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Abstract

Carbon fiber-reinforced silicon carbide ceramic matrix composites (Cf/SiC)
ex-hibit advantages such as high-temperature resistance, low density, and high
spe-cific strength, making them widely applicable in aerospace, new energy vehi-
cles, and other fields. However, their heterogeneous nature and hard-brittle frac-
ture mechanisms lead to poor machined surface quality. To clarify the influence of
fiber orientation on grinding characteristics and material removal mechanisms,
single-grit scratching experiments were conducted, and a finite element model
(FEM) of Cf/SiC composites was established. Two machining directions, MA
(transverse direction) and MB (longitudinal direction), were defined based on
fiber orientation, and the effects on normal force (Fn) and surface morphology
were investigated. A finite element numerical model of Cf/SiC composites was
developed, incorporating the mechanical properties of fibers, matrix, and in-
ter-faces. Simulation results revealed that Fn increases with cutting depth, and the
average Fn magnitude followed the order MB > MA. Cracks propagated along the
fiber axis: transverse fibers were removed via wear, fracture, and peeling, with
some fibers exposed due to brittle matrix fracture; longitudinal fibers were
re-moved via wear and debonding, primarily influenced by the contact area
be-tween fibers and abrasive grits.
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1. Introduction

Ct/SiC composites combine the high hardness, wear resistance, and thermal stability
of the silicon carbide matrix [1, 2] with the chemical resistance and low thermal ex-
pansion of carbon fibers [3], making them critical for high-performance applications
in aerospace, new energy vehicles, and military systems [4, 5]. However, secondary
machining is required to meet precision assembly and functional demands [6, 7].
Due to their high hardness, multiphase structure, and anisotropy, machining pro-
cesses often induce defects such as surface crack propagation, fiber pull-out, and
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delamination [8, 9]. Grinding has been identified as an effective method to improve
surface quality, prompting extensive research into its mechanisms and characteris-
tics.

Zhang et al. [10] investigated the grinding characteristics of Cf/SiC in three orienta-
tions and observed that fiber orientation significantly influences material removal,
with brittle fiber fracture being the dominant mechanism. Li et al. [11] compared
unidirectional and 2.5D woven Cf/SiC composites, finding that fiber arrangement
affects fracture modes: fragments parallel to the grinding direction were elongated,
while perpendicular fragments were chip-like. Qu et al. [12] studied the effects of
fiber orientation and grinding depth on surface morphology, roughness, grinding
forces, and chips in 2.5D needle-punched Cf/SiC, concluding that both parameters
critically influence surface quality. Cao et al. [13] similarly reported fiber orienta-
tion-dependent grinding forces.

Single-grit scratching experiments are effective for studying grinding mechanisms.
Liu et al. [14] conducted longitudinal, transverse, and normal scratches on 2D C¢/SiC,
observing periodic fluctuations in scratching forces and distinct removal modes
dominated by brittle fracture. Wang et al. [15] performed single-diamond grit
scratching on Cr/SiC, revealing that parallel scratches caused fiber compression and
shear removal, while perpendicular scratches induced crack propagation along fi-
bers with interfacial damage. Lin et al. [16] studied ultrasonic scratching of SiC¢/SiC
and found fiber angle-dependent removal mechanisms: shear/bending fracture at 0°
and extrusion/debonding at 90°.

Finite element analysis (FEA) offers advantages in visualizing material removal and
predicting cutting forces. Zhu et al. [19] developed a 3D macroscopic model for
CFRP/Ti laminates using ABAQUS. Du et al. [20] established a multiphase 2D FEA
model for SiCp/Al composites to analyze micro-removal mechanisms. Yan et al. [21]
modeled fiber, matrix, and interfaces to simulate orthogonal cutting of unidirection-
al CFRP, providing theoretical guidance for FEA of fiber-reinforced composites. Han
et al. [22] combined FEA and experiments to reveal intralayer damage mechanisms
in UD-CFRP under nano scratching, linking fiber failure modes to scratching forces.
Chen et al. [23] modeled orthogonal cutting of C¢/SiC using maximum stress criteria
for fibers and matrix, but oversimplified constitutive models and inaccurate interfa-
cial parameters hinder analysis of damage evolution.

Building on prior work, this study establishes an FEM for single-grit scratching of
Ct/SiC, incorporating a brittle matrix constitutive model, orthotropic elastoplastic
fiber model, and interfacial properties. Transverse (MA) and longitudinal (MB)
scratching experiments were conducted to analyze the effects of depth and fiber
orientation on grinding characteristics. The model simulates crack propagation and
removal behaviors, elucidating the micro-removal mechanisms under different fiber

orientations.
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2. Materials and Methods
2.1. Materials

The C¢/SiC composite used in the experiments was fabricated via a combined meth-
od of Chemical Vapor Infiltration (CVI) and Precursor Infiltration and Pyrolysis
(PIP). It is a carbon fiber-reinforced silicon carbide ceramic matrix composite, com-

posed of carbon fibers and a silicon carbide matrix, as illustrated in Figure 1. The
mechanical properties of the material are listed in Table 1.

matrix

fiber

Figure 1. structure diagram and sample diagram of Cs/SiC

Table 1. mechanical properties of C¢/SiC composite

Volume frac- Bending Tensile
Density
Material tion of fiber strength strength Poisson's ratio
(g/cm3)
(%) (GPa) (GPa)
Cy/SiC 30% 1.8 45 70 0.35

2.2. Single-Grit Scratching Experiment

The workpiece dimensions were 20 mm x 15 mm x 10 mm, and a diamond indenter
with a 90° conical angle at the tip was used as the tool. A schematic of the experi-
mental setup is shown in Figure 2. Based on fiber orientation, two machining direc-
tions were designed: MA (transverse direction) and MB (longitudinal direction).
Experiments were conducted at varying scratching depths (ap), with three repeti-
tions per depth. The experimental parameters were set as follows: feed speed
V=100 mm/min, and scratching depths ap = 3, 6, and 9 pm.
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Figure 2. Experimental site and processing direction diagram

2.3. Single-Grit Scratching Simulation

To visualize the material removal process and elucidate the effects of cutting forces
and surface morphology, a finite element numerical model for single-grit grinding of
Ct/SiC composites was established using Abaqus software. This model comprehen-
sively accounts for matrix brittleness, fiber anisotropy, and interfacial mechanical
properties, exploring the grinding mechanisms of C¢/SiC composites and providing
critical theoretical insights for production.

2.4. Geometric Model

Based on the actual composition of Cs/SiC composites, a finite element simulation
model was developed, considering fiber arrangement and mechanical properties.
The geometric dimensions of the model were 100 pm x 50 um x 25 pm, with a fiber
diameter d=7 um. By adjusting the grit position, scratching at different angles was
simulated. Due to computational limitations in replicating the dense and complex
fiber distribution of real materials, the model focused on single or multiple fibers
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rather than full-scale simulations. To align with the model’s scale, the feed speed V
was set to 10 m/s, and scratching depths ap were 5, 8, and 10 um. These parameters
enabled the study of semi-cutting, full-cutting, and complete cutting of individual or
multiple fibers, thereby analyzing crack propagation and failure modes.

As shown in Figure 3, the abrasive grit was simplified to a 90° conical indenter
without fillets and modeled as a discrete rigid body [24]. The workpiece’s bottom
face was fully constrained, and displacements on both sides along the scratching di-
rection were restricted. A penalty contact algorithm was applied between the grit,
fibers, and matrix to enforce interfacial constraints. The friction coefficients were
defined as follows: 0.35 between the grit and matrix [25], 0.8 between the grit and
fibers, and 0.8 between fibers and the matrix [26].

(a) MA (b) MB

Figure 3. Schematic diagram of model unit and simulation machining directions

3. Results and Analysis
3.1. Scratching Force Analysis

According to indentation fracture mechanics, the normal force (F.) during
scratching effectively reflects machining conditions, making (F:) a critical evalua-
tion metric. Figure 4 illustrates the simulated (F») signal characteristics for the
MA direction at a scratching depth of 8 um. The scratching force exhibits unstable
fluctuations with periodic variations, attributed to the periodic arrangement of
multiple fibers in the MA direction. The cyclic force behavior comprises two dis-
tinct phases: (a) SiC removal and (b) fiber removal.

When the abrasive grit initially contacts the SiC matrix, stress gradually increases
until exceeding the ultimate strength of SiC, leading to matrix fracture and re-
moval. As the grit advances, weaker supporting properties of SiC around the fi-
bers cause localized matrix damage, resulting in stress reduction. Upon fiber en-
gagement, the scratching force shows smaller fluctuations. Due to the signifi-
cantly higher strength of SiC compared to fibers, the scratching force in phase (a)
is markedly greater than in phase (b). After fiber removal, the grit recontacts the
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SiC matrix, repeating the cycle until scratching completion.
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Figure 4. Signal characteristics of scratching force in MA

As shown in Figures 5 and 6, regardless of the scratching angle, both simulations
and experiments demonstrate that the normal force (Fn) increases with cutting
depth, following the trend MB > MA. This occurs because, at lower cutting depths,
the tool interacts with fibers for a longer duration compared to the matrix. Since
carbon fibers have a lower Young’s modulus than silicon carbide (SiC), this re-
sults in a smaller Fn. As the cutting depth increases, the contact area between the

tool and material expands, and the volume of material removed per unit time ris-
es with depth, leading to an increase in Fn.
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Figure 5. Simulation and experimental scratching force in MA
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Figure 6. Simulation and experimental scratching force in MB

Figure 7 illustrates the interfacial damage between fibers and the matrix under both
orientations. For MA (transverse direction), interfacial failure is effectively sup-
pressed. In contrast, for MB (longitudinal direction), excessive stress generated after
the tool advances a certain distance causes interfacial failure, inducing fiber dis-
placement and creating pits in adjacent fibers due to localized stress concentrations.
Consequently, the scratching force in the longitudinal direction (MB) is significantly

larger than in the transverse direction (MA), consistent with the observed trend MB >
MA.
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Figure 7. Simulation of fiber debonding diagram
3.2. Surface Morphology Analysis of Different Machining Directions

As shown in Figure 8, since SiC is a brittle material, it undergoes spalling when the
tool passes through. With increasing scratching depth, surface crack propagation in
SiC intensifies. Due to the reinforcing effect of fibers, crack extension aligns with the
fiber orientation. At a scratching depth of 5 pm, minor spalling occurs at the inlet of
SiC surface cracks, while crack size increases at the outlet. At 8 um, the enlarged
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contact area between the tool and workpiece leads to SiC spalling and fiber expo-
sure, with further growth in crack length at the outlet. At 10 pm, increased cutting
force induces longer cracks at both inlet and outlet, accompanied by surface pits.
Fibers primarily undergo shear fracture during scratching, as their dense arrange-
ment restricts bending deformation. However, fibers at the outlet first experience
bending due to tool impact, followed by bending fracture as the tool advances. With
deeper cuts, increased contact area between the grit and fibers results in progres-

sively longer fracture lengths.

Fiber fracture

(a) In MA, a;=Spum (b) In MA, a,=8um (c) In MA, a,=10um

Figure 8. Simulated surface topography in MA

Figure 9 reveals that as scratching depth increases, the enlarged contact area ele-
vates stress on the material. Once the interfacial separation stress threshold is
reached, fibers are initially pulled out and undergo bending deformation. Subse-
quent tool advancement causes bent fibers to fracture under matrix compression. In
SiC, crack fragmentation aligns with the fiber axis, and surface pits multiply. At 5 um,
fibers experience shear damage without interfacial separation; some fibers are
cleanly cut along the scratching path, while minor SiC spalling exposes limited fibers.
At 8 pum, shear-damaged fibers are pulled out after reaching interfacial separation
stress, accompanied by fiber-matrix debonding and extensive SiC spalling, leading to
significant fiber exposure. At 10 um, reduced fiber shear damage allows direct in-
terfacial failure. Fibers are partially pulled out, bent, and then fractured under ma-
trix compression. Subsequent tool motion destroys residual SiC, causing fiber de-
tachment. Widespread fiber pull-out and matrix damage further expose adjacent fi-

bers.

Fiber puvsl’l‘off

® ’Fﬁ)er pushe
(a) In MB, a,=5um (b) In MB, a,~8um i (c) In MB, a,=10um

Figure 9. Simulated surface topography in MB

4. Conclusions
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This study proposes a finite element numerical simulation method for Cf/SiC com-

posites and investigates the effects of fiber orientation on grinding characteristics

and removal mechanisms through single-grit scratching experiments and simula-

tions. The following conclusions are drawn:

(1)

(2)

3)

Fiber orientation alters the mechanical behavior of fibers, influencing cutting
forces and removal modes. In transverse scratching (MA), fibers predominant-
ly fail via shear fracture, while in longitudinal scratching (MB), fibers undergo
compressive failure. Transverse fibers are more easily removed compared to
longitudinal fibers

Periodic fluctuations in scratching forces arise from fiber arrangement pat-
terns. The average force magnitude follows MB > MA for both orientations.
Crack propagation aligns with the fiber axis. Transverse fiber removal involves
wear, fracture, and peeling, with partial fiber exposure due to brittle matrix
failure. Longitudinal fiber removal is dominated by wear, fracture, and pull-out,

primarily governed by the contact area between fibers and the abrasive grit.
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