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ABSTRACT 

Spectrum of the study is to estimate the machining response of unidirectional carbon fiber reinforced 

plastic (UD-CFRP) composites. A single-phase macro-mechanical and two-phase micro-mechanical finite 

element (FE) model is used. The cutting and thrust forces during orthogonal machining were studied both 

experimentally and numerically for a range of fiber orientations, depths of cut and tool rake angles. Both 

cutting and thrust force measured from the micro-mechanical FE model matches well with the 

experiments, whereas cutting forces as measured from the macro-mechanical FE model matches well 

with the experiments, but the thrust force do not. The failure of fiber is found to be a combination of 

bending (from rear side) and crushing (from front side) for higher fiber orientation, while the bending 

effect becomes more significant for the lower fiber orientation. 

Keywords: Carbon fiber, Composites, Machining, Finite Elements, Forces. 

 

1. INTRODUCTION 

Machining of UD-CFRP products is very complex, due to its material discontinuity, 

inhomogenity and anisotropic nature. Compared to the machining of metals, studies on 

machining of composites are few and limited in number. An experimental work on 

cutting of UD-CFRP composites was presented by Koplev et al. [1]. The machining 

characteristics were considered only for parallel and perpendicular fiber orientations and 

results were presented for chip size, cutting and thrust force variations with rake and 

relief angles. Bhatnagar et al. [2] ascribed fiber breakage due to axial tension as the 

cutting mechanism, which was also corroborated by Wang and Zhang, [3]. Arola and 

Ramulu [4] observed from experiments that both cutting and thrust force registered a 

minimum in the 15
o
-30

o
 fiber orientation range and increases thereafter up to 90

o
. 

Recently present authors, Rao et al. [5] proposed a new micro-mechanical FE model to 

estimate the chip formation mechanism in UD-GFRP composites. However, no such 

study has been done to estimate the machining response of UD-CFRP composites.  

 

Objective of this article is to study the machining response experimentally as well as 

numerically for the range of fiber orientations (θ), depths of cut (t), tool rake angles (γ). 

The numerical study has been performed at two different scales, such as macro and 

micro-mechanical FE model. Initially the numerical studies were done at macro-scale 

and later on the study has been shifted to micro-model; this is due to certain 

shortcomings in the macro-model. In the macro-model both Tsai-Wu and critical stress 

failure criterion has been implemented to simulate the cutting process whereas in the 

micro-model matrix, interface and fiber failure is consider separately. The damage 



initiation and evolution in the matrix is implemented based on the material yield strain 

and fracture energy respectively. Interface between the fiber and matrix were studied 

using cohesive zone model (CZM) (Camanho and Dávila, [6]). The contact pressures 

(p) at the cutting tool-work material interface, stresses in the fiber and matrix, their 

variation with fiber orientation, possible fracture mechanisms of the fiber, damage in the 

matrix, and interfacial debonding are also studied. 

 

2. MACHINING EXPERIMENTS 

UD-carbon fiber tapes, Epoxy (LY 556) along with hardener (HY 951) are used to 

prepare specimens. Orthogonal machining experiments for UD-CFRP laminates were 

performed on a vertical CNC milling machine (Beaver Mill NC-5). The tool geometry 

and process parameters are presented in Table 1. The specimen holder was mounted on 

a four-component piezoelectric dynamometer (KISTLER MODEL 9272), which in turn 

was clamped to the machine table. The chip formation mechanism was observed using a 

long-distance stereo zoom trinocular optical microscope (Zeiss). The microscope along 

with Charge coupled device (CCD) camera (SONY) was attached in series and used to 

view the magnified images of chip formation zone. Figure 1 (a) shows the schematic of 

the complete experimental set-up for both cutting and thrust force measurements and 

chip formation observations. 
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Figure 1. Schematic view of the experimental set-up. 

 

3. FINITE ELEMENT FORMULATION 

3.1 Macro-mechanical FE approach 

In the present study, two different scale (macro and micro) finite element models are 

developed to estimate the response of the machining process and are discussed. Finite 

element method (FEM) is widely used to predict the machining response of metals and 

the same technique has been extended to composites. A plane stress finite element 

formulation with quasi-static option is used to study the machining of composites as 

explained by Arola and Ramulu, [4]. In the numerical model, to keep the problem 

tractable, only region of the work material close to chip formation zone is modeled 

(2000 µm x 1000 µm). The portion of the work material adjacent to the cutting tool is 

modeled to glide over the rake face. The schematic view of the macro-mechanical FE 



model is shown in Figure 2. The mechanical properties of UD-CFRP composite were 

considered as EHM, where the fiber and matrix are replaced the equivalent 

homogeneous material. The mechanical stiffness properties of the UD-CFRP 

composites are measured from the in house experimentation and are then used in the 

numerical simulations as presented in Table 2. The normal tensile failure strengths for 

various off-axes are calculated from the strength transformation, whereas the in-plane 

shear strength properties for various off-axes are found from the Iosipescue shear test 

(Walrath and Adams, [7]). 
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Figure 2. Schematic view of macro-mechanical FE model, where ‘t’ is the depth of cut, 

‘γ’ is the rake angle and ‘α’ is the relief angle. 

 

The FE code has a provision for implementing node-debonding along the trim plane by 

critical stress failure criterion and also one can estimate the material damage during the 

machining process based on the Tsai-Wu failure criterion. 

 

(a) Critical stress failure criterion 
The induced stresses at the node nearest to the tool-tip is compared with a pre-defined 

critical stress, according to criterion stress factor ‘ crif ’. The node separation is allowed 

when the state of stress at the node ahead of the cutting tool-tip exceeds a specified 

threshold value. The criterion stress factor, ‘ crif ’ can be expressed as: 

2 f 2
cri n f 1 1f ( / ) ( / )= σ σ + τ τ                                       (1) 

where,  nσ  and fσ  are the normal tensile stress and failure strength at the node nearest 

to tool-tip respectively, similarly 1τ  and f
1τ  are the shear stress and failure strength at 

the node nearest to the tool-tip respectively. 

(b) Tsai-Wu failure criterion 
Tsai-Wu failure criterion is used to estimate the material failure (Herakovich, [8]) ahead 

of the debonded node resulting in a chip. The chip formation and its subsequent release 

due to material failure are then allowed when the Tsai-Wu failure criterion ahead of the 

debonded node is achieved at the upper edge of the work-material. The Tsai-Wu failure 

criterion can be expressed as follows: 
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where ‘FI’ is the failure index, the material failure occurs when it reaches ‘1’, with 



*1.0 f 1.0− ≤ ≤ . In the present study *
f  is considered as zero. 11σ , 22σ  and 12τ  are the 

induced stresses in along, across and in-plane direction of the fiber respectively. tX , tY  

are the tensile strength along and across the fiber similarly cX , cY are the compressive 

strength along and across the fiber respectively. xyS  is the in-plane shear strength. 

 

3.2 Micro-mechanical FE approach 

Commercially available finite element analysis software tool ABAQUS
TM

 version 6.5 

Hibbit, [9] is used for the present simulations. A plane stress FE formulation is used to 

study the machining of FRP composites. The portion of the work material adjacent to 

the cutting tool is modeled using fiber and matrix separately, whereas, portions away 

from the cutting tool are modeled as EHM. Two fibers, three matrix layers and two 

EHM regions as shown in Figure 3 are considered in the present study. 
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Figure 3. Schematic view of fiber (f1 and f2), matrix (m1, m2 and m3) and EHM (ehm1 

and ehm2) domains in the micro-mechanical FE model at 45
o
 fiber orientation, where ‘γ’ 

is the rake angle and ‘α’ is the relief angle. 

 

The mechanical properties of fiber, matrix and interface are taken from the literature 

(Kawabata, [10]; Kozey et al., [11]; DiFrancia et al., [12]; Meurs et al., [13]; and 

Hobbiebrunken et al., [14]) and these properties are presented in the Table 3. The 

machining experiments show that the velocity of cutting marginally affects the cutting 

forces in composites. The FE code has provision for implementing damage initiation 

and evolution in matrix and debonding at the interface of fiber and matrix using 

cohesive elements.  

 

(a) Damage initiation and evolution in the matrix material 
The epoxy matrix exhibits elasto-plastic behavior Hobbiebrunken et al. [14]. Young’s 

Modulus and Poisson’s ratio characterize the linear elastic behavior. The von Mises 

yield criterion and isotropic hardening are used to define the plastic behavior of the 

epoxy matrix. This criterion predicts that yielding occurs when the elastic shear strain 

energy density reaches a critical value. The yielding is followed by hardening till a 

maximum strength is reached and subsequently it fails by strain softening due to onset 

of damage in the form of micro voids (or) micro cracks. The damage is considered 



isotropic assuming that the micro cracks are initiated and propagated uniformly in all 

the directions. Since the damage does not depend on the direction, it can be completely 

characterized by a dimensionless scalar variable ‘dm’. The damaged modulus of 

elasticity ‘E’ can be related to the isotropic damage variable as 

m eE (1 d )E= −                                                   (4) 

where, ‘ eE ’ is the modulus of elasticity of the undamaged material point. 

(b) Failure of the fiber material 
Carbon fiber is assumed as an elastic and transverse isotropic. The elements in the fiber 

are considered failed once the principal stresses at the Gauss integration point reaches a 

critical value. The fiber element loses its load carrying capacity and its stiffness is 

slowly reduced to zero once the induced maximum principal stress reaches its failure 

strength of the fiber during the FE simulation. 

(c) Cohesive zone modeling for the interfacial failure 
Cohesive zone model (CZM) is a fracture mechanics approach to study the interfacial 

effects of either dissimilar material or in the same material when these are initially 

bonded together (Camanho and Davila, [6]). During the chip formation, the interfacial 

crack grows under the mixed mode loading. Therefore, a general formulation for 

cohesive elements dealing with mixed mode debonding is required. CZM approach has 

been used for debonding at fiber-matrix interface during orthogonal machining of UD-

CFRP composites. The interfacial properties of the present material system are adapted 

for the literature (DiFrancia et al., [12] and Merus et al., [13]). 

 

4. RESULTS AND DISCUSSION 

4.1 Cutting and thrust forces analysis 

In this section, the simulated cutting and thrust forces are compared with respective 

experimental observations. The variation of cutting and thrust forces (from experiments, 

macro-mechanics, micro-mechanics) with fiber orientation and depth of cut at 5
o
 rake 

angle are presented in Figure 4(a) and Figure 4(b) respectively. 
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Figure 4. Variation of (a) cutting and (b) thrust forces with fiber orientation and depth 

of cut at γ=5
o
 from the experiments, macro and micro-mechanical FE model. 

From Figure 4(a), it can be easily interpreted that; the predicted cutting forces from 

both macro and micro-model are always matching well with the experimental results. 

(a) (b) 



However, the thrust found from the macro-model are does not matches well with 

experimental observations. The cutting forces found from the micro-model are higher 

than the experimental observations and the predicted thrust forces are always lower than 

the experimental observations. This is attributed to the 2-D representation of machining 

in FE simulation. In the simulations the tool only contacts the fiber whereas in reality it 

contacts both fiber and matrix simultaneously. The effective stiffness of combined fiber 

and matrix in real material is likely to be less than the individual stiffness of the fiber. 

The contact forces and therefore cutting force during the simulation are higher. The 

thrust forces in the simulation are low, because in the FE model the material is 

considered as virgin and the cutting tool is directly in contact with the trim plane. In the 

experiments, on the other hand, some uncut portion of the work material remains above 

the trim plane and the cutting tool has to travel over this uncut material to cut the next 

chip (Wang and Zhang, [3]). The force required to press this uncut portion, probably 

accounts for higher experimental values of thrust forces. 

(a) Effect of fiber orientation 
With an increase of fiber orientation, the cutting force increases almost linearly 

irrespective of depth of cut as shown in Figure 4(a), as per the newly developed micro-

mechanical FE model, the cutting and thrust forces are derived form the contact 

pressure and frictional shear stress. Cutting forces are continuously increases with fiber 

orientation irrespective of the depth of cut and rake angle. Thrust forces initially 

increases as fiber orientation increases from 15
o
 to 45

o
 and there after continuously 

decrease as shown in Figure 4(a, b). 

(b) Effect of depth of cut 
The depth of cut is also a significant parameter in machining of UD-FRP composites. 

Both cutting and thrust forces increase with depth of cut as shown in Figure 4(a, b). 

This is similar to the results of Koplev et al. [1], who report that cutting force and thrust 

force increase with depth of cut, but the cutting forces are more significant as compared 

to the thrust forces. The increase in these thrust forces is because of more force required 

to deform more material. 

(c) Effect of tool rake angle 
The effect of rake angle on both cutting and thrust forces is less significant as compared 

to the effect of fiber orientation and depth of cut. However, both the cutting and thrust 

forces decreases with rake angle in magnitude, the forces decrease is approximately 3% 

for every increment of 5
o
 rake angle. Similar trends were reported by many researchers 

(Koplev et al. [1]; and Wang and Zhang, [3]). 

 

4.2 Chip formation mechanism 

4.2.1 Experimental and simulation observations 

Discontinuous chips are observed throughout the machining process, the process of the 

chip formation is due to failure of the interface, matrix cracking and fiber breaking that 

leads to discontinuous chip formation. Experiments also show that the size and shape of 

the chip depends entirely on the fiber orientation and depth of cut and to a lesser extent 

on the tool geometry. A typical flow of chip under an optical microscope is presented in 

detail in Figure 5(a). Different stages (I, II, III, IV, V and VI) of chip blocks are marked 

in it. Each chip block consists of group of fibers bonded with some portion of matrix 

material. The matrix probably also has many cracks and debonding between the fiber 

and matrix also occurs but these are not clearly visible with the existing magnification 



of the long range optical microscope. The chip block is formed based on the shear 

failure between the fiber bundle and the matrix material. For the case of 90
o
 fiber 

orientation the chip has to rotate about 75
o
 (for 15

o
 rake angle) towards the cutting 

direction before releasing the final block of chip from the parent material. The large 

rotation leads to high interfacial shear leading to debonding between fiber and matrix 

and crushing of matrix into powder with tensile failure of the interface as well as the 

matrix. For the case of 15
o
 fiber orientation the chip blocks gets released from the parent 

material without rotation (for 15
o
 rake angle). It is very difficult to see the cracks in the 

matrix and the nature of the fiber failure under existing optical microscope online 

during the machining process. To overcome this difficulty, the released chip was 

colleted on a double adhesive tape during the machining process and was observed 

under the scanning electron microscope (SEM). These observations are presented in 

Figure 5(b); from all these figures it can be observed that, there are many cracks in the 

matrix material and also interfacial debonding between the fiber and matrix. Figure 

5(b) shows the case of 75
o
 fiber orientation at 0.15 mm depth of cut, 5

o
 rake angle. It 

shows that series of chip blocks are formed due to matrix failure and interfacial failure. 
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Figure 5. (a) Chip flow under an optical microscope for the case of 45

o
 fiber 

orientation. [I, II, III, IV, V, VI show the various stages of chip flow]. (b) SEM image of 

released chip for the case of 75
o
 fiber orientation at 0.15 mm depth of cut, 5

o
 rake angle. 

 

From the numerical simulation, the variation of maximum principal stresses with depth 

of cut are presented in Figure 6(a,b,c). These stress contours are plotted at a constant 

rake angle of 5
o
 and fiber orientation of 45

o
. From these figures one can conclude that, 

the stresses are high at the chip formation zone and local, which is true for all the depths 

of cut. However, for lower depth of cut the stresses reach the free surface of the work 

material and may help debonding from this location also. 

(b) (a) 



 

 

 

 

 

 

 

Figure 6. Contours of maximum principal stress in UD-CFRP composites at various 

depths of cut (a) t = 0.1, (b) t = 0.15 and (c) t = 0.2 mm at θ=45
o
, γ=5

o
 [units of stresses, 

N/sq. m]. 

 

(a) Effect of fiber orientation 
The observation of the chip formation mechanism is quite different for different fiber 

orientations. Powder like chip was observed in the higher fiber orientation, long chip 

was observed at lower fiber orientation. The shifting of contact zone is more for 15
o
 

fiber orientation, and almost negligible for the case of 90
o
 fiber orientation. Due to the 

nature of Tsai-Wu stresses with change of fiber orientation, the chip formation and 

subsequent release gets effected. 

(b) Effect of depth of cut 
For a low depth of cut (0.1 mm) complete separation of fiber and matrix is observed, 

due to which powdery chip is also observed. For the case of 0.15 mm and 0.2 mm depth 

of cut the interfacial failure does not reach up to the free surfaces of the work material, 

due to which the size of the chip along the cutting direction is more and is measured to 

be 42 µm for 90
o
 and 68 µm for 15

o
 fiber orientation in UD-CFRP composites. 

(c) Effect of tool rake angle 
The effect of rake angle on the chip formation mechanism is marginal. For the case of 

fiber orientation between 15
o
 and 60

o
 there is absolutely no effect of rake angle. 

However, there is a slight influence of rake angle for the case of 75
o
 and 90

o
 fiber 

orientation. For these orientations before the release of the chip the parent material 
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directly touches the rake surface of the cutting tool. The chip failure progresses while 

the uncut material drags over the rake surface. For fiber orientations between 15
o
 and 

60
o
 a complete chip failure take place before it can get dragged over the rake face. 

 

5. SUMMARY AND CONCLUSIONS 

Experimental and numerical investigations provide better understanding of the origin of 

cutting, thrust forces, chip formation mechanism. The single-phase macro-mechanical 

FE model gives reasonable estimation of cutting forces but thrust forces does not 

matches with experimental observations. The two-phase micro-mechanical FE model is 

a better representation of the UD-FRP composites for machining process as compared to 

an EHM model. The micro-mechanical FE study shows fiber, matrix and interfacial 

damage and possible locations of fiber breakage with subsequently release of blocky 

chip. For 90º fiber orientation both bending at fiber (f1)-matrix (m2) interface and 

crushing at cutting tool-fiber (f1) interface causes fiber (f1) fracture. As the orientation 

changes from 90º to 15º bending failure of the fiber becomes more significant. The 

cutting force mainly varies with fiber orientation and depth of cut and is very less 

dependent on rake angle. 
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Table 1. Material, tool geometry and process parameters. 

 Parameter  

UD-CFRP 

composites 
Specimen dimensions 100 mm x 50 mm x 3 mm 

Rake angle (γ) 5º, 10º and 15º 

Relief angle (α) 6º 

Tool geometry 

parameters 

 Edge radius (r) 50 µm 

Depth of cut (t) 0.1, 0.15 and 0.2 mm 

Fiber orientation (θ ) 15º, 30º, 45º, 60º, 75º & 90º 

Process 

parameters 

Cutting speed (V) 0.5 m/min 

   

 

Table 2. Stiffness and strength properties of UD-CFRP composites. 

Stiffness properties Strength properties 

E1 

(GPa) 

E2 

(GPa) 

G12 

(GPa) 
υ12 Xt 

(MPa) 

Xc  

(MPa) 

Yt  

(MPa) 

Yc 

(MPa) 

Sxy 

(MPa) 

139.4 9.5 5.8 0.24 1951 1475 47.1 188.4 74.28 

 

 

Table 3. Stiffness and strength properties of fiber, matrix and interface. 

Material Property  

Elastic constants 

(Tension) 

E1 = 235 GPa, E2  = 14 GPa,  

G12 = 28 GPa, υ12 = 0.2 

Elastic constants         

(Compression) 

E1 = 106 GPa, E2  = 14 GPa,  

G12 = 28 GPa, υ12 = 0.2 

Tensile strength Xt = 3.59 GPa, Yt = 0.35 GPa 

Compressive strength Xc = 1.8 GPa, Yc = 2.73 GPa 

Carbon 

fiber 

Shear strength Sxy = 0.38 GPa 

Elastic constant E = 3.1 GPa, υ = 0.33 

Yield strength σy = 27.5 MPa 

Tensile strength σt  = 70.3 MPa 

Fracture toughness Kc = 0.5 MPa m
1/2

 

Epoxy 

matrix 

Fracture energy Gf = 80.6 J/m
2
 

Normal strength N = 167.5 MPa 

Shear strength S = 21 MPa 

Fiber-

Matrix 

Interface Fracture energy GIC = GIIC = 50 N/m 

 


