are subjected to high normal force during
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grinding, thereby resulting in crack propagation along the
fiber direction and delamination. Choudhary et al. [97]
proposed that the grinding scallop and the chip thickness
of the cutting surface determine the characteristics and
degree of fiber damage (Fig. 7). The crack deflection
mechanism plays an important role in the orientation of
fibers and limits the delamination of fiber matrix. High-
speed grinding reduces the maximum undeformed chip
thickness and grinding scallop and promotes the shear
micro cutting of fiber and matrix rather than brittle
fracture. High-speed grinding process is effective in
machining defect-free C/SiC CMCs. Fiber orientation
plays a key role in the grinding of surface
micromorphology of SiO,/SiO, composite [103]. Grind-
ing speed has the greatest influence on height and surface
support performance, followed by grain size and depth of
cutting. Grain size is the key factor that affects the change
in surface micromorphology. Cao et al. [86] also believed
that the grinding speed and cutting depth had a great
influence on the surface morphology. The surface
topography height decreases with the increase in grinding
wheel speed, and the deflection of topography
distribution decreases with the increase in grinding depth.

4 Advanced cutting tools and technologies

4.1 Ultrasonic vibration assisted machining

Ultrasonic vibration-assisted machining (UVAM) is one
of the newly developed machining technologies
[104-106]. It is a machining method that combines
ultrasonic vibration with traditional machining [107,108].
It adds high-frequency ultrasonic vibration to the tool or
the workpiece, uses the energy of ultrasonic vibration to
change the removal mechanism [26], improve the
machining process, and obtain better machining perfor-
mance [109-111]. Figure 8 shows the damage
suppression mechanism of ultrasonic vibration grinding
[112-115]. UVAM adds a microscale amplitude
displacement with ultrasonic frequency to the tool tip
motion [116,117] and changes the path of the tool tip so
that the instantaneous cutting depth is much smaller than
the fiber diameter, which can improve the surface
integrity [118,119]. UVAM with horizontal ultrasonic
vibration generated fewer defects because of abrasive-
grain trajectory overlapping. The smaller simultancous
depth of cut and smaller simultaneous cutting volume in
UVAM contributed to the less severe fiber fracture,
cracks, and damages on matrix in processing fiber
composites [120,121]. UVAM has a significant effect on
reducing cutting force, and the cutting force needs to be
predicted and modeled for its controllability and
minimization. The modeling of cutting force is also the
key to effectively control the machining damage of fiber
composites. However, due to the heterogeneity, aniso-

tropy, and low heat dissipation characteristics of these
composites, ensuring high accuracy and low estimation
error of the force model is difficult. Amin et al. [122]
established the axial and feed cutting force models of
CFRP composites and characterized and calculated the
exposed height of diamond grains in the modeling
process. Furthermore, the force models of CFRP
ultrasonic-assisted surface milling of two milling tools
(cylindrical abrasive core tool and conical shaped core
tool) are established [123]. The expression of tool contact
area is improved, and overlapping cutting quantification
is introduced for the first time. The estimation error
between the experimental and simulated values of cutting
force is less than 10%. In recent years, ductile material
removal mode and brittle mode can be applied in CFRP
ultrasonic vibration-assisted grinding (UVAG). Wang
et al. [124] established the force model of ultrasonic
vibration-assisted edge surface grinding of CFRP
composites based on ductile and brittle mode and used
the critical indentation depth to distinguish plastic and
brittle zones. The plastic zone increases, and the brittle
zone decreases with the increase in tool speed or the
decrease in feed rate. The brittle region increases with the
cutting depth. Rotary ultrasonic machining using vertical
ultrasonic vibration is an effective method to reduce the
cutting force. However, the quality of the machined
surface decreases due to the knocking effect of vertical
vibration on the machined surface. Based on the removal
mechanism of brittle fracture materials, Wang et al. [13]
established a CFRP grinding force model under
horizontal ultrasonic vibration. The results show that the
grinding force decreases with the increase in ultrasonic
amplitude. Ning et al. [125] established a feed force
model for CFRP surface grinding based on the material
removal hypothesis of brittle fracture, by introducing the
fracture volume factor of awesome material. The
difference in the fracture behavior of carbon fiber leads to
the difference in the material removal energy consump-
tion. The difference of material removal mechanism
directly leads to the difference of machined surface
morphology. The material removal mechanism can be
effectively characterized by machined surface roughness.
Chen et al. [112] considered that the transformation of
material removal mechanism depends on the maximum
undeformed chip thickness (fmax). Micro cracks are
generated and propagated in the carbon fiber because of
the extrusion of abrasive particles when /A, is small
enough. SiC matrix breaks and carbon fiber debonds from
the matrix when /i, is large enough. The main fracture
mechanisms are bending fracture, compression fracture,
and shear fracture. As shown in Fig. 8, UVAG promotes
the removal of carbon fiber in nano brittle fracture by
reducing the maximum undeformed chip thickness to
improve the machined surface quality [112]. The
improvement effect increases with the amplitude. Ding
et al. [113] considered that UVAG reduced the layered
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brittle fracture and pit group caused by fiber fracture and
pull-out to varying degrees compared with conventional
grinding (CG) because UVAG could reduce the grinding
force that determined fiber fracture. Therefore, due to less
fiber breakage and reduction of fracture size (Fig. 8

[112-115]), the surface roughness of arithmetical mean
deviation of regional morphology S, obtained by UVAG
is lower than CG, with a maximum decrease of 12%
[113]. Wang et al. [96] reported the influence of
machining variables (e.g., ultrasonic power, grinding
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speed, feed rate and depth of cutting) on output variables
(e.g., cutting force, torque, and surface roughness). The
results show that increasing the ultrasonic power and
grinding speed and decreasing the feed rate can reduce
the force and the depth of damage. The surface roughness
can be lessened by reducing ultrasonic power, feed rate,
and cutting depth and increasing grinding speed. The up-
grinding force is evidently greater than that of down
grinding, and down grinding produces low surface
roughness. Li et al. [126] discussed the reasons for the
differences in cutting force and surface integrity. The
surface morphology shows that brittle fracture is the main
material removal mode of CFRP composite grinding. The
chip size of the resin, the fracture size of carbon fiber, and
the material removal size are small using down grinding.
Therefore, ultrasonic vibration-assisted down-grinding
CFRP is the optimal scheme to obtain high surface
quality and the required dimensional accuracy. Wang
et al. [127] found that ultrasonic vibration-assisted
milling along 90° orientation can obtain less cutting force
and torque. The main reason is that when the machining
orientation is 0°, the tool continuously cuts carbon fiber
layers, accelerate the tool passivation, and increase the
friction between the tool and the workpiece. The tool can
alternately cut carbon fiber and epoxy resin in the FCA of
90°. Smaller surface roughness can be obtained in 0°
because the fiber is not successfully cut in 90°, thereby
resulting in fiber pulling out and burr. The heavier the
fracture of the carbon fiber is, the more chips and cracks
are produced. Ning et al. [114] found that CFRP was
brittle removed, resulting in matrix damage and serious
fiber pullout and macro cracks in the conventional scratch
test. However, ultrasonic vibration-assisted scratching
(UVAS) of CFRP has a large ductile removal area before
continuous brittle fracture and crack. Debonding and
pulling of fiber matrix are also significantly reduced, and
only matrix buckling and fiber fracture occur in the
groove (Fig. 8 [114]). Xue et al. [115] showed that the
surface residual compressive stress of C/SiC composites
is approximately 2 GPa because of the continuous impact
of high-frequency and low-amplitude vibration (Fig. 8).
Residual compressive stress restrains most of the
interface cracks and hinders the propagation of fiber
cracks to improve the toughening effect and machined
surface quality of fiber. The surface quality of fiber
composites is closely related to the fracture mechanism
[128]. High-frequency and low-amplitude vibration
changes the cutting angle of the fiber and increases the
shear stress of the fiber through the axial to radial
deflection friction of the fiber. It greatly promotes the
transformation from shear fracture mode to dominant
fracture mechanism. Ultrasonic vibration increases the
proportion of FCA under shear fracture mode by 30%.
Table 1 [13,90,96,104,112-115,120,122—-144] shows the
vibration parameters of ultrasonic vibration and their
comparison with the results in traditional machining.

4.2 Cryogenic cooling

The temperature in the cutting area increases rapidly due
to the machining process because of the low thermal
conductivity of the composites. The processing damage
intensifies, especially in the machining of resin matrix
fiber composites when the cutting zone temperature
reaches the glass transition temperature of the resin
matrix [145]. Therefore, controlling the cutting zone
temperature in an appropriate range is crucial in
improving the machining quality [146—-149]. Jia et al.
[150] first proposed the concept of cutting CFRP at
appropriate temperature (—10-25 °C). The quality of low-
temperature processing is generally better than that of
high-temperature milling. The micromorphology of fiber
at high temperature shows bending fracture and serious
sub surface damage. In contrast, the low-temperature
hardening matrix provides better support for the fiber,
and the composite is easily extruded and broken.
However, the cutting force increases sharply, and the tool
life decreases when the temperature is too low.
Conversely, Zhang et al. [151] demonstrated that the tool
life of polycrystalline diamond (PCD) and chemical
vapor deposition (CVD) diamond tools in cryogenic
milling SiC/SiC were two and four times higher than that
of dry machining, respectively. The metal bond of cobalt
(CO) in PCD tools increases its fracture toughness,
thereby resulting in different service lives of the two
tools. Kumar and Gururaja [31] demonstrated the change
in fiber fracture mode and the integrity of machined
surface during low-temperature (liquid nitrogen, LNj)
machining. Under the condition of cryogenic cooling,
shear failure is dominant at 135°, tensile failure at 90°,
and tensile failure and compression failure at 45° (Fig. 9
[31,158]). Surface damage, such as the attached fiber/
matrix dust particle, fiber fracture, cavities, fiber/matrix
de-cohesion in dry condition, and pull-out of fibers in
cryogenic conditions, were the governing factors in 45°
fiber orientation. Cryogenic cooling reduced fiber/matrix
debonding. Nor Khairusshima et al. [152,153] applied
—10 °C chilled air (air pressure of 0.55 MPa, flow
velocity of 4.10 m/s) to cutting tools using vortex tube.
Compared with room-temperature milling, chilled air can
reduce heat generation and tool wear significantly to
obtain lower surface roughness and delamination factor.
Danish et al. [154] explored the milling performance of
CFRP in continuously lubricated cooling media (e.g., dry,
MQL, cryogenic liquid nitrogen, and CO;). LN, and CO,
are very successful in reducing grinding force, surface
roughness, cutting temperature, and tool wear [155]. The
contribution of lubricating cooling medium in reducing
cutting force, tool wear, surface roughness, and cutting
temperature is 49%, 46%, 38.89%, and 50.21%, respec-
tively. Zou et al. [156] applied supercritical CO;, to CFRP
milling, which avoided thermal damage and improved
surface quality effectively. The effects of cryogenic
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Table 1 Ultrasonic vibration parameters and output parameters

Output parameters

Reference Vibration mode Amplitude/pm Frequency/kHz  Composites (compared with CM)
Wang et al. [13] 1D horizontal 2;4;5 28 UD-CFRP -
Liu et al. [90] 1D longitudinal 10 20 MD-CFRP -
Wang et al. [96] 1D longitudinal - 20 UD-CFRP -
Xu et al. [104] Longitudinal-torsional 6;3 22.5 AFRP Cutting force: | 15%—48%
Chen et al. [112] Longitudinal—torsional ~Longitudinal amplitude 19.3 2D C/SiC Specific grinding energy: ~ | max
(LA)/torsional amplitude %,
(TA) = 14/5; Sy: = | max 38%
LA=3;8; 11
Ding et al. [113] 1D longitudinal 3.85 21.5 2D C/SiC Fn: | 9%-21%;
Fi: | 9.7%—19.4%;
Sa: | 6.6%—12%;
Fracture size: | 25%
Ning et al. [114] Horizontal-vertical 3 20 MD-CFRP -
Xue et al. [115] 1D longitudinal 4;6;8;10 20 3D C/SiC Standard deviation of height of each
point in the area Sq: | 37.9%;
fatigue damage rate: | 31%—-80%
Wang et al. [120] Horizontal; Horizontal 4; 28; 20 CFRP Cutting force: = | 21%-36%;
horizontal—vertical vertical 6 surface roughness: = | 50%—62%
Amin et al. [122,123,129] 1D longitudinal 10 16; 20.5 MD-CFRP -
Wang et al. [124] 1D longitudinal 4;6,7,8 20 -
Ning et al. [125] 1D longitudinal 4;5;6;7;8 20 MD-CFRP -
Lietal. [126] 1D longitudinal 6 20 MD-CFRP -
Wang et al. [127] 1D longitudinal - 20 MD-CFRP -
Xue et al. [128] 1D longitudinal 10 20 3D C/SiC Distance between the highest and
lowest points of the contour Ry: |
37.5%; Ry | 32.4%; R:: | 32.8%
Yuan et al. [130] 1D longitudinal 10; 15 - MD-CFRP -
Liuetal. [131] 1D longitudinal 2;4;6;8;10 21.19 C/SiC Fy: | 43.7%; Fy: | 9.16%; F.: |
68.09%; Ry: = | 12%—16.7%
Chen et al. [132] Longitudinal-torsional LA/TA = 14/5; 19.32 2D C/SiC Temperature: | 30.4%; specific
LA=2;4;6;7 milling energy: ~ | 33.3%;
Sq: =] 28.6%
Xie et al. [133] 1D longitudinal 2;4;6;8;10 23.98 25D C/SIC  Fy: | 27%; Fy: | 49.5%; F: | 28.6%;
Sa: l 0
Geng et al. [134] Double bending 9.6 20.73 CFRP Fy: | 8%27%; Fy: | 129%—43%; F: |
2%—40%; surface roughness: | 54%
Shu et al. [135] 1D longitudinal 10 30 C/IC Fiber pull-out length: | 10%-50%
Zhang et al. [136] 1D longitudinal 15 21.5 C/SiC -
Islam et al. [137] 1D longitudinal - 17 C/SiC -
Liang et al. [138] 1D longitudinal 5 20-30 MD-CFRP -
Lietal. [139] 1D longitudinal - 26.5 2.5D Si0,/Si0; Grinding forces: | 30%—35%;
Sq: | 12.5%; maximum height of 2D
profile S;: | 12.3%
Wang et al. [140] 1D longitudinal 4 21.2 C/SiC Grinding forces: = | max 60%
Wang et al. [141] Vertical; 4;6 - CFRP Vertical vibration:
vertical-horizontal Fi: | 11%-20%;
F.: | 129%—40%;
Sat | 12%-21%.
Vertical-horizontal vibration:
Fy | 219%-57%;
F.: | 30%—52%;
Sa: | 509%—-60%
Azarhoushang and Tawakoli 1D tangential 8 20 C/SiC Grinding forces: = | max 20%;
[142] surface roughness R, and R, : = | max
30%;
G-ratio: = 1 30%—-40%;
radial wear: = | max 28%—45%
Chen et al. [143] 1D longitudinal 14 29.7 CFRP -
Liang et al. [144] 1D longitudinal 4 26 UD-CFRP Fi: | max 19% at 135°;

Fy: | max 7.2% at 135°;
maximum fiber chip length:
~ | 66%—78%;

Sq: | max 17.7%
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Fig. 9 Mechanisms and advantages of cryogenic cooling in the machining of fiber-reinforced composites. Reproduced with permission

from Refs. [31,158] from Elsevier.

conditions on material removal and surface formation
mechanism were summarized as follows: (1) The
temperature reduction avoids the thermal softening of
matrix, which improves the fiber matrix interface
strength; (2) the fracture properties of fibers were
improved at low temperature. Muhamad Khairussaleh
et al. [157] showed that cemented carbide tools
experience abrasive wear in CFRP milling whether in dry
or cryogenic machining, and the abrasive wear is affected
by wear debris and fiber. This abrasive wear is more
serious in dry machining because of the generated heat.
Therefore, chilled air has the potential to improve the
cutting performance of integral cemented carbide tools.
El-Hofy et al. [61] used chilled air to minimize thermal
damage (bonding and resin melt), and removed work-
piece debris and cooling more effectively to prevent
burns. Wavy surfaces were observed in the 45° direction,
whereas matrix cracking and fiber pullout were suffered
because of the high cutting force and resin softening in
the 90° and 135° directions. Morkavuk et al. [158]
proposed a new cryogenic cooling machining method that
immersed the workpiece in cryogenic LN, for slot milling
of CFRP. The results showed the combination of different
damage modes, such as fiber peeling, micro matrix crack,

fiber drawing, bundle drawing, delamination, and fiber
fracture. Cryogenic cooling machining can reduce the
formation of damage but increase the cutting force,
because the tensile strength and elastic modulus of
CFRPs treated at low temperature are increased by 3.65%
and 3.04%, respectively. Cryogenic cooling makes the
structure of the workpiece brittle, prevents the thermal
damage of the machined surface, improves the fragility of
the chip, and reduces the peeling factor, surface rough-
ness, and delamination damage (Fig. 9 [158]). Ohashi
et al. [159] believed that liquid nitrogen had a certain
effect on preventing delamination, but its grinding force
was greater than dry grinding, because solidification
increased the hardness of CFRP. The bending strength of
CFRP was improved by providing water-soluble coolant
and liquid nitrogen during grinding. However, liquid
nitrogen cannot obtain the cooling effect similar to flood
grinding [160]. Although it is cooled by liquid nitrogen,
the grinding temperature in the contact area of the
grinding wheel is high because of the increase in
workpiece  hardness and  resistance. Table 2
[31,61,150-158,161,162] lists the temperature conditions
under different cryogenic medium modes and their
comparison with dry processing results.
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Table 2 Cryogenic cooling conditions and output parameters

Temperature/°C
Reference Cryogenic medium - - Composites Output paragrtlltl:tgrs (compared
Supplied Machined with dry)
Kumar and Gururaja [31] LN, - 44.6 CFRP Temperature: | 68.9%;
damage factor:
~ | max 10.6%;
Ry | 8.60%, | 26.71%,
1 22.53%, and | 4.45%, for 0°,
45°,90°, and 135°,
respectively
El-Hofy et al. [61] Chilled air of vortex tube 8 - CFRP -
Jia et al. [150] LN, -170 —34.4-135.4 CFRP -
Zhang et al. [151] LN, - - SiC/SiC Sa: | 13% and 22.4% for CVD
and PCD tool, respectively
Nor Khairusshima et al. [152] Chilled air of vortex tube -10 52 CFRP Tool life: 1 45.6%;
Ry | 16.6%
Nor Khairusshima and Chilled air of vortex tube -10 - CFRP Tool life: 1 29.6%
Sharifah [153]
Danish et al. [154] LNy; CO,-snow —196; -78 100-125; CFRP -
65-85
Zou et al. [155] Supercritical CO, -76 34.5 CFRP Sa: = | max 45.4%;
damage factor: = | max 53%;
temperature: | 62.9%
Zou et al. [156] Supercritical CO, -70 40-75 CFRP Temperature: | 58.5%;
Sa: | 42.2%
Muhamad Khairussaleh et al. Chilled air of vortex tube -10 51.2 CFRP Temperature: | 49%
[157]
Morkavuk et al. [158] LN, —49.9 20.6-23.1 CFRP Cutting force: =~ 1 45%;
surface roughness: =~ | 23%;
tensile strength: | 3.65%;
elastic modulus: | 3.04%
F. Wang and Y. Wang [161] LN, -190 - Quartz-reinforced polyimide -
composite (QRPC)
Cococcetta et al. [162] LN, —-198 - CFRP Slot milling:

linear tool wear: | 60%;
tool wear area: 1 43%.
Edge milling:
linear tool wear: | 62%;
tool wear area: | 27%

4.3 Minimum quantity lubrication

The hygroscopicity of resin matrix will lead to the water
absorption and expansion of CFRP composites, seriously
affects its mechanical properties [163—165] which limits
the application of casting cooling lubrication in the
grinding of CFRP composites. Therefore, most of them
currently adopt dry processing. However, the dry
machining of CFRP composites usually leads to surface
quality deterioration, dust pollution [166], wheel
blockage, and various damages (e.g., fiber pull-out, fiber
fracture, resin coating, interface cracking, fiber matrix
debonding, and delamination). In dry grinding, the
grinding temperature in the contact area of the grinding
wheel is higher than the thermal substitution temperature
of the matrix resin, and the thermal deformation of the
matrix resin destroys the grinding surface [91].
Lubricating and cooling medium is the key factor that
affects the processing result parameters [154,167]. Some
researchers [168,169] have verified the unique advan-
tages of MQL in cutting fiber composites. MQL is a new
cooling and lubrication technology [170-172]. High-
pressure gas and minimal lubricating oil are mixed and
atomized to form oil mist containing droplets, which are
sprayed to the cutting area at high speed through the

nozzle [173—176]. Given the volatile property of MQL, it
has no residue on the wall holes, which avoid the
secondary cleaning of aviation parts after processing.
MQL liquid forms lubricating oil film on the interface
between the tool and workpiece, and high-pressure air
mainly plays the role of cooling and chip removal
[177-179]. To realize green production from the source
of machining, vegetable oil with high biodegradability
and nontoxic is generally selected as the base oil
[180,181]. This approach greatly reduces the harm of
cutting fluid to the environment and human body [182].
Yang et al. [183,184] proved through experiments that
MQL could solve the bottleneck of debris formation
mechanism in the process of plastic removal of hard and
brittle materials. The jet-flow condition of MQL has
significant influence on the atomization effect and
processing performance [185]. Cococcetta et al. [186]
showed that milling CFRP at a lower feed rate would lead
to material adhesion to the tool, which leads to tool
upsetting material rather than shearing material. MQL
reduces the friction and tool wear between the tool tip and
the workpiece. Dry machining results in a large number
of burrs, which can be reduced significantly by MQL. Qu
et al. [30] studied the effect of MQL on the grinding
properties of unidirectional C/SiC composites. The
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grinding surface quality is optimal, and the grinding force
is small when the nozzle angle is 15°, the air pressure is 5
bar (1 bar = 105 Pa), the flow rate is 100 mL/h, and the
nozzle distance is 80 mm. Smooth fiber separation, fiber
fracture, fiber outcrop, fiber pullout, and matrix crack are
the main failure forms of the surface. In MQL grinding,
water vapor takes away a lot of heat and reduces the
grinding temperature significantly. An effective oil film is
also formed in the contact area between the grains and the
workpiece surface. The experimental results in Esmaeili
et al. [187] showed that brittle fracture was the main
material removal mechanism of MQL grinding of C/SiC
composites. MQL can reduce the cutting force by
37.95%, reduce the surface roughness by 75.93%, and
improve the grinding efficiency by 150% compared with
dry grinding. The lubrication mechanism of MQL is
analyzed, that is, the pressurized directional transporta-
tion of oil mist makes oil droplets that penetrate into the
pore network on the workpiece and grinding wheel
effectively. The G-ratio of MQL grinding is 115.38%
higher than that of dry grinding [188]. Pervaiz et al. [189]
found different rules and believed that the MQL strategy
in external configuration could not provide favorable
performance. One possible reason is that part of the
lubricant flows into the cavity during MQL-assisted
CFRP machining, which leads to the formation of
insufficient lubricating film. Through the CFRP milling
experiment, Iskandar et al. [190] found that the spray
mode that combined high air flow and low oil flow
promoted the breakup mechanism of droplets, and the
best spray effect was obtained. It also produces a more
coherent jet with less vortex formation and better
penetration into the cutting area. Finally, the flank wear
of MQL is reduced by 30% compared with pressurized
air and 22% compared with dry and flood. Although
MQL has been proved to have certain potential and
advantages in machining of fiber composites, some
studies also have different opinions. Helmy et al. [191]
found that MQL spray cooling increased cutting force
compared with flood, because it did not adequately
remove heat and dust in the cutting area. However, MQL
has the advantage of reducing the pollution of cooling
lubricant and the ability to provide the machining effect
when it is close to the requirements of dry machining.

To further improve the heat transfer capacity and
tribological characteristics of MQL, some scholars have
proposed a new clean cooling and lubrication technology
with low carbon, low consumption, and high efficiency
nanofluid MQL (NMQL) [192-194]. The technical
approach aims to add one or several nanoparticles with
different physical and chemical properties to MQL base
oil and fully disperse and mix the nanoparticles to prepare
nanofluid [195-198]. Then, under the action of high-
pressure air flow, the nanofluid is atomized and sprayed
into the cutting area through the nozzle [199,200]. NMQL
effectively improves the heat transfer capacity and

lubrication performance of MQL in the grinding area
[201-203]. Some studies show that NMQL achieves a
cooling effect close to flood lubrication. In addition,
nanoparticles help improve the lubrication characteristics
of grinding wheel/workpiece and grain/chip interface
because of their excellent anti-wear and antifriction
properties [204-206]. Gao et al. [207-209] studied the
grinding of CFRP with CNTs nanofluid. Compared with
dry grinding, the results show that CNT nano-lubricant
reduced maximum F, and F; by 20.07% and 26.81%,
respectively. The friction coefficient under CNT nano-
lubricant MQL is the smallest at 4 = 0.141. As shown in
Fig. 10 [100,187,208], the grinding force reduction
mechanism is explained in two points: (1) The strong
constraint of the matrix material on the fiber under
temperature reduction is conducive to the removal of
fiber by grains; and (2) the excellent tribological
properties of CNT nanoparticles at the interface between
grains and fiber. The 2D and 3D surface roughness and
fractal dimension under NMQL are the lowest. In terms
of local morphology characteristics, the spectral width
and spectral difference of multi-fractal spectrum of CNTs
NMQL are reduced by 21.76% and 31%, respectively,
compared with dry grinding. CNT NMQL significantly
reduces resin coating, multi-fiber block pull-out, voids,
and edge collapse. The nanoparticles filled in the
debonding gap between the fiber and the matrix play a
supporting role on the fiber, thereby easily removing the
fiber (Fig. 10). The oil film between the grinding wheel
and workpiece interface can effectively reduce or prevent
the adhesion and blockage of resin matrix to grains and
effectively improve the blockage of the grinding wheel.
Qu et al. [100] carried out the grinding experiment of
unidirectional carbon fiber-reinforced CMCs under
different conditions, and the results are shown in Fig. 10.
In conclusion, the optimal parameters of carbon nanofluid
MQL are: nanoparticle concentration of 5 g/L, air
pressure of 7 bar, flow rate of 80 mL/h, and nozzle
distance of 60 mm. The debonding depth between matrix
and carbon fiber depends on the sharpness and lubrication
state of grains. James and Nejadian [210] compared the
cutting performance of vegetable oil-based NMQL with
different nanoparticles (e.g., CNT, Al,O3, Ni, and Al) to
process different CFRP stacks. The experimental results
showed that 2.5%vol Al,O3 + MQL reduces the surface
roughness of CFRP and titanium composites most than
dry machining. However, 1%vol SWCNT + MQL has the
optimal effect on improving the surface roughness of
CFRP and Al composites. Table 3 [30,100,154,156,162,
187,188,191,207,208,210,211] lists the processing results
of different MQL conditions and dry processing.

4.4 Tool geometry and coatings

Tool optimization design is one of the main methods used
to improve machining quality [212]. In the case of
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fiber-reinforced composites, the geometrical parameters
of machining tools have a significant impact on the
quality of machined surface (e.g., delamination, fiber
pullout, characteristics of uncut fibers, surface roughness,
and microstructures). Figure 11 [138,213-217] shows

several tool optimization designs for the milling and
grinding of fiber-reinforced composites. Wang et al.
[213] established a 2D cutting model based on contact of
tool/composites and fiber-polymer interface crack
analysis. The model proved that inward cutting direction
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Table 3 MQL conditions and output parameters

Supply parameters

Output parameters

Reference Lubricant

Composites

Flow rate/(mL-h~!) ~ Air pressure/bar Device (compared with dry)
Qu et al. [30] MQL oil 80, 100, 120 3,5,7 KINS KS-2107 C/SiC Fy: | 57.8%; Fy: | 64.7%;
Sa: = | 41.3%;
S:i= ] 42.9%
Quetal. [100] Deionized water-based 40, 60, 80, 100 3,5,7,9 KINS KS-2107 C/SiC Fy: | 62.5%; Fy: | 71.7%;
carbon nanofluid Sa: = | 53.3%);
Sz~ | 54.9%
Danish et al. [154] Eco-friendly MQL oil 150 - CFRP Friction coefficient: = | 60%
Zou et al. [156] Cryogenic MQL: soluble 20 85-90 - CFRP Temperature: | 70.3%
vegetable oil .
Cococcetta et al. Coolube® 2210 oil-based - UNIST MQL CFRP . Slot milling:
[162] cutting fluid system linear tool wear: | 44%;
tool wear area: | 16%.
Edge milling:
linear tool wear: | 43%;
tool wear area: | 30%
Esmaeili et al. [187] Corn oil 6000 MQL system C/SiC Cutting force: | 37.95%;
produced by power: | 38.39%;
Royal Dutch Ry | 75.93%;
G-ratio: = 1 70%
Adibi et al. [188] Corn oil 6000 - C/SiC Fp: ] 31.16%;
Fi: | 38.88%;
specific grinding energy: | 41.77%;
G-ratio: = 1 115.38%;
Ry | 75.26%;
radial wheel wear:
= | 50%—66.7%;
grain flattening wear: = | 93.75%
Helmy etal. [191] Water-based cutting fluid Two-nozzle system: NEX FLOW mist CFRP -
cooling system
Gao et al. [207,208]  Palm oil-based CNTs 60 KINS KS-2106 CFRP Ry | 12.68%-17.7%;
nanofluids R.: | 20.78%-25.06%;
average width of profile micro
unevenness RSp: | 11.43%-25.4%;
single grain Fy: | 20.07%;
single grain F: | 26.81%;
friction coefficient: | 54%
James and Nejadian Mixture of castor oil and 13097 1.013 - CFRP -
[210] jojoba oil; oil mixture is
enhanced using CNT,
A1203, Ni, and Al
Rodriguez et al. Accu-Lube LB-1000 100 8000 - CFRP -

[211] with chlorinated extreme

pressure additives

and small cutting force are the key to avoid burr and tear.
Thrust is the main force that causes damage. Therefore, a
left and right edge milling tool, which realizes the inward
cutting of fibers on both sides and effectively inhibits
burr, tear, and delamination, is proposed. Lopez et al.
[214] introduced the development of CNC milling tool
series for high-performance CFRP milling. The new
milling tool is composed of a plurality of left and right
spiral edges, thereby forming a small pyramid edge along
the cutting length. Several substrates and coatings,
including titanium aluminium nitride (AITiN) and novel
nano cobalt (naCO) with nano-crystalline structure, were
also compared. Changing the contact characteristics of
the interface between tool and chip can improve the
cutting process, which can be realized by the surface
texture of the tool. Therefore, Chen et al. [215]
manufactured two surface structures on the rake face of
double-edge milling tool: linear grooves parallel and
perpendicular to the main cutting edge (Fig. 11). The
results show that the surface texture of the rake face has a
significant effect on the burr formation. The textured tool

with linear groove parallel to the main cutting edge is
more effective in reducing burr length and surface
tearing. The mechanism of micro texture is that the lining
groove on the rake face can change the bending
deformation of fiber chips, which is conducive to the
shear of fiber chips and reduces the length of burrs. In
addition, the surface texture on the rake face can store
fiber debris and prevent them from slipping on the rake
face of the tool. UVAG is an effective method for
improving the machining integrity of fiber-reinforced
composites. However, serious blockage, rapid tool wear,
and poor surface quality are still major problems in the
industry because of high heat resistance, wear resistance,
and powdery chips of some fiber composites. In conven-
tional grinding, only part of the grains on the grinding
wheel play the role of cutting, and other grains generate
heat by rubbing the workpiece. The grinding wheel is
easily blocked because the grinding wheel with fine
grinding particle size does not have enough chip
clearance. Yuan et al. [218] proposed a new type of con-
trollable abrasive cluster electroplated grinding wheel.
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Compared with the traditional electroplated grinding
wheel, the abrasive on the working surface of the
controllable abrasive cluster electroplated grinding wheel
is reduced by 81.4%, and the grinding temperature is
greatly reduced by nearly 45%, which avoids wheel
loading effectively. The space between abrasive clusters
is conducive to the removal of grinding chips from the
grinding contact area. Shyha et al. [216] developed a new
hybrid cutting-abrasive machining tool (turn-grind) for
the high-quality machining of fiber-reinforced compo-
sites. As shown in Fig. 11, the new tool includes a single

point cemented carbide blade and multi-layer diamond
abrasive plated to form an abrasive area adjacent to an
abrasive free cutting edge [216]. Compared with pure
cutting tools, the new cutting abrasive tools reduce the
resultant force by 50%; reduce defects, such as
delamination and fiber pulling out; and exhibit finer
grinding swarf in the chips. To achieve a high-
performance machining of fiber composites, Sasahara
et al. [217] studied the grinding effect of cup grinding
wheel that provided internal coolant on the surface of
carbon fiber composites. Internal coolant reduces
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grinding force and grinding temperature significantly
compared with dry grinding and using external nozzle to
supply coolant. In addition, the internal coolant is
conducive to removing debris because the coolant is
directly supplied to the grinding point through the small
hole on the grinding wheel. Okuyama et al. [219] devel-
oped a particle arrangement diamond grinding wheel,
which has better grinding performance for CFRP than the
traditional grinding wheel. Fiber peeling occurs on the
machined surface when the FCA is parallel to the cutting
direction of the diamond particles. Peeling is effectively
reduced when the fiber direction rotates 30°-90° on the
horizontal plane. Liang et al. [138] designed a single-
layer brazed diamond grinding tool with definite grain
distribution. The results show that the grinding force is
closely related to the grain row spacing. The grinding
force reaches the maximum when the grain row spacing
is 1.2 mm. However, the surface roughness is better more
active grains and interaction overlapping areas exist. The
heat generated during grinding is still a considerable
problem because it is significantly higher than the
temperature of conventional cutting. Handa and Sooraj
[220] introduced a new eccentric sleeve grinding method.
The method adopts intermittent progressive cutting
strategy to minimize the machining defects of fiber
composites. The configuration of eccentric sleeve grin-
ding established an eccentric grinding wheel rotation with
cutting and non-cutting zones for abrasive grains, creating
a step-by-step cutting scheme without severe fiber-matrix
fracture or fiber pull-out. Compared with conventional
surface grinding, the grinding force and surface rough-
ness of eccentric sleeve grinding are reduced significantly
in the cutting depth range of 20-100 pm.

5 Conclusions and future challenges
5.1 Summary and evaluation

(1) Milling delamination can be divided into interlayer
and surface delamination. Compared with interlayer
delamination, delamination easily occurs on the surface
layer because the surface fiber lacks sufficient matrix
supporting force. The milling tool produced an axial
milling force F, on the material because of its spiral
angle, which has an upward pushing effect on the surface
fiber that results in cracks between layers when F. is
greater than the bonding force between the fiber and the
matrix. Furthermore, the cracks will gradually expand
and cause delamination. Compared with unidirectional
fiber-reinforced composites, the inter-laminar effect of
multi-directional composites with different fiber angles
between adjacent layers enhances the inter-laminar
support provided by adjacent layers.

(2) The delamination of the surface layer is the cause of
tearing and burr. The fiber is separated from the matrix

after delamination, and some fibers with surface
delamination are not completely cut off but are bent and
deformed. The fiber elastic deformation recovers and
forms burr defects after the milling tool leaves. The
suspended fiber would be stirred in by the milling tool
with the tool feed, which will pull the fiber, when the
residual burr is too long. The fiber root breaks when the
tensile force is greater than tensile strength, thereby
resulting in tearing defects. In other words, burr and tear
refer to the further expansion of delamination defects and
the macro embodiment of surface delamination.

(3) The main failure modes of fiber composites in
grinding include fiber fracture, matrix fracture or crack,
and interface debonding. Brittle fracture mode is the main
material removal mechanism of fiber composite grinding.
FCA and grain shape play key roles in the formation and
morphology of wear debris. Increasing the grinding speed
is conducive to the complete removal of fiber, reduces
fiber residue and matrix smearing, and improves surface
finish and material removal rate. The fiber condition has a
greater influence on the processing results than the
matrix. The grinding force of fiber composites is also
highly dependent on the fiber orientation. The reasons for
the difference of grinding force in different grinding
directions are discussed.

(4) UVAM has a significant effect on reducing cutting
force. The ultrasonic vibration-assisted milling and
grinding force models of different fiber composites are
discussed. The damage suppression mechanism of
UVAM is revealed. UVAG promotes the removal of nano
brittle fracture of fibers by reducing the maximum
undeformed chip thickness to improve the machined
surface quality. The continuous impact of high-frequency
and low-amplitude ultrasonic vibration can increase the
surface residual compressive stress. The existence of
residual compressive stress inhibits the interface crack
and hinders the propagation of fiber crack. In addition,
ultrasonic  vibration changes FCA and promotes
transformation from shear fracture mode to dominant
fracture mechanism. The effects of different ultrasonic
vibration application methods on material removal and
damage suppression are summarized. The effects of
ultrasonic vibration parameters on machining results are
compared. Ultrasonic vibration shows the greatest
advantage of restraining machining force, which can be
reduced by approximately 60% compared with conven-
tional machining. Ultrasonic vibration can also reduce the
surface roughness by about 30%—40% in most cases.

(5) Appropriate machining temperature is the key to
ensure the machined surface quality of fiber composites.
Satisfactory damage reduction was achieved in cryogenic
milling and grinding. The composite is easily extruded
and broken because the cryogenic cooling hardening
matrix provides stronger support for the fiber. Another
reason is that cryogenic reduces tool wear and maintains
excellent cutting performance. However, extremely
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low-temperature condition causes a sharp increase in
cutting force and reduces tool life. Cryogenic cooling is
the most effective method for reducing temperature with
a maximum reduction of approximately 60%, and the tool
wear can be reduced by about 30%—-60%. However, it
will increase the cutting force by about 40%—50%.

(6) Lubricating cooling medium is also a key factor that
affects the machining quality of composites. The
hygroscopicity of some specific matrix materials leads to
the reduction of mechanical properties, which limits the
use of cast lubrication. Therefore, MQL, as a low
consumption and clean lubrication—cooling method, has
proved to have unique advantages in fiber-reinforced
composite cutting. MQL forms an effective oil film in the
contact area between the tool and the material surface,
which can reduce temperature, friction, tool wear, surface
roughness, and burr formation. NMQL is an upgraded
technology of MQL that shows better processing effect.
MQL can reduce cutting force by approximately
20%—70%, surface roughness by about 10%-70%, and
tool wear by about 20%—90%.

(7) The issue of tool design optimization, as an
important damage suppression strategy, is discussed. In
milling, extensive research focuses on the modification of
milling tool geometry modification and coating. As for
grinding, the design of grinding wheel mainly includes
the arrangement of abrasive particles or clusters.
However, the innovative design of tool geometry is
mostly based on experience and practice, rather than
reasonable theoretical standards. Revealing the machining
damage mechanism of fiber-reinforced composites is the
basis and key of tool active design.

5.2 Research gap and future trend

(1) Research on the integrated manufacturing of fiber-
reinforced composite design, preparation, machines, and
performance evaluation for special performance require-
ments is scarce. Fiber-reinforced composites have
excellent designability of multi-phase materials and ply
structure, and their damping characteristics are superior to
traditional materials. The vibration transmission charac-
teristics of different structural composites vary. The
transmission path of vibration in fiber-reinforced com-
posites can be controlled by active design. Therefore, the
design and manufacture of composite materials for shock
absorption and noise reduction is a hot development
direction in the future. This research direction needs to
consider the dual performance requirements of vibration
reduction effect and machining quality in the machining
process systematically.

(2) The high-frequency impact of cutting tools in
ultrasonic vibration machining has different effects on
materials. The special material parameters, such as the
proportion, morphology, arrangement form, and bonding
interface of matrix and reinforcement directly affect the

removal mode of materials because of the heterogeneity
and anisotropy of composites. As a result, the interaction
between tool and material in dynamic machining becomes
more complex. Therefore, determining the relationship
between process parameters and material removal mode
in ultrasonic vibration machining, as well as the judgment
criteria of material removal mode, which cannot realize
the judgment and control of material removal mode, is
difficult. The mechanical and thermal stress transfer
mechanisms of heterogeneous and anisotropic fiber
composites under ultrasonic-assisted machining are
unclear. Therefore, integrating the cutting force models
under different material removal modes to establish a
universe cutting force model is difficult.

(3) At present, the relationship among the material
removal mechanism, deformation behavior, and surface
formation of fiber composites is far from clear. Thus, the
characteristics of deformation, the formation mechanism
of wear debris, the formation mechanism of machining
performance, and its influencing factors based on the
micro and nano scale mechanical properties of the
composites must be revealed further. Based on the
micro/nano scale composition and mechanical properties
of composites, the formation mechanism of subsurface
damage, including crack and residual stresses, and the
evolution law of material service function, life, and
reliability, are investigated. To form a comprehensive
evaluation method of the surface/sub surface integrity of
composite precision grinding, the effect of thermal
mechanical coupling on the mechanical properties of the
internal interface of composites must be revealed. To
establish the mechanical constitutive model and cross
scale material removal model of composites at micro and
nano scales further, the mechanical behavior of material
removal and the formation process of machined surface
must be clarified to provide a systematic and complete
theoretical basis for the research of composite processing.
Finally, the control of surface/subsurface integrity of
composites guided by service performance is realized.

Nomenclature

2D Two-dimensional

CBN Cubic boron nitride

CFRP Carbon fiber reinforced polymer
CG Conventional grinding

CM Conventional machining
CMC Ceramic matrix composite
FCA Fiber cutting angle

FRP Fiber reinforced polymer
GFRP Glass fiber-reinforced plastic
LA Longitudinal amplitude

LN, Liquid nitrogen
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