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Abstract: Continuous fiber-reinforced metal matrix composites (CFMMCs) exhibit exceptional specific strength and
high-temperature resistance, making them ideal for aerospace applications. However, their anisotropic and
heterogeneous structure lead to severe machining challenges, including tool wear, fiber pull-out, and interfacial
debonding. This review summarizes the current state of CFMMCs machining, emphasizing the role of energy field-
assisted machining and their limitations. Conventional machining (CM) exhibits complex material removal
mechanisms involving plastic deformation, brittle fracture, and interface failure. Ultrasonic vibration-assisted
machining (UVAM) reduces cutting forces and residual stress through acoustic softening, while laser-assisted
machining (LAM) induces fiber ductile transition and matrix softening. Femtosecond laser machining further enables
high-precision, low-damage ablation. Despite these advances, research gaps remain regarding anisotropic effects,
parameter coordination, and damage-service life relationships. The development of multi-energy field synergy, Al-
based closed-loop control, and integrated additive-subtractive platforms is also analyzed. Finally, based on the current
development status and the requirements of aerospace manufacturing, future trends in CFMMCs machining are
proposed.
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0 Introduction

Continuous fiberreinforced metal matrix com-
posites (CFMMCs), typically composed of continu-
ous fibers (e.g., silicon carbide, carbon) and metal-
lic matrices (e.g., titanium alloys, magnesium al-
loys, and aluminum alloys) , represent a class of
high-performance materials. Owing to their excel-
lent specific strength, high-temperature resistance,
and superior fatigue performance, CFMMCs have
become the material of choice for high-end aero-

JL14]

space components. . In recent years, numerous

world-renowned enterprises and research institu-
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tions have extensively explored the application of
CFMMCs in critical aerospace parts such as rotor/
stator blades, blings, thin-walled structures, and ro-
tating components (Fig.1)""® . As a typical represen-
tative of advanced metal matrix composites
(MMCs) , CFMMCs exhibit pronounced anisotro-
py. By tailoring fiber orientation and ply stacking se-
quence, their mechanical properties can be opti-
mized for specific loading conditions, enabling high-
er load-carrying capacity and meeting the stringent
demands of complex service environments in aero-

space and automotive industries'’ """,
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Fig.1 Application of different types of CFMMCs"™

Unlike monolithic metals, CFMMCs are not a
simple physical mixture of matrix and reinforce-
ment. Instead, they achieve a substantial enhance-
ment in material properties through the synergistic
design of a “ductile matrix combined with hard fi-

7P Specifically, the ductile metal matrix (e.

bers
g., titanium, aluminum, and magnesium alloys) en-
sures overall plasticity and impact resistance, effec-
tively absorbing and dissipating external energy.
Meanwhile, the high-strength, high-modulus rein-
forcing fibers (e.g., silicon carbide (SiC) and car-
bon (C) fibers) serve as the primary load-bearing
phase, carrying the majority of the applied load and
thus significantly improving specific strength and
specific stiffness. Furthermore, the incorporation of
continuous fibers effectively hinders crack initiation
and propagation. Energy dissipation during the crack
growth occurs through mechanisms such as fiber
bridging and pull-out. In addition, the fibers substan-
tially enhance creep and fatigue resistance at elevat-
ed temperatures. It is the synergistic interplay of
these mechanisms that endows CFMMCs with com-
prehensive mechanical advantages unattainable by
any single constituent phase' """,

Table 1 summarizes the mechanical and physi-

cal properties of typical MMCs, including Al ma-
trix, Mg matrix, and Ti matrix MMCs. The key
properties (tensile strength, hardness, density, and
thermal conductivity) are compared, demonstrating
the improvements over unreinforced matrices %",
Taking continuous fiber-reinforced titanium ma-
trix composites (CF TMCs) as an example, their stat-
ic mechanical properties are particularly remarkable.
Their tensile strength reaches 1 500—2 000 MPa,
comparable to that of high-strength alloy steels, while
their density is only approximately 4.5 g/cm®*.
As a result, CFTMCs exhibit significantly higher
specific stiffness and specific strength than conven-
tional materials such as nickel-based superalloys
(Fig.2(a) ). Regarding fatigue performance, under
ambient conditions, the typical low-cycle fatigue
strength of CFTMCs reaches 1 800 MPa at 10* cy-
cles, demonstrating excellent resistance to cyclic
loading. At elevated temperatures, both low-cycle
and high-cycle fatigue strengths are at least twice
those of conventional titanium alloys (Fig.2(b) ).
Notably, CFTMCs retain more than 80% of their

room-temperature strength at 800 C'*

, revealing
exceptional high-temperature mechanical stability.

Moreover, CFTMCs fully inherit the inherent cor-
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Table 1 Summary of tensile strength, hardness, density, and thermal conductivity for typical MMCs (Al, Mg, and Ti

matrices)"**”
Matrix ) o Tensile Hardness/  Density/  Thermal conductivity/
Material composition C o Reference
type strength/MPa HV (geem ?) (Wem™"*K™)
Al AA6061 310 £ 15 105 + 5 2.70 167 [18]
Al AA6061 + 10% SiC 420 + 20 140 £+ 8 2.75 160 [19]
Al AA7075 + 5% CNTs 550 + 25 180 + 10 2.72 175 [20]
Al AA2024 + Hybrid (SiC + CNTs) 480 4+ 18 155+ 7 2.73 168 [21]
Mg AZ91 250 + 12 80 + 4 1.81 78 [22]
Mg AZ91 + 10% SiC 350 + 18 120 + 6 1.85 75 [23]
Mg AZ31 + 5% CNTs 320 + 15 110 + 5 1.83 82 [24]
Mg AZ91 + Hybrid (CF + MWCNT) 380 + 20 135 + 7 1.84 80 [25]
Ti Ti64 950 + 40 350 + 15 4.43 7.1 [26]
Ti Ti64 + 10% TiC 1200 4+ 50 450 + 20 4.50 6.8 [27]
Ti Ti64 + 5% TiB 1100 + 45 420 + 18 4.48 7.0 [28]
Ti Ti64 + Hybrid (TiC + TiB) 1300 £ 55 480 + 22 4.52 6.9 [29]
- Room temperature (RT) Gr/Epoxy 2 500
® N L
2 10°F 5
|~ CFTMCs S 2 000r
g's Tial /L >
= Steel T o-Ti B 1500
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(a) Specific stiffness and specific strength comparison of (b) Fatigue properties comparison of
CFTMC s and astronautic structural materials CFTMCs and Ti alloy

Fig.2 Performance comparison of CETMCs and different materials'

rosion resistance of the titanium alloy matrix, exhib-
iting excellent resistance to aggressive corrosive en-
vironments such as seawater and acidic media™"**,
which further expands their potential applications in
marine engineering and the chemical industry.
Particle-reinforced metal matrix composites
(PMMCs) are frequently integrated into high-per-
formance aerospace and military applications™ ",
Their popularity stems from a favorable combina-
tion of high specific mechanical properties and ther-
mal stability, particularly within titanium, magne-
sium, and aluminum matrix systems. Compared
with PMMCs, CFMMCs achieve further signifi-
cant enhancements in strength, stiffness, and tough-
ness through fiber bridging and load-bearing effects,
exhibiting particularly outstanding performance in fa-
tigue resistance and impact tolerance. The continu-
ous fiber architecture enables efficient load transfer

from the ductile matrix to the high-strength rein-

30]

forcement, thereby improving the composite’s abili-
ty to withstand cyclic and dynamic loading condi-
tions. The presence of fibers effectively inhibits
crack initiation and propagation by promoting mech-
anisms such as fiber bridging, crack deflection, and
fiber pull-out, thereby substantially extending the
service life of the material " **'.

In contrast, although PMMCs improve matrix
stiffness and wear resistance through the introduc-
tion of hard particles, the inherent differences in in-
terfacial bonding characteristics between particles
and the matrix result in weaker resistance to crack
propagation. The discontinuous nature of particle re-
inforcement leads to localized stress concentrations
and limited crack-bridging capability, making
PMMCs more susceptible to failure under cyclic or
impact loads. Consequently, the toughness and fa-
tigue performance of PMMCs are generally inferior

to those of CFMMCs “*'. Furthermore, the design
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flexibility afforded by fiber orientation and architec-
ture in CFMMCs allows for tailored anisotropic
properties, enabling optimization for specific load-
ing directions,
PMMCs.

On the other hand, ceramic matrix composites
(CMCs) ,

resistance and oxidation resistance, which offer sig-

which is not readily achievable in

despite their extremely high temperature

nificant advantages in extreme thermal environ-
ments, suffer from poor fracture toughness due to
their intrinsic brittleness. CMCs are prone to cata-
strophic failure caused by rapid crack propagation,
which severely limits their application in structural

145497 'TIn con-

components subjected to complex loads
trast, CFMMCs, through the judicious selection of
reinforcing fibers such as SiC fibers, not only main-
tain excellent mechanical properties at elevated tem-
peratures but also possess good fatigue resistance
and service stability. Furthermore, CFMMCs ex-
hibit better machinability and repairability, avoiding
the processing difficulties and service limitations as-
sociated with the brittleness of ceramic matrix mate-
rials'™ ™,

Fabrication technology is a key factor influenc-
ing the development of composite materials. An ide-
al fabrication technique should preserve fiber and
matrix properties, control interfacial reactions, min-
imize adverse effects, and simultaneously meet the
demands of large-scale production'” ", The fabrica-
tion methods for CFMMC:s include the foil-fiber-foil

process, mono-tape process, matrix-coated fiber

or C corel

r

Heat '

Blank

treatment.

process, and physical vapor deposition, among oth-
ers'®™ Fig.3 illustrates the complete fabrication
process flow of SiC fiber-reinforced titanium matrix
composites (SiC;/Ti), from individual fiber prepa-
ration to multi-fiber arrays and finally to the consoli-
dation of final components ™ , where VHP is the
vacuum hot pressing and HIP the hot isostatic press-
ing. First, using tungsten (W) or carbon (C) as the
core material, SiC is deposited on the core surface
by chemical vapor deposition (CVD) to form SiC fi-
bers. Subsequently, a coating is deposited on the fi-
ber surface using CVD or physical vapor deposition
(PVD) to obtain coated or precursor fibers with spe-
cific interfacial properties. The prepared fibers are
then arranged in an orderly manner to form a fiber
preform structure. Through subsequent densifica-
tion and consolidation processes such as diffusion
bonding or hot pressing, the fibers are embedded in-
to the titanium matrix, ultimately forming a multi-fi-
ber-reinforced composite structure. In recent years,
with continuous scientific and technological advanc-
es, novel fabrication techniques such as compres-
sion molding, fiber spinning, and laser additive
manufacturing have emerged, offering more effi-

cient, low-cost,

[66- 71J

and  high-performance solu-
tions Different fabrication methods can be se-
lected according to the end-use requirements of the
composite to optimize its mechanical properties,
thermal stability, and durability, thereby promoting

its widespread application in aerospace, automo-

tive, defense, and other fields.

Fiber with coated layer |Precursor fiber

Fig.3 Preparation process of SiC fiber-reinforced titanium matrix composites'™”
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CFMMCs are experiencing increasingly wide-
spread application demands in high-end equipment
manufacturing fields such as aerospace. Although
composites can in most cases be shaped by nearnet-
shape forming techniques without requiring subse-
quent machining, secondary processing steps includ-
ing grinding, milling, drilling, or turning remain in-
evitably necessary due to stringent assembly accura-
cy requirements. However, compared with mono-
lithic metals, the cutting and grinding difficulty of
CFMMCs is substantially higher, and this differ-
ence fundamentally originates from their unique het-
erogeneous two-phase microstructure.

From a materials science perspective, the ma-
chining difficulties of CFMMCs can be attributed to
three scales. At the macroscopic scale, the oriented
arrangement of fibers leads to pronounced anisotro-
py in mechanical properties, with differences in ma-
chining resistance exceeding 300% depending on di-

rection! ™™

. At the mesoscopic scale, fundamental
differences exist in the material removal mecha-
nisms between the fiber and matrix regions ™. At
the microscopic scale, the substantial property dis-
parity between hard fibers (e.g., SiC fibers with a
hardness of approximately 2 800 HV) and the rela-
tively soft metal matrix (e. g., titanium alloy at
about 350 HV, aluminum alloy at about 150 HV,
and magnesium alloy at about 80 HV) render the
machining process highly susceptible to various
forms of damage'™ ™',

Specifically, the material removal mechanism
of CFMMCs during machining is distinctly different
from that of monolithic metals. Unlike pure metals,
where material removal is dominated by plastic de-
formation, the presence of high-hardness reinforcing
phases in CFMMCs significantly impedes the plas-
tic flow of the metal matrix, leading to complex
multi-mechanism coupled machining behavior. Dur-
ing the tool-workpiece interaction, material removal
simultaneously involves plastic deformation of the
matrix, brittle fracture of the reinforcing phase, and
interfacial debonding, manifesting as fiber pull-out,

[83-87]

fragmentation, and microcrack propagation

Moreover, the reinforcing phase content in

CFMMCs is relatively high. In a single cutting

pass, the cutting tool alternately contacts both duc-
tile and brittle phases in similar proportions. This
multi-mechanism coupled material removal behavior
not only exacerbates tool wear, particularly flank
wear and micro-chipping, but also generates defects
such as fiber debonding pits and microcracks on the

machined surface® %

. Common damage modes in-
clude fiber pull-out, fiber fracture (especially during
transverse machining) , and fibermatrix interfacial
debonding, with interface damage depths reaching

85]

up to 50 pm'®’. These defects not only reduce ma-
chining accuracy but also severely impair the fatigue
performance and service life of components. There-
fore, developing efficient and low-damage machin-
ing technologies for CFMMCs has become a com-
plex and urgent task.

To date, numerous studies have been conduct-
ed on the cutting and grinding of composites such as
carbon fiberreinforced polymers (CFRPs) %%/,
CMCs™™ | and PMMCs"*"",

tant references for understanding the machining

providing impor-

mechanisms of CFMMCs. However, compared
with the aforementioned composites, CEMMCs ex-
hibit more significant discrepancies in thermophysi-
cal and mechanical properties between the ceramic
fibers and the metal matrix. Specifically, ceramic fi-
bers such as SiC fibers possess very low coefficients
of thermal expansion and high-temperature stabili-
ty, whereas metal matrices such as titanium and alu-
minum alloys exhibit relatively high coefficients of
thermal expansion and good plasticity. This substan-
tial property disparity readily leads to thermal expan-
sion stress mismatch and incompatible deformation
between the fibers and the matrix during machining,
particularly under locally elevated temperatures and
complex stress fields, thereby further inducing ma-
chining damage such as interfacial debonding, fiber
fracture, and microcrack initiation''*'**'. These is-
sues elevate the machining difficulty of CFMMCs to
a level far exceeding that of traditional metallic ma-
terials and other types of composites.

However, in stark contrast to the increasingly
widespread application demands of CFMMCs, sys-
tematic reports on the machining of these materials

in the open literature remain very limited"*'""". Al-
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though preliminary studies have achieved some prog-
ress in conventional cutting, grinding, and energy-
field-assisted machining methods such as laser-as-
sisted machining (LAM) " and ultrasonic vibra-
tion-assisted machining (UVAM) " | the field is
still largely in an exploratory stage. Existing re-
search has mostly focused on feasibility validation
and preliminary process parameter optimization for
single machining methods, while studies on multi-
energy-field synergistic machining, intelligent pro-
cess monitoring, and the establishment of process
systems tailored for engineering applications remain
severely insufficient. Consequently, a significant
gap remains before a complete and mature machin-
ing process system suitable for complex structural
components made of CFMMCs can be established.
It should be noted that the aforementioned pioneer-
ing work has laid an important foundation for subse-
quent research, particularly in providing valuable ex-
perimental data, theoretical models, and technical
references for understanding the material removal
mechanisms of CFMMCs, the evolution of fiber-
matrix interfacial damage, and the influence of ma-
chining parameters on surface integrity. Given the
increasingly — urgent application demands for
CFMMCs in high-end equipment manufacturing,
further in-depth research on efficient, low-damage,
and intelligent machining technologies remains an
important challenge that urgently needs to be ad-

dressed.

1 Turning Process

Although research and development efforts on
CFMMCs began as early as the 1960s, progress in
their machining technologies remained slow for sev-
eral decades. It was not until the 1990s that
Cronjager et al.'™’ made the first attempt to machine
CFMMCs by machining carbon fiber-reinforced alu-
minum composites (C;/Al) using polycrystalline di-
amond (PCD) tools. Their exploratory work fo-
cused on tool wear, process optimization, and ma-
chining quality. However, following this initial ef-
fort, systematic studies on the machining of

CFMMCs remained scarce for a considerable period.

1.1 Conventional turning

A significant breakthrough did not occur until
2023, when Zan et al."*’ at the University of Not-
tingham conducted orthogonal cutting experiments
on SiC/Ti-6Al-4V composites. In the section on
turning, fundamental material removal mechanisms
are often investigated through orthogonal cutting ex-
periments to simplify the 3D stress state into a 2D
plane strain model. They systematically investigated
the influence of temperature on chip morphology,
material removal mechanisms, and surface integrity
by comparing cryogenic ( —180 C, CT) , room
temperature (24 ‘C, RT), and high temperature
(400 °C, HT) conditions. The results demonstrated
that workpiece temperature profoundly affected the
deformation mechanism and deformation depth of
the Ti-6Al-4V matrix. As shown in Fig.4, both

Cutting direction
Reference line of
machined surface

Position of cross-section plane

Swept grains

b ~ 20 um F il
(a) EBSD Euler (b) EBSD Euler (c) EBSD Euler
angle map of angle map of angle map of

RT specimen
27 pm

CT specimen

HT specimen
52 pm

o 5
(f) Kernel average
misorientation map
of HT specimen

(d) Kernel average
misorientation map
of RT specimen

(e) Kernel average
misorientation map
of CT specimen

20 pm 20 pm

(i) Special boundary

(g) Special boundary  (h) Special boundary
map of RT map of CT map of HT
specimen specimen specimen
—(1-210)56" —(1-210)85 —(1-100)35°

Fig.4 Electron backscatter diffraction (EBSD) character-
ization of matrix cross-sections after machining at

50 m/min and a cutting depth of 0.1 mm
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cryogenic and high temperatures induced greater ma-
trix deformation depths than room temperature,
which in turn led to more extensive fiber cracking.
This study significantly advanced the understanding
of cutting mechanisms in fiber-reinforced titanium

matrix composites.
1.2 Ultrasonic vibration-assisted turning

Integrating CFMMCs into aerospace compo-
nents requires precise thinning of the titanium clad-
ding, yet conventional subtractive methods often
compromise structural integrity through machining-
induced cracks and fiber fractures. The current lack
of a comprehensive understanding regarding thin-
ning-related deformation, coupled with a deficiency
in low-stress processing alternatives, represents a
major barrier to the practical deployment of these
high-performance composites.

To overcome these limitations, researchers
have turned to energy-field-assisted machining tech-
nologies, among which UVAM has emerged as a
promising solution. UVAM applies high-frequency
(20—50 kHz) small-amplitude oscillations to either
the cutting tool or the workpiece, generating period-

ic tool-workpiece separation. This induces an acous-

tic softening effect that promotes dislocation motion
while effectively reducing cutting forces and machin-
ing stresses. These characteristics make UVAM
particularly suitable for heterogeneous difficult-to-
machine materials such as fiber-reinforced compos-
ites' .

Through a series of orthogonal experiments, a

[103] charac-

research group from Beihang University
terized the microstructural transitions and macro-
scopic deformation of CFMMCs under UVAM con-
ditions. Their data indicates that UVAM yields a
20% reduction in machining forces and a 60% de-
crease in surface residual stress compared to the con-
ventional machining (CM). While acoustic soften-
ing was responsible for the decline in surface stress,
high-frequency stress waves were found to intensify
subsurface stress levels. Notably, the SiC fibers act-
ed as a catalyst for ultrasonic energy, facilitating dis-
location annthilation and dynamic recrystallization.
This process effectively lowered the dislocation den-
sity within the matrix and reorganized the interfacial
stress field, resulting in a more stable and uniform

fiber-matrix transition, as shown in the mechanistic

comparison in Fig.5.

" Near-machined surface matrix

s
Uperpositior

S
0’”
IMultiple reflections and superposition

Fig.5 Comparison of macroscopic deformation and microstructure evolution mechanism between CM and UVAM of

SiC,/Ti
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Despite these advancements, several limita-
tions remain in the current understanding. First, the
study did not directly address the material removal
mechanism of the composite, particularly the dy-
namic response of the fibermatrix interface during
machining and its subsequent influence on material
properties. Second, systematic optimization of ma-
chining parameters was not conducted, which hin-
ders the practical application of UVAM to complex

structural components.
1.3 Laser-assisted turning

LAM offers an alternative approach by en-
abling localized thermal softening of the workpiece
material through rapid heating. This technique sig-
nificantly reduces cutting forces and tool wear while
suppressing crack propagation in brittle phases. Con-
sequently, LAM is particularly well-suited for diffi-
cult-to-machine materials characterized by high hard-
ness, high brittleness, and high strength. Compared
with CM, LAM provides distinct advantages in
terms of improved machining efficiency, extended
tool life, and enhanced surface integrity' ™.

Leveraging these benefits, researchers have ex-
plored the application of laser-assisted turning
(LAT) to high-volume-fraction CFMMCs. Dan-
dekar and Shin'*"' investigated the feasibility and ad-
vantages of LAT in Al-2%Cu/AlLO; composites
with a fiber volume fraction of 62%. Although
CFMMCs possess high specific strength and excel-
lent corrosion resistance, their machinability is se-
verely compromised by the hard and brittle nature of
the fibers and the high interfacial strength, often re-
sulting in severe tool wear and subsurface damage.

To address this challenge, the study employed
a three-phase multi-physics finite element model in-
corporating the fiber, matrix, and interface, com-
bined with systematic experiments. The effects of la-
ser preheating on cutting forces, specific cutting en-
ergy, surface roughness, tool wear, and fiber frac-
ture or debonding were comprehensively evaluated.
A thermal model was developed to quantitatively re-
late the material removal temperature T,, to key pa-

rameters including laser power, feed rate, and cut-

ting speed, and was subsequently validated through
experiments.

Fig.6 presents a comparison of the workpiece
and surface morphology between conventional turn-
ing (C-Turning) and LAT™/. The results demon-
strated that at T,, = 300 °C , machining perfor-
mance was significantly enhanced: Specific cutting
energy, surface roughness, and tool wear were all
reduced by approximately 65% , while fiber fracture
and interfacial debonding depths were markedly di-
minished. Moreover, the cutting process became
more stable, as evidenced by the lowest ratio of
thrust force to main cutting force. Both simulations
and experiments consistently indicated that increas-
ing the material removal temperature reduces the
mechanical load on fibers and suppresses brittle frac-
ture. Additionally, employing a larger rake angle
and a lower cutting speed was found to further re-

duce machining damage.

(a) Machined workpiece of
C-Turning CFMMCs

(b) Machined workpiece of
LAT CFMMCs

Y i B

%
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) H

" ! +} u.*v
;@
x‘q T T
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(d) SEM of surface damage of
LAT CFMMCs

(c) SEM of surface damage of
C-Turning CFMMCs

Fig.6  Comparison of surface morphology between C-Turn-
ing and LAT of CFMMCs™"

2 Milling Process

2.1 Conventional milling

A comprehensive study by Wang et al."®' on

the side milling of SiC;/Ti thin-walled parts indi-
cates that these composites experience significantly

higher global dynamic instability than unreinforced
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titanium alloys. Despite this instability, the structur-
al displacements for vertical and horizontal fiber ori-
entations were lower than the titanium baseline by
33.2% and 56.93%, respectively. This suggests
that while the composite structure introduces com-
plex vibrational challenges, the presence of fiber re-
inforcement significantly enhances the overall stiff-
ness and resistance to deformation compared to
monolithic alloy counterparts.

Vibration analysis showed that the vertical fi-

ber layout suffered from minimum stiffness at the

ibers

Q
>

tool entry, leading to a peak vibration of 154.3 m/
s’. In contrast, the horizontal layout experiences a
more critical stiffness drop at the tool exit, with vi-
brations reaching 160.7 m/s”. Mechanistically, the
vertical arrangement favors constrained plastic flow
within the matrix and elastic interfacial adjustment,
with energy being dissipated primarily through longi-
tudinal stress wave transmission and interfacial fric-
tion. The specific side milling configuration and the
resulting deformation mechanisms for these SiC;/Ti

components are further detailed in Fig.7"* .

Engaged fiber
change
Y Fiber
| |
| |
| |
| |
| i
: : Matrjx
| 1 FIEY
. ' ipation
Engaged location [Fiber
change
Matrix
__E Inergy|
[ Heflection

(b) Response mechanisms during the side milling of SiC;/Ti thin-walled components under different fiber orientations

Fig.7 Side milling of SiC;/Ti thin-walled components

[88]
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It should be noted that this study focused pri-
marily on displacement and vibration responses dur-
ing machining. However, it did not evaluate the sur-
face integrity of the machined thin-walled compo-
nents, including surface roughness, residual stress,
and subsurface damage, nor did it assess their sub-
sequent effects on fatigue performance and service
life.

In a separate study, Zhang et al.” investigat-
ed HfZrTiTaNbCu-reinforced 2A97 aluminum ma-
trix composites with a low fiber volume fraction of
0.2%. Utilizing finite element simulations, the re-
searchers conducted a systematic evaluation of how
fiber orientations (45", 90°, and 135°), machining
parameters, and tool coating thickness influence cut-
ting forces, thermal loads, surface quality, and tool
degradation. The findings demonstrated a direct cor-
relation between increased machining parameters

and elevated cutting forces and temperature. Fiber

IPG galvanometer
" " laser scanner MMCs surface
P
l
Concentrated heat Friimateix :

- 2
—_—

o

. o

Conventional LAM g8
. = Low

Vﬁmllmll s Uniform heat distribution i
ig . . oHi X

Vo E High

Med ~5

Inverse LAM g

Low S,

= Low

(a) Schematic of the laser scanning path and corresponding heat
distribution under conventional LAM and inverse LAM

Cutting direction

(¢) Microscopy image of sub-surface defect
for semi-inverse LAM

alignment proved to be a critical factor; for in-
stance, the cutting force observed at 90° orientation
was approximately 53% lower than that at 135°. Ad-
ditionally, the thermal variance between the 45° and
90° fiber arrangements reached 26 °C , highlighting
the high sensitivity of the thermal-mechanical re-

sponse to the internal architecture of the composite.
2.2 Laser-assisted milling

Laser-assisted milling (LA-Milling) has also
been successfully applied to the machining of
CFMMCs. Mypati et al.'”’ conducted a compara-
tive study between conventional milling (C-Mill-
ing) and LA-Milling of Ti6Al14V/SiC; composites.
They proposed a novel “fully inverse LA-Milling”
mode , which separately optimized the temperature
fields in the titanium matrix and SiC fiber regions.
This approach achieves localized softening of the ti-
tanium matrix while avoiding thermal damage to

the SiC fibers, as schematically illustrated in Fig.8.

Fiber pull-out

Plastically s \

deformed
material

100 pm

(b) Microscopy image of sub-surface defect
for conventional LAM

Less fiber pull-out

Innerfiber
crack

(d) Microscopy image of sub-surface defect
for fully inverse LAM

Fig.8 C-Milling and LA-Milling of SiC,/ Ti-6A1-4V with machining direction perpendicular to fiber axis™™”

The experimental results demonstrated that ful-
ly inverse LLA-Milling reduced cutting forces by
62% and extended tool life by 60%. Furthermore,

it significantly improved chip morphology and micro-
structure, while reducing microcracks and grain dis-

tortion. However, this study adopted only a feed di-
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rection perpendicular to the fiber axis, and thus did
not account for the influence of fiber anisotropy on
the material removal mechanism. Additionally, the
effect of machined surface integrity on the fatigue
life of components was not systematically investigat-
ed.

3 Grinding Process

3.1 Conventional grinding

Unlike milling and turning, grinding removes
material through the simultaneous micro-cutting ac-
tion of numerous abrasive grains on the grinding
wheel surface, offering distinct processing advantag-
es. Each abrasive grain acts as a microscopic cutting
edge, and their collective participation in material
removal results in an extremely small depth of cut
per grain and uniformly distributed cutting forces.
This effectively prevents machining damage com-
monly associated with local stress concentrations,
such as fiber fracture, interfacial debonding, and
subsurface microcracks. Furthermore, grinding
achieves superior surface quality and dimensional
accuracy , making it particularly suitable for diffi-
cult-toomachine materials with heterogeneous and
anisotropic characteristics, including CFMMCs"*".
Consequently, grinding has become a critical and
often final step in the machining of CFMMC com-
ponents.

The ground surface is the product of interac-
tions between adjacent abrasive grains, which ren-
ders understanding the mechanical action of a single
grain on the material particularly complex. To ad-
dress this challenge, single-grain grinding and sin-
gle-grain scratching methods have emerged as reli-
able approaches for elucidating the material removal
mechanisms under abrasive grain action'’ "%,
These methods have yielded important insights into
the microscopic formation of machined surface mor-
phology, thermo-mechanical coupling effects, and

grinding tool wear.

Li"""" conducted systematic research on the

grinding of C/Al composites. Through the cou-
pling of multiple methods and optimization of pro-
cess parameters, grinding damage in C;/Al com-
posites was effectively controlled, providing sys-
tematic theoretical guidance and process recommen-
dations for achieving high-quality machining. Al-
though this study focused directly on C;/Al, the
multi-scale simulation framework established, the
coupled analysis method relating fiber orientation
to process parameters, and the “brittle-ductile” in-
terfacial removal mechanism revealed through sin-
gle-grain experiments have provided valuable refer-
ences for subsequent research on other CFMMC
systems.

Feng et al.™ systematically investigated the
material removal mechanisms and damage evolution
laws of SiC;/TC17 composites under single cubic
boron nitride (CBN) abrasive grain high-speed
grinding (grinding speed in 80 m/s) , considering
different fiber orientation angles (4, = 0°, 30°, 60°,
and 90°) , as shown in Fig.9. The study revealed
that under the action of a single abrasive grain, ma-
terial damage exhibited multi-mode coupling charac-
teristics, including matrix coating, fiber micro-frac-
ture, and macro-fracture. Furthermore, the damage
mode is jointly governed by the fiber embedding
depth and the maximum undeformed chip thickness.
As the embedding depth decreases, the fibers under-
go three progressive damage stages: Surface micro-
fracture, exposure and deformation of the internal
tungsten core, and macro-fracture or pull-out. The
study further quantified the influence of process pa-
rameters, demonstrating that reducing the maxi-
mum undeformed chip thickness significantly low-
ered the critical embedding depth for damage mode
transition. For instance, at ; = 90°, decreasing the
chip thickness from 0.8 pm to 0.1 pm reduced the
critical value by 8—10 pm. This work elucidates the
coupled fiber-matrix removal mechanism at the sin-
gle-grain scale, providing an mmportant theoretical
foundation for low-damage precision grinding of

CFMMCs.
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Fig.9 High-speed grinding of SiC,/Ti with single CBN grain along different fiber directions'

3.2 Ultrasonic vibration-assisted grinding

Current research on ultrasonic vibration-assist-
ed grinding of CFMMCs encompasses aspects such
as material removal mechanisms'®’, grinding wheel
wear ™| and numerical simulations*'. Ding et al."""”
systematically investigated the application of ultra-
sonic vibration in the machining of SiC,/TC17 com-
posites. Their experimental data revealed that ultra-

sonic vibration-assisted grinding (UVAG) reduced
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92]

grinding forces by 18.6% relative to conventional
grinding (CG). The research highlighted that the fi-
ber orientation was a primary determinant of machin-
ing resistance; the maximum grinding forces were
generated when processing perpendicular to the fi-
bers, whereas parallel grinding yielded the lowest
force values.

Regarding surface integrity, UVAG achieved a
19.1% improvement in surface roughness compared

to CG. However, the study noted that the severity



No. 3 CHEN Tao, et al. Challenges and Strategies in Machining of Continuous Fiber-Reinforced Metal--- 329

of machining-induced damage depended heavily on
the fiber layout. Longitudinal grinding was found to
be the most detrimental condition, characterized by
prominent fiber pull-out from the titanium matrix.
These findings offer critical insights into the remov-
al mechanisms and provide a basis for developing
damage-suppression strategies for the high-precision
processing of CFMMCs.

However, several limitations should be noted.
The experiments only considered a limited number
of fiber orientations, specifically perpendicular and

w

longitudinal directions, without systematically cov-
ering other angles such as 30°, 45°, and 60°. More-
over, the study focused primarily on grinding forces
and surface morphology, without in-depth investiga-
tion of subsurface damage depth or the fatigue per-
formance of machined components. A quantitative
relationship between process parameters and service
life has yet to be established. Fig.10 illustrates the
surface morphology evolution of SiCy/Ti under
UVAG along different fiber directions''”’.

Trajectory of a single
grain in CG

Trajectory of a single grain in UVAG™ v, >
(a) Grain move trajectory in CG and UVAG

Ductile removal

Perpendicular
fiber

Transverse
fiber

g
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fiber

Brittle removal

A
|
4
l\

I¢
}
1]
|

'

Fig.10 Illustration and comparison between CG and UVAG of SiC,/Ti""

3.3 Laser-assisted grinding

To address the machining challenges posed by
SiC/Ti, Xu et al.'™ proposed a laser-assisted
grinding (LLAG) method and systematically investi-
gated its material removal mechanisms and ma-
chined surface characteristics. The study revealed

the improvement effects of laser assistance on the

grinding process from multiple perspectives, includ-
ing grinding process variation, tool wear state, sur-
face morphology, and subsurface microstructure de-
formation.

The results showed that LAG offered signifi-
cant advantages over CG in terms of cutting force,

vibration, and tool wear. This improvement is pri-
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marily attributed to the laser-induced change in the
deformation mechanism of SiC fibers, which transi-
tions from brittle fracture to semi-ductile fracture
failure. Regarding surface morphology, LAG pro-
duced smoother surfaces because the laser-induced
thermal effect softened the titanium matrix, promot-
ing matrix coating that covered the pits generated by
fiber fracture. In contrast, CG conditions exhibited
pronounced burr formation. At the microstructural
level, the introduction of laser assistance in LAG
caused SiC fibers to predominantly undergo ductile
in-

fracture, characterized by 45° deformation,

creased dislocation density, and stacking fault accu-

" Diamond
grinding tool

AG

1 Ducti ‘e
Iremovaj

1

: meared

\\\\\\\g o
A&

mulation. In CG, however, fibers primarily exhibit-
ed brittle fracture with greater fracture depth and
limited plastic deformation, as evidenced by fewer
dislocations and stacking faults.

Despite the clear advantages of LAG in im-
proving SiC;/Ti machining quality demonstrated by
Ref.[106], certain limitations remain. The study fo-
cused primarily on process feasibility validation and
did not systematically explore the coupled optimiza-
tion of different laser parameters such as power and
scanning speed with grinding parameters such as

cutting depth and feed rate. Fig.11 presents a sche-
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matic illustration and comparison between CG and
LAG of CFMMCs ",

4 Laser Process

While UVAM is effective in mitigating surface
degradation, it remains hampered by significant tool
wear and a performance dependence on vibration ori-
entation. Alternatively, LAM facilitates the process-
ing of these materials by softening the matrix and
shifting fiber fracture behavior from a brittle to a
semi~ductile mode. However, the successful imple-
mentation of LAM requires precise synchronization
between laser settings and machining parame-

1% Tn this context, femtosecond laser machin-

ters
ing has emerged as a superior alternative for
CFMMCs'""", offering high-precision capabilities
and minimal thermal damage, which are essential

for the efficient processing of these challenging com-

posites.
107

In the SiC/Ti processing, Wang et al.""” iden-
tified that the distinct properties of the fiber and ma-
trix led to asynchronous removal and selective abla-
tion. Their results indicate that the removal volume
scales directly with laser power and scan frequency.
The SiC fibers undergo a “sublimation-expansion-
solidification” cycle, resulting in a spore-like surface
morphology, while the titanium matrix develops a
scale-like texture (Fig.12'""). Oxidation during this
process involves a competition between the accumu-
lation of Si0O, and the removal of TiO,. Although
synchronous, low-damage removal was achieved at
ten scans with a roughness fluctuation of 0.731 pm,
the study lacked a quantitative correlation between
processing variables and final quality. Furthermore,
the impact of such machining on the mechanical in-
tegrity and service life of CFMMCs remains unex-

plored, marking a critical area for future research.

Middle layer

Outer layer >

/, § )4 |
p Ablative trace

Fig.12  Ablation morphology of SiC,/Ti under femtosecond laser machining'

5 Future Prospects of CFTMCs

Machining

Despite their desirable macroscopic mechanical

0 um

v

Ablative trace

20 pm |

95]

properties such as high strength and hardness,
CFMMCs present substantial challenges in preci-

sion machining. These difficulties originate from the
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material’ s intrinsic multiscale heterogeneity. Based
on the advantages and limitations of the above ma-
chining technologies, this section provides an out-
look from the perspective of application demands.

At the macroscopic level, the mechanical be-
havior of the material is highly anisotropic. In partic-
ular, fiber orientation plays a dominant role in gov-
erning key machinability indicators, such as cutting
resistance, plastic flow characteristics, and thermal
sensitivity. Consequently, the cutting response of
lead-

ing to inconsistent and unpredictable machining out-

CFMMCs varies significantly with direction,

comes.

At the mesoscopic level, the root cause of de-
graded machinability lies in the stark contrast be-
tween the two constituent phases. The fiber phase,
typically composed of hard, brittle ceramic materi-
als such as SiC, carbon, or Al;Os, resists plastic de-
formation and tends to fail in a brittle manner. In
Mg,
Ti, or Cu) is relatively soft and ductile, exhibiting

contrast, the metal matrix phase (e.g., Al,

strong adhesion and smearing tendencies. This brit-

tle-ductile mismatch gives rise to a highly complex
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and coupled material removal mechanism. Under
the action of the cutting tool, the interaction be-
tween these two incompatible phases inevitably gen-
erates severe machining defects, including fiber pull-
out, matrix tearing, interlayer delamination, poor
surface finish, burr formation, and accelerated tool
wear.

Thus, the machining difficulty of CFMMCs is
not attributable to a single factor, but rather emerg-
es from the interplay between mesoscopic machin-
ability disparity and macroscopic anisotropic behav-
ior. Effectively addressing this multiscale challenge
requires a holistic strategy that coordinates material
responses across different length scales.

Owing to their unique fiber-matrix interface
characteristics and the pronounced anisotropy in-
duced by continuous fiber reinforcement, CFMMCs
exhibit fundamentally different mechanical respons-
es and material removal mechanisms compared to
conventional monolithic metals or PMMCs. Look-
ing ahead, future developments in the machining of
CFMMCs (Fig.13) are expected to follow the tra-

jectories outlined below.
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Fig.13 Emerging trends and future pathways in CFMMCs machining

(1) Advanced manufacturing and additive tech-
nologies

The focus will shift toward the integration of

complex geometries and multi-material structures.
By leveraging techniques like selective laser melting

(SLLM) and electron beam melting (EBM) , manu-
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facturers can achieve precise placement of continu-
ous fibers within the metal matrix. This enables the
creation of high-performance components that go be-
yond traditional geometric constraints.

(2) Smart and digital processing

The industry is moving toward Al-based pro-
cess optimization and real-time monitoring.
Through the implementation of digital twins and
predictive maintenance, the manufacturing process
will become a closed-loop system. Multi-modal sen-
sor data and machine learning algorithms will be
used to monitor tool wear and fiber fracture in real-
time, ensuring autonomous decision-making and
consistency.

(3) Ultra-precision and sustainable machining

Future machining will prioritize both high accu-
racy and environmental responsibility. Micromachin-
ing will provide fine surface finishes, while green
cutting technologies, such as minimum quantity lu-
brication (MQL) , dry machining, and material re-
cycling, will minimize environmental impact. These
advancements aim to reduce tool wear when han-
dling abrasive fibers while maintaining superior sur-
face quality.

(4) Application expansion and market trends

The ultimate goal is to promote the widespread
application of CFMMCs across diverse high-tech
sectors. Key markets include aerospace (airframes
and engine components) , automotive (lightweight-
ing and chassis parts) , high-end equipment, and
medical devices. Research will drive cost reduction
and performance tailoring to meet the specific re-
quirements of these extreme service environments.

(5) Manufacturing challenges and research op-
portunities

To realize this outlook, research must address
critical bottlenecks, such as the rapid tool wear
caused by abrasive fibers (e.g., SiC, C) and the dif-
ficulty of achieving dimensional accuracy in micro-
machining. Developing reliable in-skill monitoring
sensors and optimizing process parameters for var-
ied multi-material compositions remain the primary
frontiers for future innovation.

In summary, the manufacturing of CFMMCs

is evolving into an intelligent, sustainable, and high-
ly integrated ecosystem. By overcoming current ma-
chining challenges through digital twins and green
technologies, CFMMCs are set to become a corner-
stone material for the next generation of aerospace

and high-performance engineering applications.
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