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Abstract: Carbon fiber reinforced silicon carbide （Cf/SiC） composite materials possess high strength， wear 
resistance， and anisotropy， thus their machining is very difficult and demands extra precautions. In this research， 
finite element analysis （FEA） simulations and experiments of the slot milling process have been carried out to analyze 
the cutting performance of Cf/SiC with a polycrystalline diamond （PCD） tool. Effects of machining parameters on 
cutting forces are studied and material removal mechanisms at different fiber cutting angles have been investigated. 
The finite element model has been generated in ABAQUS/CAE software and the machining is performed. by using 
user-defined material subroutine. Effects of machining parameters on cutting forces are calculated through FEA 
simulations and compared with experimental results to authenticate the finite element model. Cutting forces in x-axis 
and y-axis directions obtained from experiments and simulations have been analyzed and a good agreement is found 
between them. The resultant cutting forces decrease with the increase in cutting speed. However， with the increase of 
feed per tooth the resultant cutting forces increase. When the machining is performed along the fiber direction， 
stresses generated near the tool edge are minimum. The stresses rise with the increase of the fiber cutting angle. This 
research provides an efficient way to analyze the cutting performance of Cf/SiC composite materials.
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0 Introduction 

Carbon fiber reinforced silicon carbide （Cf/
SiC） composite materials are currently applied in 
many fields of the aerospace industry［1］ including 
leading edge of aircraft， thermal protection sys‑
tems， and jet engines［2］ because of their high ther‑
mal stability and mechanical properties［3］. These ma‑
terials have high strength， excellent wear resis‑
tance， high thermal resistance and low density， 
hence they are replacing conventional materials in 
various engineering applications［4-5］.

Machining of Cf/SiC composites is a difficult 
job due to their heterogeneity and anisotropy of ce‑

ramic matrix which makes them very abrasive. 
Therefore， processing this composite to get high-ef‑
ficiency products with the minimum sub-surface 
damages has become a difficult task that needs to be 
resolved in modern applications. Numerous re‑
searchers have studied the cutting performance of 
Cf/SiC material. Alaiji et al.［6］ observed the chip re‑
moval process and analyzed the damage induced in 
cutting unidirectional carbon fiber reinforced poly‑
mer composite material. They have noticed that the 
damage starts near the cutting edge at the contact 
point of the tool and chip. Initially， the matrix is 
cracked and the shearing of fiber-matrix takes place 
then fiber fracture has occurred. The fiber orienta‑
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tion angle is very important for chip formation be‑
cause of the damage between matrix and interface 
propagates along the direction of fibers［7］. During 
machining surface roughness at 0° fiber angle is high‑
er as compared to the 90° fiber angle. Pits， cracks 
and fiber protrusion are the main machined defects 
at ground surface and side edges［8］. Hu et al.［9］ have 
performed the slot milling process on two-dimen‑
sional （2D） Cf/SiC with PCD tool and analyzed the 
influence of machining parameters on surface rough‑
ness， cutting forces， and machined defects. It was 
observed that resultant cutting forces fluctuated 
greatly during machining due to rapid changes in fi‑
ber cutting angle. Better surface quality can be at‑
tained at high cutting speed.

Laser-assisted machining （LAM） is an uncon‑
ventional machining process used for cutting ceram ‑
ic matrix composites. Zhao et al.［10］ enhanced the 
machinability of Cf/SiC composites using laser-in‑
duced oxidation milling and observed a decrease in 
surface roughness of about 27.2% as compared to 
conventional machining process. Liu et al.［11］ have 
observed the decline in average cutting forces of Fx， 
Fy， and Fz up to 43.7%， 29.16% and 68.09% re‑
spectively， when increasing the cutting speed or re‑
ducing the feed per tooth and depth of cut during ul‑
trasonic vibration-assisted milling. Zhang et al.［12］ 
studied the failure that occurred in unidirectional 
（UD） Cf/SiC composites due to the fiber orienta‑
tion in the grinding process. The fiber fracture and 
interfacial de-bonding were the main causes of fail‑
ure. However， the ultrasonic vibration-assisted 
grinding can reduce the cutting force of about 60% 
as studied by Wang et al［13］.

The feed-rate and cutting speed have large ef‑
fect on surface roughness of ceramic matrix compos‑
ites and good surface finish can be achieved by opti‑
mizing these parameters［14］. Machining of CMCs is 
very difficult due to the presence of abrasive fibers 
which cause various failures in a composite lami‑
nate， such as fiber failures， fiber pull-out， delamina‑
tion， and inter-laminar damage［15］. To find the opti‑
mized machining parameters， extensive experimen‑
tal testings are required. But the high cost of com ‑
posite materials and cutting tool restrict the number 

of testings undertaken in this manner.
To solve this problem researchers are using the 

finite element method （FEM） to analyze the cutting 
performance of fiber reinforced CMCs. Cepero‑mejias 
et al.［16］ have studied the machining of long fiber re‑
inforced polymer （LFRP） composites using FEM. 
Various techniques such as macro- and micro-scale 
finite element modeling approaches are being used 
to investigate the damaged type of composites dur‑
ing machining. Boughdiri et al.［17］ have proposed a 
3D macro-scale FE model to study the drilling per‑
formance of composites and predict the failure in 
composites such as machining-induced damage and 
delamination. Micro-scale FE models give good pre‑
dictions about the damages in material such as ma‑
trix cracking， matrix crushing， fiber breakage， and 
fiber buckling［18］. Macro-scale FE models accurately 
predict the failure in composites such as machining-

induced damage and delamination.
Researchers have studied the cutting perfor‑

mance of Cf/SiC composite materials using milling 
experiments［9-19］. However， no published literature 
is found related to the machining performance analy‑
sis of Cf/SiC composite material using 3D finite ele‑
ment numerical simulations and its validation with 
experimental results. This research encompasses 
the detailed study on the milling performance of Cf/
SiC composites at varying machining parameters 
（i.e.， cutting speed， feed per tooth） and material re‑
moval mechanisms at different fiber orientations us‑
ing finite element numerical simulations and experi‑
ments.

To achieve this objective， the finite element
（FE） model has been created and the slot milling is 
performed on Cf/SiC composites by using 
ABAQUS/Explicit computer-aided engineering 
（CAE） software. Hashin 3D damage criterion is 
used for fiber failure while Puck and Schurmann 
damage criterion used for matrix failure［20］. These 
criteria have been implemented through VUMAT 
subroutine to get the cutting forces at different ma‑
chining parameters. Cutting forces from FEA simu‑
lations are compared with experimental results to 
validate the 3D FE model.
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1 Experimental Design 

Cf/SiC composites composed of T700 carbon 
fibers and silicon carbide matrix manufactured 
through chemical vapor infiltration （CVI） is used in 
this research. The density of the material is about 
2.0 g/cm3， the fiber volume fraction is about 35% 
and the porosity is about 10%. Milling experiments 
have been conducted on DMU 60 mono BLOCK 
five-axis CNC machine with a maximum spindle 
speed of 12 000 r/min. Fig.1 shows the experimen‑
tal setup.

A Cf/SiC workpiece with the size of 60 mm×
30 mm×7 mm has been fixed on a fixture and a two 
flute straight-edge PCD end mill cutter is  used for 
machining. The physical properties of PCD end mill 
cutter are given in Table 1. The fixture is clamped 
with a dynamometer and cutting force values are cal‑
culated in x， y and z directions through DynoWare 
software for 60 s duration. The slot milling opera‑
tion is performed at different machining parameters 
like cutting speed and feed per tooth in order to as‑
sess the influence of these parameters on cutting 
forces. Machining parameters used for experiments 
are presented in Table 2.

2 Finite Element Method （FEM） 
Simulation 

Finite element method is considered as a suit‑
able technique to investigate the cutting perfor‑
mance of ceramic matrix composite materials be‑

cause the high cost of CMCs material and cutting 
tools limit the number of experimental testings. 
ABAQUS/Explicit is a finite element analysis 
（FEA） software which gives cost effective alterna‑
tive， attractive features and independence to per‑
form machining operations like turning， milling， 
drilling on CMCs by selecting different parameters.

2. 1 Material constitutive model　

To perform the slot milling operation on Cf/
SiC composites， various modeling approaches （mi‑
croscale， mesoscale， and macroscale） have been 
used according to the damage type under consider‑
ation in the analysis［21-22］. The microscale modeling 
approach is used to examine the behavior at the mi‑
cro level. Both matrix and reinforcements are mod‑
eled separately as a deformable continuum. This 
model helps in assessing the damage type occurring 
in composite such as fiber buckling， fiber breakage， 
matrix cracking， and matrix crushing［23］. The mac‑
roscale modeling approach is used to examine the 
behavior of complete structure or laminate and helps 
in identifying the composite material failure such as 
delamination and defects occurring during the ma‑
chining process［24］.

Finite element simulation needs to be perfect 
and reliable to achieve the desired results which are 
close to the experimental testing. It can predict the 
forces， failure modes and stresses in the material. In 
this research， the macroscale FE modeling ap‑
proach is used to create Cf/SiC composite work‑
piece and the linear elastic material behavior is as‑

Fig.1　Slot milling experimental setup

Table 1　Physical properties of PCD cutter

Parameter
Tool diameter /mm

Rake angle /(°)
Clearance angle /(°)

Edge radius / µm
Density / (g·cm-3)

Value
8
2
9

10
4

Table 2　Machining parameters for experiments

Parameter
Cutting speed vc / (m·min-1)

Feed per tooth/mm
Depth of cut/mm

Value
25, 50, 75
0.01, 0.02

0.2
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sumed before the initiation of damage. The work‑
piece material is generally modeled by constitutive 
equations defining the stress‑strain response togeth‑
er with its dependence on strain rate and work hard‑
ening. Composite materials are considered as ortho‑
tropic elastic material as assumed by many research‑
ers［12-26］ during finite element analysis. Orthotropic 
materials are a subgroup of anisotropic materials 
that show symmetry between two planes［27］. This 
type of material has three mutually perpendicular 
symmetry planes at any point in the material. The 
direction perpendicular to the symmetry planes be‑
comes the elastic principal direction. Within the elas‑
tic range， the stress and strain of orthogonal aniso‑
tropic composites meet the generalized Hook’s law，

which is
σ= C ( d ) ·ε （1）

where C（d） is the damaged stiffness matrix and can 
be expressed as［28］
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C 44 = ( 1 - d f ) ( 1 - smt dmt ) E 1 ( 1 - smc dmc ) G 12

C 55 = ( 1 - d f ) ( 1 - smt dmt ) E 1 ( 1 - smc dmc ) G 23

C 66 = ( 1 - d f ) ( 1 - smt dmt ) E 1 ( 1 - smc dmc ) G 13

  （3）

where Ei is Young’s modulus in the i-direction， Gij 
the shear modulus in the i‑j plane， vij Poisson’s ra‑
tio for the transverse strain in the j‑direction， and df 
and dm are the global fiber and matrix damage vari‑
ables， respectively. The factors Smt and Smc in the 
definition of shear moduli are introduced to control 
the reduction of shear stiffness caused by tensile and 
compressive failures in the matrix. Fiber and matrix 
damage variables and the constant are also defined as

Γ = 1/( 1 - ν12 ν21 - ν23 ν32 - ν13 ν31 - 2ν13 ν21 ν32 ) （4）
d f = 1 -( 1 - d ft ) ( 1 - d fc ) （5）

dm = 1 -( 1 - dmt ) ( 1 - dmc ) （6）
The elastic constants and strength properties of 

Cf/SiC composites used to define the material con‑
stitutive and damage model are given in Tables 3 
and 4［29］， respectively.

2. 2 Material damage model　

To define the damage of composites， various 
criteria are used by researchers such as Hashin， 
Hou， Puck， and Tsai-Hill［25］. Hashin failure criteri‑
on is widely accepted by researchers to perform 
FEA of CMCs because of its simple equations. It 
considers four failure modes for ceramic composites 
such as tensile fiber failure， fiber compression， ma‑
trix cracking， and matrix crushing［29‑30］. It was re‑
ported that this failure criterion could not predict the 
matrix failure accurately［20-21］. Hence， the equations 
related to fiber tension and fiber failure are only used 
in this analysis， which are stated as

（1） Fiber tension （σ11 ≥ 0）

( σ11

X 1t )
2

+ σ 2
12 + σ 2

13

S2
12

{≥ 1   Failure     
< 1  No failure

（7）

（2） Fiber compression （σ11 < 0）

( σ11

X 1C )
2

{≥ 1     Failure     
< 1     No failure

（8）

Puck and Schürmann failure criterion has been 
broadly accepted for predicting the matrix failure［31］， 
which is stated as

（3） Matrix failure
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Table 4　Strength parameters of Cf/SiC composite mate‑
rials[29] MPa

Parameter
Value

X1t 
235.01

X1C 
402.57

X2t

169.23
X2C

317.09
S12

104.72

Table 3　Elastic constants of Cf/SiC composite materials[29]

E1 /
GPa

88.33

E2 /
GPa

61.65

E3 /
GPa

61.65

ν12

0.24

ν13

0.24

ν23

0.33

G12 /
GPa

26.44

G13 /
GPa

26.44

G23 /
GPa

23.17
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where σij is the stress components， S12 the allowable 
shear strength， X1t， X2t and X2C are the allowable 
tensile strength in the fiber and the transverse direc‑
tions， and compressive strength in the transverse di‑
rection， respectively.

2. 3 Model implementation　

ABAQUS/Explicit software is used to imple‑
ment finite element model and the slot milling is car‑
ried out on Cf/SiC composites. Workpiece is mod‑
eled as an orthotropic 3D deformable solid with the 
size  of 8 mm×10 mm×2 mm and a PCD end mill 
cutter is made as a rigid body because the cutting-

edge deformation is not in the scope of this research. 
User-defined material subroutine has been used to 
implement material constitutive and damage failure 
criteria［32］. Performance parameters given in Tables 
3 and 4 are entered as mechanical constants in user 
material section. A fl owchart of the model used for 
the degradation of the material is illustrated in Fig.2.

The FEM simulation of the machining process 
using material subroutine requires huge calculations 
due to the involvement of many variables， therefore 
the time required for completing two rotations of the 
cutting tool has been fixed for each experimental 
case. The analysis step defines the output parame‑
ters required from numerical simulations， and cut‑

ting forces in x， y and z directions have been select‑
ed. The initial step is fixed by default while the dy‑
namic/explicit step is defined to perform the milling 
operation. The CAD models and assembly of cut‑
ting tool and workpiece are shown in Fig.3.

Interaction properties determine the contact be‑
tween the tool and workpiece during the machining 
process. Both have assigned different surfaces and 
general explicit contact has been created between 
them. The cutting tool and the workpiece are de‑
fined as master and slave object respectively［26］. The 

interaction of the workpiece and the tool is of penal‑
ty type and hard contact is assumed between them. 
In the machining process， the friction is an impor‑
tant factor that greatly influences the accuracy of pre‑
dicting cutting forces during the simulation. The fric‑
tional coefficient is taken as a constant value of 0.38 

Fig.2　Implementation of VUMAT subroutine[36]

Fig.3　CAD model and assembly of PCD tool and Cf/SiC workpiece
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 for Cf/SiC materials［33］.
The workpiece movements have been restrict‑

ed in all directions by applying symmetry/encastre 
boundary conditions. The influence of cutting forces 
on the tool is not in the scope of this research， there‑
fore milling tool elements have made rigid through a 
reference point. The velocity/angular velocity 
boundary condition is used to apply spindle and feed-

rate at this point. Reduced-integrated 8-node brick 
elements （C3D8R） element type has been used by 
various authors［34-35］ for composite material which 
gives three DOFs per node.

The mesh quality greatly affects the efficiency 
of finite element analysis. To find the appropriate 
mesh density， various trials of meshes have been 
conducted with the element size of 0.3， 0.275， 
0.25， 0.225 and 0.2 mm at constant cutting speed 
vc = 25 m/min， depth of cut ap = 0.2 mm and feed 
per tooth fz=0.01 mm. The mesh convergence is 
done using resultant cutting forces versus mesh size 
and the results are nearly the same for 0.2 mm and 
0.225 mm mesh density. Therefore， 0.225 mm 
mesh density has been selected for analysis. To re‑
duce the computational cost， a fine density of mesh 
is used at the cutting area while a coarse mesh has 
been used at other regions of workpiece. The ele‑
ment type used for the rigid PCD tool is 4-node lin‑
ear tetrahedron （C3D4）. Finally， the job is created 
and user defined subroutine file has been chosen as 
material “ input file” and then submitted for analysis. 
FEM simulations have been conducted according to  
the machining parameters given in Table 2.

3 Results and Discussion 

To validate the numerical finite element mod‑
el， the comparison of experimental results with sim ‑
ulation results is necessary. The good agreement be‑
tween them show that the numerical model is vali‑
dated and can be used to evaluate the behavior of Cf/
SiC materials at different machining parameters that 
is not feasible to achieve through experiments. In 
this research， the effects of machining parameters 
on cutting forces have been analyzed including mate‑
rial removal mechanisms in Cf/SiC composites at 

different fiber orientations.

3. 1 Numerical model validation　

In FEM cutting simulation， a reference point is 
fixed on the milling tool at which forces in x and y-

axis directions are applied during milling process. 
Forces for the two complete rotations of the tool 
during the milling of Cf/SiC workpiece have been 
calculated from both FEA simulation and experi‑
ment when the cutting speed vc is 50 m/min， depth 
of cut ap is 0.2 mm and feed per tooth fz is 0.01 mm 
as depicted in Figs. 4（a） and 4（b）. Force profiles 
created from experiments and simulations are quite 
similar， which is the evidence that the presented fi‑
nite element model is validated. The little variations 
shown in the profiles are due to the presence of fac‑
tors affecting during conventional machining like 
heat generation， tool degradation， vibration， porosi‑
ty， etc.

3. 2 Effect of cutting speed on resultant cutting 
forces　

The averaged peak values of resultant cutting 
forces have been calculated during experiments and 
FEM simulations at varying cutting speeds. As the 
tool has two symmetrical edges， the cutting process 
can be divided in up-milling （ϕ= 0° to 90°） and 
down-milling （ϕ= 90° to 180°） as shown in Fig. 5
（a）. During the up-milling process， cutting forces 
increase due to the increase in the thickness of chip 
formed. When the cutting angle reaches at 90°， forc‑

Fig.4　Comparison of cutting forces during milling of Cf/SiC
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es are the highest at this point because of the maxi‑
mum chip thickness and then start decreasing during 
down-milling process.

Results show that resultant cutting forces de‑
crease with the increase in cutting speeds. At small 
cutting speed， the un-deformed chip thickness is 
large， which causes a rise in cutting forces. While 
with the increasing cutting speed， un-deformed chip 
decreases and the milling cutter removes the materi‑
al in plastic mode as the result cutting forces reduce. 
Fig.5（b） illustrates a graphical comparison of exper‑
imental and simulation-based results of average 
peak values of resultant cutting forces under varying 
cutting speeds vc （25—75 m/min） at constant feed 
per tooth fz = 0.01 mm and the axial depth of cut 
ap = 0.2 mm. In the milling process， the simulation-

based cutting forces are decreased from 28 N to 
20.6 N with the increase in cutting speeds. While 
the decline in cutting forces from 26 N to 19.6 N is 
observed during experimental results. The change 
trends of cutting forces in simulated and experimen‑
tal results are similar and the overall maximum error 
is found less than 7%. Zhang et al.［19］ have also ob‑
served the decline in cutting forces from 10.83 N to 

2.21 N during conventional milling of 2.5D Cf/SiC 
composite material at varying spindle speeds of 
1 000—2 000 r/min， feed-rate of 25 mm/min and 
the axial depth of cut of 0.1 mm.

3. 3 Effect of feed per tooth on cutting forces　

Fig.6 shows the relationship between the mean 
value of resultant cutting forces and feed per tooth 
taken at cutting speed of vc = 25 m/min and depth 
of cut ap = 0.2 mm. A straight-edge end mill cutter 
has been used for machining therefore the workpiece 
and tool edges are perpendicular to each other. For 
straight-edge end mill cutter， the maximum chip 
thickness （fz = hex） is equal to feed per tooth. The 
increase in feed per tooth increases the chip thick‑
ness due to which the material removal load on the 
tool rises proportionally. With the increase in feed 
per tooth resultant cutting forces increase according‑
ly.

3. 4 Material removal mechanism in 0° fiber di‑
rection

Results show that the experimental and simula‑
tion-based results are similar and an error of about 
2% is observed. Resultant cutting forces rise from 
26 N to 28 N with the increase in feed per tooth 
from 0.01 mm to 0.02 mm respectively. Hu et al.［9］ 
have also identified the increase in cutting forces 
with the rise in feed per tooth during experimental 
study on milling performance of 2D C/SiC compos‑
ites using PCD tool. Cf/SiC is anisotropic in nature 
and the presence of carbon fibers is the dominant fac‑
tor in increasing cutting forces.

Fig.7 illustrates the material removal mecha‑
nism in milling of Cf/SiC at cutting angle θ = 0°

Fig.5　Effect of cutting speed on resultant cutting force at 
fz = 0.01 mm and ap = 0.20 mm 

   Fig.6　Effect of feed/tooth on resultant cutting forces at 
vc = 25 m/min and ap = 0.20 mm
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with respect to the fiber direction. When the machin‑
ing is performed in parallel to the fiber direction， the 
material is removed mainly due to the debonding of 
fiber and matrix. Initially， the matrix fracture and 
crushing of carbon fibers occur near the cutting edge 

and cracks propagate along the fiber direction. 
While in the uncut chip area， the bonding of fibers 
and matrix becomes weak as the fiber axial strength 
is far stronger than the bonding strength of fibers 
and matrix， as shown in Fig.7（a）.

Fig.7（b） illustrates the stresss generated in the 
material during FEM milling of Cf/SiC composites. 
It is clear from the figure that， stresses mostly occur 
at the tooltip and propagate along the fiber direction. 
As the tool moves in the feed direction， brittle 
cracks form in the SiC matrix，which results in a 
seperation of fibers from the matrix in the cutting ar‑
ea， while the breakage occurs in the uncut material 
area as the fibers overcome the axial or shear 
strength. The debonding of fibers from matrix inter‑
face is the main reason of the material deletion， so 
the cutting stresses are less in this direction.

3. 5 Material removal mechanism in 90° fiber 
direction　

Fig.8（a） shows the material removal mecha‑
nism at 90° fiber angle. Here， the rake face of the 

tool is perpendicular to the fiber direction and car‑
bon fibers are subjected to tensile stresses. Initially， 
cracks occurr ahead of the tooltip and move in the 
feed direction. The shear strength of fibers is lower 
than the fiber axial strength. Therefore， when fibers 
are subjected to the tensile stress they start to elon‑
gate and finally break as the force surpasses the fi‑
bers shear strength. The friction between the cutting 
tool and workpiece is maximum at that point and the 
material has been removed mainly due to the shear‑
ing of fiber bundles.

Fig.8（b） illustrates the numerical simulation re‑
sults when milling performed at θ = 90° fiber angle. 
Stresses are mostly distributed at the rake face of 
cutting tool and the maximum stress is concentrated 
around the tool edge. When the tool moves forward 

Fig.7　Material removal mechanism in milling at 0° fiber direction

Fig.8　Material removal mechanism in milling at 90° fiber direction
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in the feed direction， the carbon fibers stretch and 
break into pieces because the force exerted by the 
tool edge exceeds the tensile strength of fibers. Cut‑
ting stresses are the sum of tensile and shear stress‑
es of fiber bundles， therefore the maximum stresses  
are generated in this fiber orientation.

4 Conclusions 

The slot milling of Cf/SiC composite materials 
has been performed through 3D finite element analy‑
sis simulations using ABAQUS /Explicit solver. 
The material constitutive and damage model has 
been implemented through user-defined subroutine. 
The 3D Hashin failure criterion is used for fiber fail‑
ure while the Puck and Schurmann failure criterion 
is used for matrix failure. Then， series of FEM sim ‑
ulations and experiments are performed at different 
machining parameters to validate the finite element 
model. The influence of machining parameters （i.
e.， feed per tooth and cutting speed） on cutting forc‑
es has been analyzed along with the material remov‑
al mechanism. The following conclusions can be 
drawn.

（1） Cutting forces in x- and y-axis directions 
are calculated from both experiments and FEM sim ‑
ulations at cutting speed of 50 m/min， depth of cut 
0.2 mm and feed per tooth 0.01 mm. Results have 
been compared and both cutting forces （Fx and Fy） 
are found in good agreement as shown in Figs.4（a） 
and 4（b）， validating the finite element model.

（2） Cutting parameters play an important role 
during machining because they affect the quality of 
finished product. From experiments， it is evaluated 
that， at smaller cutting speeds un-deformed chip 
thickness is large therefore higher cutting forces are 
needed to detach the material from workpiece， 
while with the increase in cutting speed material re‑
moval load reduces and less cutting forces are re‑
quired. The increase in feed per tooth also increases 
the resultant cutting force due to the rise in chip 
load. Cutting forces are decreased from 28 N to 20.6 N 
with the increase in cutting speeds from 25 m/min 
to 75 m/min， while the resultant cutting force rises 
from 26 N to 28 N with the increase in feed per 

tooth from 0.01 mm to 0.02 mm， respectively.
（3） When the machining is performed along 

the fiber direction （θ = 0°）， small stresses are gen‑
erated only at the tool edge. At this orientation， the 
material is removed due to the fracture of matrix and 
crushing of carbon fibers. The debonding of fibers 
and matrix is the main cause of failure in this direc‑
tion. When the machining is performed at fiber angle 
θ = 90°， fibers are subjected to tensile stresses and 
the material is removed due to the shearing of fiber 
bundles. Cutting stresses reach the maximum during 
machining in this orientation.
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Cf/SiC复合材料铣削特性的三维有限元分析及试验验证

ELLAHI Zohaib，赵国龙，年智文，MUHAMMAD Jamil，何宁
（南京航空航天大学机电学院，南京 210016，中国）

摘要：碳纤维增强碳化硅（Cf/SiC）复合材料具有高强度、耐磨损和各向异性等特点，导致材料加工非常困难。本

文开展了聚晶金刚石（PCD）刀具铣削 Cf/SiC 复合材料的三维有限元仿真和试验，研究了复合材料的切削特性；

研究了加工参数对切削力的影响，以及不同纤维切削角下的材料去除机理。通过用户自定义的子程序在

ABAQUS/CAE 软件中建立了有限元切削仿真模型，仿真分析了加工参数对切削力的影响，并开展了验证试验。

结果表明，有限元仿真和试验得到的 X 和 Y 方向的切削力具有良好的一致性。随着切削速度的增加，切削力降

低；随着每齿进给量的增加，切削力升高。当沿着纤维方向进行切削时，刀具刃口的应力最小；随着纤维切削角

的增大，刃口应力升高。本文可为 Cf/SiC 复合材料切削特性研究提供指导。

关键词：三维有限元仿真；Cf/SiC 复合材料；铣削加工；切削力；切削加工性
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