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ABSTRACT 

Composite materials have a wide range of applications in aerospace and automotive industries 

due to the advantage of their tailorability when manufacturing. These materials are manufactured 

near net shape but post-production machining is required where it cannot be avoided like holes, 

cutouts and doors to achieve dimensional accuracies and for further assemblies.  Oblique 

machining is one of the important processes as to achieve the above. The machining of 

composites is different from that of metals due to the anisotropic and inhomogeneity of the 

material. Because of this nature the machining process becomes complicated. The fiber being 

abrasive in nature and matrix being soft and weak produce fluctuating forces and make difficult 

for the cutting process causing tool wear. This research hence concentrates on the oblique 

machining of Uni-directional carbon fiber reinforced polymer composites (UD-CFRP). The 

oblique cutting of these UD-CFRP‟s are carried out at different rake angles and at different fiber 

orientations i.e. from 0 to 180 to predict the different forces. These results are compared with the 

numerical results where a finite element model is modeled for these different conditions and are 

compared with the experimental results. The oblique machining is a 3-dimensional process 

unlike the orthogonal machining which is a 2-dimensional process. The finite element model is 

modeled as a single-phase system by considering the material to be equivalent homogeneous 

material for analysis purpose, which simplifies for force prediction. The results from the 

experiments and the finite element analysis can be used for further analysis where multiple layers 

of composite laminates are used with different fiber orientations. The results can also be used to 

predict the forces for drilling process by considering the drilling process to be combination of the 

oblique cutting at each point. 
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CHAPTER I 

INTRODUCTION 

1.1 Composite Materials 

In the simplest term composites can be defined as combination of two or more materials 

to form a single material. The history of these materials dates back when bricks were used for 

building construction by combining straw and mud. As the technology advanced the definition 

also got refined, and hence defined as the engineered materials made from two or more 

constituent materials which differ in the physical and chemical properties. The main constituents 

of the composite materials are matrix and reinforcement mixed in certain proportions. 

Composites are mainly classified into three types namely, 

 Particle - reinforced composites 

 Fiber – reinforced composites 

 Structural composites. 

1.1.1 Particle Reinforced Composites 

A particle composite is made up of matrix of one material consisting of dispersed 

particles of a second material. The particles may have any size and shape, but are generally 

spherical, ellipsoidal, polyhedral or irregular in shape. The particles may be added to directly to a 

liquid matrix, which later solidifies or they may be pressed together and then inter diffused via a 

powder process. Particles used for reinforcement include ceramics, glasses, and metals like 

aluminum, amorphous materials. Particle composites posses high tensile, compressive and shear 

strengths. Figure 1.1 shows a schematic of particle reinforced composites. 
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Figure 1.1 Example of Particle reinforced composite [29] 

1.1.2 Fiber Reinforced Composites 

Fiber reinforced composites consists of fibers as the reinforcements. These fibers act as a 

load carrying members in the composite. These provide the necessary strength required by the 

composites. The matrix holds the fibers together and distributes the loads, also protecting the 

fibers from adverse environmental conditions such as, humidity, moisture etc. The fibers in these 

composites may be short or long depending upon applications. The fibers can be made of metals, 

ceramics, glasses or polymers turned into graphite called as carbon. The strong covalent bond 

along the fiber length direction gives them a high modulus and requires a high force to break 

these bonds. Fiber reinforced composites provide high strength to weight ratio. When compared 

to metals, these composites offer many other advantages such as, non-corrosiveness, good 
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bonding potential and ease of repair. The arrangement of these fibers in different orientations 

provides different properties; hence the orientation and the arrangements play an important role 

in determining the strength of composite. Figure 1.2 shows the arrangement of fibers in 

composites. Depending on the application these fibers can be arranged as continuous and 

aligned, or discontinuous and aligned or discontinuous and randomly arranged. These 

composites are widely used in aerospace, automotive industries. Other applications include 

sports equipments, boats, fishing rods, building products, housing appliances etc.  

 

Figure 1.2 Fiber reinforced composite [29] 

 

1.1.3 Structural Composites 

The main properties on which structural composites depend are its constituents and 

geometrical design. Based on this structural composites are classified as laminar and sandwich 

panels. The laminar composite consists of specified two-dimensional sheets or plies that have 
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preferred high strength direction. Each composite panel has layers that are stacked one on top of 

the other and cured together such that the orientation of high strength direction varies with each 

successive layer. Figure 1.3 shows the different types of structural composites. Each layer has 

continuous and aligned fibers to give strength to the composite. The strength in each direction 

depends upon the stacking sequences and orientation of the layers. Ply materials, fiber directions 

and stacking sequences are designed to suit specific applications. 

 

Figure 1.3 Example of structural composite [29] 

Sandwich laminates consist of a lightweight core material sandwiched between two thin 

solid laminated called skins or face sheets. The entire assemblage may be cured together 

simultaneously, or the face sheets may be assembled and cured separately followed by secondary 

bonding to the core. Core materials are either honeycomb or foamed plastic. The most preferred 

honeycomb is made from Kevlar paper coated with phenolic. Foams are preferred for vibration 
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damping and thermal insulation. Sandwich laminates are stiff in the bending mode and are 

excellent for resisting bending loads. 

1.2 Matrices 

The matrix material in a composite serves three main purposes; it acts as a binder to hold 

the reinforcement fibers together. It transfers the load and distributes it to the reinforcement 

fibers, and protects the fibers from adverse environment conditions such as moisture and reactive 

fluids. The matrix material may be made from ceramics, metals or polymers.  

Based on the type of matrix material, the composites are classified as  

 Metal matrix composites 

 Ceramic matrix composites 

 Polymer matrix composites 

 

1.2.1 Metal Matrix Composites 
 

Metal matrices are reinforced with continuous fibers, particulates and whiskers made 

from metals such as stainless steel, boron and carbon or ceramics (SiC, Al2O3) Aluminum and 

titanium alloys are most widely used metal matrices.  The most commonly used metal matrices 

are aluminum and titanium alloys. Aluminum and its alloys have found a great attention due to 

their mechanical properties. Aluminum matrix composites are used in wide number of 

applications where stiffness and strength are required. Aluminum matrices due to these 

properties are used in aerospace applications and automotive engine components. 
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Figure 1.4 Schematics of different reinforcement arrangements in composites [1] 

1.2.2 Ceramic Matrix Composites 
 

A ceramic composite material consists of ceramic matrix combined with a ceramic 

dispersed phase, i.e. it has not only ceramics as matrix phase but also the reinforcement phase is 

of ceramics. These composites are reinforced with either long continuous fibers or short 

discontinuous fibers. Ceramic matrix composites have excellent thermal stability and high 

stiffness. These composites are used often in high temperature applications where it requires high 

stiffness and strength. 

1.2.3 Polymer Matrix Composites                

Polymer matrix composites by far are most widely used composites. The wide range of 

properties that result from their different molecular configurations, their low price and ease of 
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processing make the perfect material for binding and enclosing reinforcement. Polymers are 

made of long chains of hydrogen and carbon atoms, which are held together by covalent bonds. 

The arrangement of these chains and molecular configuration determines the different properties.  

Based on this the polymer matrices are classified into two major types, namely 

 Thermosets 

 Thermoplastics 

1.2.3.1 Thermosets 

Thermosetting materials are one, which may not be softened and reheated again. They are 

converted to solids by an irreversible chemical reaction. Once cured, which involves complete 

cross-linking and possibly some chain reaction, the material will not become soft again by 

heating. The thermoset molecules are cross linked with covalent bonds which results in gigantic 

three-dimensional solid structures that are less mobile, stiffer, stronger and less ductile. 

Thermosets are commonly epoxy, unsaturated polyester, and polyimide, bismaleimide 

polyurethane and phenolic. Most thermosets are stronger have a higher product service 

temperature. They are harder, more rigid, and less costly. Because of cross-linking the 

thermosets have a high glass transition temperature. 

1.2.3.2 Thermoplastics 

The thermoplastic materials are one, which becomes soft when heated and solid when 

cooled to room temperature. This softening and solidification can be repeated many times. 

Thermoplastics have linear or linear branched chain patterns and are not cross-linked.  

Thermoplastic materials have long hydrocarbon molecules, which are held together by weak 
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secondary bonds and are easy to break. If the arrangement of molecules in thermoplastics is 

random in both solid and melted states, then the resulting thermoplastic is called amorphous. If 

the polymer solidifies from the melt state, and the molecules arrange in regular patterns then it 

becomes a semi crystalline. Amorphous thermoplastics are much stiffer then semi crystalline. 

Common thermoplastics are polyethylene, polyamide, polystyrene, acrylic, polyvinylchloride, 

polycarbonates and polyphenylene sulfide. For small non-reinforced products, thermoplastics are 

used especially if they are suitable for injection molding. 

1.3 Reinforcements 

Reinforcements are the one, which give strength to the composite material. 

Reinforcement is the load carrying members of the composite. These are made of fibers, which 

may be long continuous, short discontinuous fibers, whiskers or particulates. Fibers are mostly 

circular or near circular in shape. The fibers are very small in diameter, usually in the range of 

10-20μm. Fibers possess high stiffness and high strength in the length direction compared to 

other direction. Particulates may have any shape and size. Their size varies from less than 

micrometers to less than millimeters. Whiskers are pure single crystals manufactured by vapor 

depositions. Particles and whiskers are mainly used to improve the properties of isotropic 

materials. For all major applications in aerospace, automotive industries fibers are used as 

reinforcements. The majority of fibers used are carbon, glass, and aramid fibers. 

1.3.1 Carbon Fibers 

Carbon fibers are widely used in advanced composites in aerospace and automobile 

applications. Carbon fibers have high strength and high stiffness with low density. These fibers 

possess high strength to weight ratio and high stiffness to weight ratio. Different grades of 
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carbon fibers are available based on the processing variables. The different grades of fibers are 

high modulus fibers, Intermediate modulus and high strength. Carbon and graphite are made 

from precursor materials such as rayon, pitch, and PAN (polyacrylonitrile), which are organic. 

Carbon fibers are anisotropic and their properties are mainly affected by the degree of 

orientations of graphite layers with respect to the fiber axis. A higher temperature of 

graphitization promotes orientations of graphite layers in the fiber direction, thus resulting in 

high tensile modulus. 

1.3.2 Glass Fibers 

Glass fibers are by far the most widely used fibers, because of the combination of low 

cost and corrosion resistance, and in many cases efficient manufacturing potential. Glass fibers 

have relatively low stiffness, high elongation and moderate strength to weight. Glass fibers are 

relatively cheaper to manufacture compared to other fibers. These fibers are used extensively 

where corrosion resistance is important such as piping for chemical industry and marine 

applications. Glass fibers degrade rapidly in properties when they are exposed to moisture. 

Drawing a molten mixture of silica and other oxides through small holes in platinum- alloy 

bushing produces Glass fibers. Glass is an amorphous material, and thus does not develop a 

preferred orientation in microstructure when drawn. Hence glass fibers are considered isotropic 

in nature. Machining glass fiber reinforced composites possess lot of challenges since glass is 

highly abrasive. 

1.3.3 Aramid Fibers 

Aramid or Kevlar fibers are organic fibers manufactured from aromatic polyamides by 

solution spinning. Aramid fibers have high strength and stiffness compared to glass coupled with 
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lightweight, high tensile strength and low compressive strength. Aramid fibers possess high 

toughness and tolerance to damage. Aramid fibers fail in ductile under tensile loads unlike 

carbon fibers, which fail in brittle. It‟s extremely difficult to machine aramid fibers because of 

their high toughness. Special tooling is required to cut these materials. These fibers are used in 

protective clothing, sporting goods and a replacement for glass where higher performance is 

required. 

1.4 Research scope and Objective 

Composite is used widely in aerospace and automotive industries. This provides 

opportunities to develop new parts and assemblies of components. The assembly of these 

components requires the parts to be machined to dimensional requirements. Machining of 

composites is not similar to that of metals and hence proves difficult to machine. The research 

provides an opportunity to study the effects on composites while performing different machining 

operations. 

The main objective of this research was to study, by experiments and numerical 

simulation, the cutting forces in oblique machining of uni-directional CFRP materials. 

Experiments were conducted with a single edge oblique cutting tool with different tool 

geometries. The effects of these parameters on machining forces were studied. A numerical 

material model was developed using commercially available finite element software and the 

results were compared with experimental. 
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CHAPTER II 

LITRETURE REVIEW 

Machining of composites is different from the machining of metals. The kinematics of 

metal cutting can be applied to machining of composites with some suitable modifications. In 

this section previous work done on machining of composites is discussed. All the machining 

models discussed are for orthogonal cutting of composites, but the theory holds good even for 

oblique cutting of FRP‟s composites. Everstine and Rogers [2] were the first one to study the 

machining of composites. They performed experimental work on orthogonal machining of 

composites with 00 fiber orientation. They used continuum mechanics approach to predict the 

minimum cutting force required to machine the 00 fibers. Koplav et al [3] were the one of the 

first to experimentally study the machining process of FRP‟s, which set the foundation for future 

research and publication. 

According to their findings, in orthogonal machining fiber orientation highly influences 

the chip formation mechanism. The chip formation is due to the series of fractures occurring at 

the fibers. They performed their experimental work on fibers with both parallel and 

perpendicular to feed direction. Many have studied the influences of cutting conditions, cutting 

tool geometry and material properties on cutting forces, chip formation, tool wear and surface 

quality to observe the machining kinematics of composites. 

Takeyama and Iijima [4] developed a model to predict the cutting forces independent of 

fiber orientation. According to their study they concluded that, the chip formation for most fiber 

angled composites to be similar to that of metals.  
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Bhatnagar et al. [5] experimentally studied the orthogonal machining process of uni-

directional carbon fiber composites for different fiber orientations. Many of the literature have 

mentioned that the in-plane shear strength plays an important role in machining of FRP‟s 

composites. The in-plane shear strength is not easy to measure and there is no universally 

accepted standard test to come up with the shear strength of FRP”s composites.    

2.1 Machining Models 

2.1.1 Everstine and Rogers Model 

Everstine and Rogers were the first one to propose a theory on machining of FRP‟s 

composites. Their approach was based on continuum mechanics, which predicts the minimum 

cutting force, required for machining parallel unidirectional fibers [6]. They proposed a 

displacement field for the chip region analogous to the thick-zone model in cutting of metals that 

was proposed by Palmer and Oxley. According to their findings there is a formation of a wrinkle 

ahead of the tool tip owing to tensile loading from the chip formation. The deformation was 

found with constraint conditions and by using a suitable displacement boundary condition [7]. 

The plastic deformations were determined kinetically. Their experimental investigations resulted 

in estimation of principal cutting force, in terms of tool geometry, material properties and the 

proposed deformation. Figure 2.1 shows the schematic diagram of Everstine and Roger‟s cutting 

mechanism. 
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Figure 2.1 Schematic of Everstine and Rogers cutting model [2] 

2.1.2 Koplav Model 

Koplav used a single edge point cutting tool to study the chip formation mechanism and 

surface quality of machined surface while machining the uni-directional CFRP composite 

material. He carried out the experiments on 00 and 900 fiber orientations. The use of macro chip 

method to study the chip produced during machining was the major advantage of this study. 

Koplav used a workpiece surface coated with a thin layer of rubber-based adhesive for his 

model. The main purpose of using the adhesive was, after the machining the chips will remain 

stick to the adhesive. The chips on the adhesive are then examined [8]. Figure 2.2 shows a 

schematic diagram of the Koplav model. 
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Figure 2.2 Schematic diagram of Macrochip [3] 

According to Koplav, fiber orientation highly influences the surface quality of machined 

surface. Machining parallel to the fiber orientation helped in achieving smoother surface finish. 

The frictional force caused the tool to press down on fibers and fail them in tension.. Machining 

900 fiber orientation yielded greater value of surface roughness. Small pieces of cut fibers and 

matrix formed a layer on the machined surface, which increased the value of surface roughness. 

The cracks were developed below the cutting plane, with cracks propagating both parallel to and 

perpendicular to surface. The study of macrochips revealed no presence of plastic deformation, 

which indicates that the matrix and the fibers fail in brittle. When machining perpendicular to the 

fibers, as the tool advances so is the chip formed moves forward and it presses the composite in 

front of it. This causes the composite to bend and fracture to form more chips. At the same time 

the cracks are formed due to the downward pressure on the composite below the tool. Machining 

parallel to the fibers the chips are formed due to the pressure on the specimen. The cracks appear 
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in front of the tool leading to the formation of next chip. Figure 2.3 shows both the chip 

formation mechanism. 

 

Figure 2.3 Chip formations for 900 and 00 fiber orientations [3]. 

2.1.3 Takeyama and Iijima Model 

Takeyama and Iijima [4] used Merchant‟s minimum energy theory to predict cutting 

force model. They studied the chip formation process while cutting continuous fiber reinforced 

plastics at various fiber orientations. Figure 2.4 shows the schematic diagram of their cutting 

force model. 
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Figure 2.4 Takeyama‟s cutting force model [4] 

According to Takeyama [4] the cutting force and surface finish quality is a function of 

fiber orientation. They stated that, at 00 fiber orientation cracking occurs in the direction of 

fibers, and at 900 fiber orientation blocky chips are produced due to fracture. For intermediate 

fiber orientations between 00 and 900 chip formation close to metal cutting process with the angle 

of shear plane being bound by that fiber was observed. The cutting power P is calculated based 

on Merchant‟s theory as follows 

  

P =V .R.cos(b -a) =
b.t.t(q)V .cos(b -a)
sinf.cos(f + b -a)

    [28]                                                                         (2.1) 

Where  is the friction angle,  is the rake angle, ` is the shear fiber angle and  is the shear 

angle. 
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Shear angle is determined in such a way that the shearing in chip formation occurs in the 

direction so as to minimize the cutting energy, such as 

  

 

  

¶P

¶f
=

¶t(q')
¶f

sinf cos(f + b -a) - t(q')cos(2f + b -a) = 0  [28]                                 (2.2) 

Where (‟) is the experimental model for simple shear test 

The principal and thrust cutting forces are calculated based on Merchant‟s theory and 

experimental result of (‟) as follows 

  

Fp =
btt(q')cos(b -a)

cos(f + b -a)sinf
  [28]                                                                                             (2.3) 

  

Ft =
btt(q ')sin(b -a)

cos(f + b -a)sinf
   [28]                                                                                             (2.4) 

The cutting forces predicted from this model theory were in good agreement with the 

experimental results. The model successfully explained the chip formation process for positive 

fiber orientations, i.e., from 00 to 900 but failed to explain the same while machining in reverse 

direction i.e., fiber orientations greater than 900. The model failed to explain in detail the 

description of shear test procedure to find the shear strength and shear phenomenon. To measure 

the shear plane angle there are no standard test techniques for FRP‟s composite materials. The 

chips formed during machine are very small and in powder form making it difficult to measure 

the chip thickness and to measure the shear plane angle. One other disadvantage of the model 

was, it failed to explain the phenomenon of mean angle of friction formed between the tool and 

chip for all fiber angles. 
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2.1.4 Bhatnagar et al. Model 

Bhatnagar et al. [5] studied the orthogonal machining of uni-directional carbon fiber 

composites for different fiber orientations. According to their experimental findings shear 

strength of the material influences machining of composites. They proposed a method to obtain 

accurate values for the shear strength of material for any given fiber orientation. This method 

overcame the drawbacks of Takeyama and Iijima [4] model for orthogonal machining of 

composites. They used Iosipescu shear test method to evaluate the shear strength of material 

accurately. This method helped them to successfully plot the variation of in-plane shear strength 

with fiber angle. 

They also conducted experiments on machining negative fiber orientation. From the 

experimental investigations they found that the chip formation is similar to that of Koplav et al. 

During machining negative fiber orientation it was found that the fibers bent and the chips were 

formed due to delamination of material. Blocky chips were formed by fracture while machining 

positive fiber orientations. Figure 2.5 shows the Bhatnagar et al. representation of fiber 

orientation in orthogonal cutting of uni-directional FRP‟s.  

 

Figure 2.5 Schematic representation of the location of fiber orientation [5] 
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They concluded that while machining positive fiber orientation fibers break in tension 

and chips are formed ahead of the cutting tool edge by shearing of the matrix in a plane along the 

fiber orientation. They also concluded that cutting forces were higher for fiber orientations 

between 300 and 600. For fiber orientations 1200 to 1500 the forces are minimum. Bhatnagar et al. 

also observed from their analysis of force data that the friction conditions at the rake face depend 

on the fiber orientation. They resolved the cutting forces parallel and perpendicular to the fibers. 

Figure 2.6 shows the schematic diagram of cutting mechanism for negative and positive fiber 

orientations. 

 

Figure 2.6 Cutting mechanisms of CFRP composites [5] 

From the figure it can be observed that for negative fiber orientation, as the tool advances 

it causes compression and bending of the fibers causing the fibers to push upwards by the tool 

and are broken by shearing. The fibers undergo tension and bending along with compression by 

the tool rake face while machining positive fiber orientations. Their model of cutting forces for 

positive fiber orientation was similar to Takeyama and Iijima [4].  
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They made the following assumption 

1. The fiber orientations are between 00 and 900 and the cutting is orthogonal 

2. The cutting force is dependent on the in-plane shear strength of the fiber angle 

3. A crack propagation plane exists along the fiber direction at which matrix shears 

4. The matrix shear plane angle is independent of the tool rake angle 

5. The chip formation minimizes the cutting energy 

6. The effect of temperature is neglected. 

Bhatnagar et al. substituted fiber angle with shear plane angle in Merchant‟s equation to 

predict the cutting forces 

 Fc = tacos(b -a)
sinq cos(q + b -a)

    [28]                                                                                            (2.5) 

  Ft = tasin(b -a)
sinq cos(q + b -a)

    [28]                                                                                 (2.6) 

Where  is the in-plane shear strength of the material for the given fiber angle, „a‟ is the 

area of the shear plane,  is the fiber angle,  is the rake angle and  is the friction angle. 

After measuring the forces the friction angle was calculated from the Merchant‟s circle, 

which helped in determining the shear strength. The results obtained were in good agreement 

with the Iosipescu shear test up to 600 fiber orientation. 
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CHAPTER III 

MACHINING OF COMPOSITES 

 
Machining of composites is different from machining of metals due to non-homogeneity 

and isotropic nature of composite. Machining is a material removal process to attain the 

dimensional tolerance and surface finish required for the part for further assembly. The 

composites are isotropic in nature because of the presence of constituent phases matrix and fiber. 

The fibers are strong and brittle while the matrix is weak and ductile in nature because of which 

both fail in different modes under loads. Unlike in metals the machining of fiber-reinforced 

composites (FRP‟s) is characterized by uncontrolled fracture and the machining forces oscillate 

due to the subsequent constituents. The damages caused while machining FRP‟s is different from 

metals as there is fiber pullout, debonding and delamination. The different material properties of 

the constituent phases and the different failure modes reduce the tool life drastically; hence 

specially designed tools are used for machining of FRP‟s. 

Machining of metals has been carried out over a long period of time and extensive 

research has been done on it. Machining of composites may be different from machining of 

metals but their kinematics remains the same and has been used with proper modifications for 

cutting tool geometry, cutting speeds and cutting feed rates to increase the tool life, reduce tool 

wear, improve surface quality and reduce damage caused to composite while machining. 

Even though the fiber-reinforced composites are produced near net shape, machining is 

required to produce components to their final dimensional requirements and prepare for 
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assembly. Machining of FRP‟s is carried out either by conventional or non-conventional cutting 

methods. Below are the two methods discussed for machining of composites. 

3.1 Conventional methods 

3.1.1 Turning: 

Turning is a conventional machining process that uses a single edge point cutting tool to 

remove material. The work piece is rotated along its axis and the cutting tool is fed parallel to the 

axis of rotation. As the tool comes into contact with the work piece it removes a layer of 

material, whose thickness is equal to the depth of cut.  

3.1.2 Milling and Trimming: 

Milling is a machining process, which uses multi point cutting edges to remove material. 

In milling the tool is rotated around an axis and the work piece is fed parallel to the axis of 

rotation. Machining FRP‟s peripheral milling or peripheral and end milling are the most 

commonly used methods. In peripheral milling the cutting edges are on the periphery of the tool. 

Peripheral milling is normally called as edge trimming because the tool diameter is small and the 

axial engagement encompasses the entire thickness of the work piece. End milling is similar to 

peripheral milling except the fact that the axial engagement may be less than the thickness of the 

part and a slot is obtained. Figure 3.1 shows end and peripheral milling operations. Depending 

upon the type of approach of the cutting edge to the work piece End milling and edge trimming 

processes are further classified as up milling (Conventional milling) and down milling (climb 

milling). In up milling the direction of cutting speed of the edge in contact with the workpeice is 

opposite to the direction of feed. In down milling the direction of cutting speed of the edge is 

same as the direction of feed. Figure 3.2 shows both of the milling processes. 
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Figure 3.1 Types of milling operations [18] 

 

Figure 3.2 Illustration of up and down milling [18] 

3.1.3 Drilling 

Drilling is a conventional material removal process in metals and composites. It uses 

multi point end cutting tool to cut or enlarge a hole in the work piece. The drill bit rotates at a 
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desired speed and is pressurized against the work piece with a feed rate to remove material and 

produce holes. The most commonly used drill bit is a two-flute twist drill. It has two major 

cutting edges forming the drill point angle. Each one of the major cutting edge acts like a single 

point cutting tool. The lead angle for the cutting edge is half of the drill point angle. The flute 

provides a way for the chip to clear the cutting zone and for coolant to be supplied to the cutting 

tip. Figure 3.3 shows illustration of drilling process. 

 

Figure 3.3 Illustration drilling process [29] 

3.1.4 Abrasive Cutting 

Abrasive cutters and wheels are used whenever high quality of surface finish is required. 

These cutters and wheels are used in machining of FRP‟s because they produce less mechanical 
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damage and high quality surface finish than the traditional cutting tool geometries. Abrasives are 

mainly classified by the particle size and the method by which the particles are bonded to the 

tool body. The grit number defines the size of abrasive particles, which is a function of sieve 

size. Smaller the sieve size larger the grit number. Abrasive cutting is mainly characterized by 

negative rake angles, small depths of cut, wide wedge angles and limited grain protrusion. 

Trimming with abrasive cutters is similar to trimming with an end mill and kinematic analysis of 

the tool path is similar. Each of the abrasive particles acts as a single point cutting tool.  

3.2 Non-Conventional Machining 

3.2.1 Abrasive waterjet Machining 

High velocity waterjets have been used for decades to cut a variety of materials like 

rubber, wood, cloth, foam and granite. Mixing abrasive particles to the high velocity waterjets 

further advances the technology. The advantage of AWJ‟s is that setup time is very short 

compared to other machining methods as no cutting tool is involved to cut the material. The 

available AWJ‟s can cut through a wide range of materials and thicknesses and obtain reasonable 

tolerances and surface roughness. Dimensional tolerances and surface quality of the cut depends 

on the cutting speed, abrasive flow rate and work piece material. AWJ‟s are considered in two 

scales namely, micro and macro processes. The microprocess is concerned with the behavior of 

abrasive particles as it impacts the target surface with high velocity. On the other hand the macro 

process is concerned with kerf formation as a result of the jet behavior. 

3.2.2 Laser Machining   

Laser machining is one of the most commonly used non-conventional machining 

processes. Laser machining has lot of advantages over other machining processes, as there is no 
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contact between the cutting tool and the workpeice. Hence there is no tool wear, no cutting 

forces and no distortion due to mechanical loading. Laser machining utilizes the energy from an 

intense, highly directional coherent beam of infrared light to remove material from workpiece by 

localized melt shearing and vaporization.  

Laser cutting of FRP‟s is a complicated process due to the presence of different phases of 

constituents in the material, which have different physical and thermal properties. The 

constituents behave differently when exposed to high-energy laser beam. When composite 

material is hit by laser beam the heat first affects the matrix. Most cutting of thermoplastic 

matrix material in FRP‟s takes place by shearing of a localized melt formed by the laser beam. 

The reinforcement fibers require higher temperature and longer exposure time to vaporize 

compared to the matrix. 

3.3 Orthogonal Machining 

Orthogonal machining is a process where the cutting edge of the tool is parallel to the 

uncut workpiece surface and perpendicular to the direction of cutting. Orthogonal machining 

represents a two-dimensional problem as the deformation is confined to a single plane. Figure 

3.4 illustrates the schematic of orthogonal machining. Orthogonal machining uses a wedge 

shaped cutting tool. As the tool is forced into the material, the chip is formed by the shear 

deformation along the shear plane. The orthogonal cutting tool has two elements of geometry 

namely rake angle and clearance angle. The rake angle determines the chip flow as it is formed 

and the clearance angle provides a small clearance between tool flank and newly generated work 

surface. In orthogonal machining the chip flow is over the tool rake surface and in the direction 

apparently perpendicular to the principal cutting edge. 
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Figure 3.4 Schematic of Orthogonal Machining [5] 

The single point cutting tools used for cutting are generally defined by a normal rake 

system that is based on two coordinate rake angles. Figure 3.5 shows the angles in normal rake 

system. The cutting edge inclination or back rake s is measured parallel to the cutting edge in 

vertical plane; the normal rake yn is measured in a plane at right angles to the cutting edge and 

perpendicular to the rake face. The tool minor cutting edge angle or the horizontal clearance 

angle is „r‟, and the tool approach angle is r,  

 

Figure 3.5 Angles in the normal rake system [9] 
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Other systems of tool nomenclature relate rake angles to the coordinate axes of the 

cutting edge or the tool shank, measuring the angles in the vertical plane. Although these systems 

are similar, they are of little use when deducing the chip flow direction. The single-point tool 

nomenclature can also be applied to multi-point tools. 

3.4 Oblique Machining 

In general most of the cutting of materials is not orthogonal i.e., the cutting edge of the 

tool is not perpendicular to the direction of cutting, instead it is inclined at an angle. Oblique 

machining is a three dimensional process. The direction of the chip flow in oblique machining is 

not normal to the cutting edge; instead it is at an angle to the normal to the cutting edge. The 

cutting edge is inclined at an angle  to the normal to the feed. This angle is called inclination 

angle. The chip flows at an angle  to the normal to the feed. This angle is called chip flow 

angle. Figure 3.6 shows the schematics of oblique machining. 

 

Figure 3.6 Schematics of oblique machining [9] 
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The chip geometry and the principal cutting force are determined by a rake angle „e‟ 

measured in the direction of chip flow. This angle is known as the effective rake angle, which 

relates to a lathe tool. Figure 3.7 shows the angles in an oblique cutting tool. 

Sin e = Sin yn  + Sin2 s – Sin yn Sin2 
s = cos2 

s + Sin yn + Sin2 
s  [28]              (3.1) 

If the normal rake angle is not specified, then it can be calculated from the vertical rake 

angle‟s coordinate to the cutting edge. Figure 3.7 shows the relationship between back rake and 

normal rake angles. From the figure it is clear that 

tan yn = tan  cos s [28]                                                                                          (3.2) 

 

Figure 3.7 Relationship between normal rake and back rake [9] 
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3.5 Mechanics of Chip Formation in Unidirectional FRP 

Unidirectional fiber reinforced polymer composites have two constituents namely, the 

matrix and the fibers. These two have different physical properties and they fail in different 

modes. The machining of FRP‟s depends on lot of factors such as, types of machining 

operations, part geometry and size, the material properties, final product finish and accuracy etc. 

It also depends on tool geometry like, tool rake angle, tool helix inclination angle, and tool nose 

radius. 

Chip formation mechanism is different in FRP‟s from that of metals. In metals, the 

material shears and the chip forms and flows over the tool. The chip flow in metals is dependent 

on the cutting angles and other parameters, but in FRP‟s other mechanisms affect the cutting 

process. In FRP‟s the chip flow is highly dependent on the fiber orientation and the angle of 

cutting direction. 

The chip formation mechanism in FRP‟s is categorized into different types based on fiber 

orientation and cutting edge rake angle. Figure 3.8 shows the schematic of chip formation modes 

in FRP‟s composites.  

Positive rake angles induce delamination type chip formation (Type I) for finer 

orientations 0 and 180 degree. In this mode as the tool advances the loading occurs and a crack 

initiates at the tool point. This propagates along the fiber-matrix interface. The peeled layer 

slides up the rake face as the tool advances inducing bending forces to the fibers. The fracture 

occurs due to bending of fibers ahead of the cutting edge and perpendicular to the fiber direction. 

The fractured chip flattens up out on separation and returns to its original shape due to the 

absence of plastic deformation. The repeated cycles of delamination, bending and fracture of 
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fibers cause the cutting forces to fluctuate. Fibers on the machined surface fracture perpendicular 

to their direction as a result of compression of the cutting edge against the surface and micro 

buckling. Figure 3.8 (a) shows an example of delamination mode of chip formation. 

 

Figure 3.8 Cutting mechanisms and chip formation modes in UD-FRP‟s [10] 

Fiber buckling type of chip formation (Type II) occurs when 0o or negative rake angle 

cutting tool is used for machining 0 or 180 fiber orientations. In this mode as the tool advances a 

compressive load is applied on the fibers along their direction, which cause them to buckle. As 

the tool progresses, the cutting tool cause in-plane shearing and fracture at the fiber-matrix 

interface. The fibers finally break in a direction perpendicular to their length due to successive 
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buckling and small discontinuous chips are formed. Figure 3.8 (b) shows an example of buckling 

type chip formation. 

The third type of chip formation is fiber cutting (Type III), which occurs while machining 

fiber orientations greater then 00 and less then 900. In this type the fracture of the fiber occurs 

from compression-induced shear across the fiber axes followed by interlaminar shear fracture 

along the fiber-matrix interface. Cracks are formed in the fibers above and below the cutting 

plane during compression stage of chip formation. 

3.6 Cutting forces 

3.6.1 Cutting Forces in Orthogonal Machining 

Orthogonal machining is a two-dimensional machining process in which the tool edge is 

perpendicular to the direction of cutting speed „v‟. The forces and deformations in orthogonal 

machining are in a plane formed by the cutting velocity vector „v‟ and the normal direction.  

Figure 3.9 shows the force equilibrium on shear plane in orthogonal cutting. The tool has a rake 

angle  and a workpiece depth ac. The material ahead shears ahead of the tool along a shearing 

plane which makes an  (shear angle).  The shear angle and the rake angle determine the chip 

thickness. The ratio of ac and a0 is called the cutting ration „r‟. 

Sin  = ac / AB [28] 

r = ac  / a0  

= AB Sin  / (AB cos ( - o)) 

= Sin  / cos ( - o)  [28]                                                                                         (3.3) 
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tan  = r cos o / (1-r sin o)                                                                            (3.4) 

 

Figure 3.9 Force equilibrium on shear plane in orthogonal machining 

Ff is the frictional force, Fn is the normal force.  is the coefficient of friction which is the 

ratio of Ff  to Fn. The relationship between these is as follows, 

Ff = Fcsinαo +Ftcosαo = R cos (90−β )  [28]                                                                   (3.5) 

Fn = Fccosαo −Ftsinαo = R sin (90−β )                                                                             (3.6) 

μ = tanβ = Ff / Fn  
 

= [Fcsinαo +Ftcosαo] / [Fccosαo –Ftsinαo] [28]                                                     (3.7) 

Fc is the cutting force, which determines the amount of work required to remove material. 

Ft is the thrust force normal to the relative motion between the tool and workpiece. 

Pm = Fcv.                                                                                                                             (3.8) 
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Where, Pm is the machining power. 

3.6.2 Cutting Forces in Oblique Machining 

In Orthogonal machining the cutting tool has a zero inclination. However, many 

machining operations have complex tool geometries, and orthogonal cutting theory cannot be 

used. Oblique machining is a three-dimensional cutting process in which the tool edge is inclined 

at an angle to the cutting direction. In most of the analysis it is assumed that the mechanics of 

cutting in the normal plane are similar to that of orthogonal cutting; so all of the force and 

velocity vectors are projected on that normal plane. Shaw et al [11] described an approach to the 

oblique cutting analysis, which considers the chip flow in the plane containing the cutting 

velocity and the chip flow normal to this plane. The normal shear stress on the shear plane does 

not act in the direction parallel to this plane. Figure 3.10 shows the schematics of force, shear 

and velocity diagrams for oblique machining. 

 

Figure 3.10 Force, Velocity and shear diagrams in oblique machining [12] 

The normal shear angle n is located between the shear and xy planes. The oblique shear 

angle i is created by the shear velocity, which lies on the shear plane with the vector normal to 

the cutting edge on the normal plane.  is the sheared chip flow angle and is measured from a 
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vector on the rake face and normal to the cutting edge[13]. The relations between shear direction 

and chip flow is as follows 

tanh = tanicos(fn-an)- cos(an)tan(fi)
sinfn

   [28]                                                      (3.9) 

Based on Armarego and Whitfield‟s oblique model [14], the force components are given 

as follows 

Fc = bh t s

sinfn

cos(bn-an)+ tan i tanhsinbn

cos2(fn+ bn-an)+ tan2 hsin2 bn
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ê
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     [28]                                     (3.10) 

Ft = bh t s

sinfncosi
sin(bn-an)

cos2(f n+ bn-an)+ tan2 hsin2 bn
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   [28]                                (3.11) 

Fr = bh t s

sinfn

cos(bn-an)tan i- tanhsinbn

cos2 (fn+ bn-an)+ tan2 hsin2 bn
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      [28]                                    (3.12) 

The corresponding cutting constants are 

Kcc = t s

sinfn

cos(bn-an)+ tan i tanhsinbn

cos2(fn + bn -an )+ tan2 hsin2 bn

   [28]                                            (3.13) 

Ktc = t s
sinfn cosi

sin(bn -an )
cos2(fn + bn -an )+ tan2 hsin2 bn

    [28]                                    (3.14) 

Krc = t s
sinfn

cos(bn -an )tan i- tanhsinbn

cos2 (fn + bn -an )+ tan2 hsin2 bn

     [28]                                          (3.15) 

 



36 

 

CHAPTER IV 

EXPERIMENTAL SETUP AND METHODOLOGY 

4.1 Experimental setup  

HAAS 3-axis vertical minimill CNC machine under dry cutting conditions is used for the 

experiments. A unidirectional carbon fiber composite panel of dimension 2.5in X 7in was used 

for the experiments in this research. The test specimens are attached to a swivel-based vise, 

which is attached to a KISTLER 9272 dynamometer with an adaptor. The desired fiber 

orientation for machining is obtained by rotating the vise to desired angles. Fig 4.1 shows the 

experimental setup of oblique machining of unidirectional carbon fiber reinforced composite 

panels.  

                     

Fig 4.1 Experimental setup of Oblique machining [28] 

The readings from the dynamometer were transferred to a National Instruments (NI) data 

acquisition card (DAQ) NI-6023E. The amplification of the readings are done by 5010 
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KISTLER dual-mode amplifiers. The received signals are registered with VILogger LabVIEW 

8.0 with a frequency of 500Hz. Before using the DAQ card for experiments it was caliberated. 

The caliberation was done in two steps : one for caliberationg the voltage readings and the other 

to convert the voltage reading to desired physical quantity. The X, Y and Z forces corresponding 

to cutting forces and  thrust force were caliberated with standard weights and hanging scale, 

respectively, and the torque was caliberated with a precise torque wrench. Fig 4.2 shows the 

orientation of cutting and thrust forces respect to the dynamometer coordinate system. 

                                    

Figure 4.2 Schematic of Dynamometer used [28]      

4.2 Methodology  

All the experiments were carried out using customized tools with four cutting edges. All 

the four edges had same geometry with desired rake angle, relief angle and helix inclination 

angles. A tool holder was used to attach the tool to the spindle of the machine. Groves were 

made on the tools to fix it in the desired position in the tool holder to maintain the required rake 

and helix inclination angles. The experiments were carried out with a constant in-plane depth of 

cut and width of cut. All the experiments were carried at 0.1mm in-plane depth of cut (DOC) and 



38 

 

1mm of through the thickness width of cut (WOC). A slight variation in the DOC and WOC can 

result in significant effect on the forces. A dial indicator was used for every cut to maintain the 

constant depth of cut and width of cut. The fig 4.3 shows the dial indicator used. The composite 

sample was polished with a tool before each oblique cut to remove any previous damages. The 

tool nose radius was assumed to be unchanged during all the experiments. A constatnt feed rate 

of 5.9mm/sec was  maintained at all times. 

 

Fig 4.3 Dial indicator to maintain constant DOC and WOC [28] 

Tables 4.1 shows the fiber orientations and the tool angles used for the experimental study. 
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Figure 4.4 Customized cutting tool for experiments [28]  

 

Table 4.1 Experimental matrices 

Fiber 
orientation 
(degrees) 

Rake angle Helix 
inclination 

angle 

Fiber 
orientation 

Rake angle Helix 
inclination 

angle 

 
10 
 

5 
10 
15 
20 

15 
30 
45 

 
90 

5 
10 
15 
20 

15 
30 
45 

 
40 

5 
10 
15 
20 

15 
30 
45 

 
115 

5 
10 
15 
20 

15 
30 
45 

 
60 

5 
10 
15 
20 

15 
30 
45 

 
135 

5 
10 
15 
20 

15 
30 
45 

 
80 

5 
10 
15 
20 

15 
30 
45 

 
170 

5 
10 
15 
20 

15 
30 
45 
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4.3 Experimental Machining Forces 

The experiments were carried out on positive and negative fiber orientations i.e., from 0 

to 90 degrees and 90 to 180 degrees. The dynamometer attached to the machining picks up the 

signals during machining and transfers the same to the VI logger which stores the readings in 

excel format. These readings can be stored and can be used for future analysis. Table 4.2 and 4.3 

show the measured cutting and thrust forces during machining of Hexply for 0 to 90 fiber 

orientations. Table 4.4 and 4.5 show the measured cutting and thrust forces during machining of 

Hexply for 90 to 180 fiber orientations. 

 

Figure 4.5 Example of acquired experimental cutting force for CFRP 
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Table 4.2 Experimental Cutting force values for 0 to 90 for Hexply. All forces in (lbf) 

Fiber Orientation Rake Angle Helix Angle Helix Angle Helix angle 
15 30 45 

10 

5 6.8, 7.6 4.0 7.4, 7.1, 5.9 3.6, 3.8, 6.1 
10 4.8, 6.7, 4.9 6.5, 5.9, 6.6 4.7, 5.1, 4.4 
15 6.2, 5.3, 6.1 7.9, 7.4, 7.7 4.3, 5.2, 4.5 
20 4.9, 4.8, 5.2 2.7, 2.2, 3.1 8.6, 7.3, 7.3 

40 

5 5.9, 6.8, 7.5 7.2, 8.1, 5,9 5.8, 6.7, 3.8 
10 5.2, 6.7, 4.9 7.0, 7.0, 6.5 6.6, 5.6,5.7 
15 5.8, 4.2, 4.1 3.9, 5.7, 5.8 3.3, 3.7, 5.6 
20 5.4, 3.9, 3.9 6.6, 6.4, 7.1 9.4, 7.4, 6.6 

60 

5 7.2, 6.2, 8.7 8.1, 5.5, 8.5 5.9, 6.8, 7.3 
10 11.1, 9.9, 9.4 6.8, 7.2, 9.2 9.2, 8.4, 7.7 
15 5.5, 5.5, 4.9 6.0, 7.6, 7.6 7.5, 9.2, 8.1 
20 9.2, 9.7, 10.0 8.4, 6.9, 6.4 7.8, 8.2, 8.2 

80 

5 6.3, 5.9, 4.5 5.0, 4.2, 5.9 7.3, 9.8, 8.5 
10 8.8, 7.9, 6.2 11.1, 7.4, 6.6 8.1, 7.4, 7.2 
15 6.2, 10.6, 10.1 10.2, 10.9, 10.8 4.8, 5.2, 6.0 
20 7.2, 4.9, 5.3 8.8, 6.7, 7.3 11.6, 11.0, 11.1 

 

Figure 4.3 Experimental Thrust force values for 0 to 90 for Hexply. All forces in (lbf) 

Fiber Orientation Rake Angle 
Helix Angle Helix Angle Helix angle 

15 30 45 

10 

5 19.7, 25.8, 8.2 24.6, 24.4, 17.8 3.5, 6.5, 8.7 
10 6.5, 9.6, 9.2 25.7, 23.6, 27.7  6.4, 7.1, 6.7 
15 10.8, 9.7, 9.2 17.9, 24.3, 19.4 3.7, 5.5, 4.6 
20 8.3, 6.9, 8.9 9.4, 7.4, 11.2 33.1, 29.5, 26.4 

40 

5 17.7, 26.4, 26.7 17.3, 19.5, 15.8 3.9, 4.1, 3.7 
10 5.3, 7.5, 5.1 28.1, 25.3, 24.1 6.3, 3.2, 4.2 
15 11.3, 9.3, 11.9 11.0, 15.2, 18.5 3.5, 3.7, 5.4 
20 6.9, 6.1, 6.4 18.5, 19.7, 18.9 33.5, 26.6, 21.7 

60 

5 21.4, 17.6, 26.0 9.3, 14.6, 15.8 4.4, 6.2, 6.1 
10 12.1, 11.0, 11.3 13.4, 13.3, 26.8 5.6, 5.4, 5.5 
15 10.1, 7.6, 7.2 16.2, 21.8, 15.9 6.2, 6.5, 6.7 
20 9.1, 9.7, 10.9 17.7, 10.5, 11.8 26.9, 26.4, 27.2 

80 

5 5.1, 6.9, 3.8 16.6, 8.7, 17.7 3.3, 4.5, 4.6 
10 4.1, 4.3, 3.6 29.9, 13.3, 10.9 3.2, 3.4, 3.3 
15 1.9, 3.8, 4.5 19.8, 21.2, 21.5 2.3, 2.5, 4.5 
20 2.4, 3.1, 3.5 15.8, 14.8, 13.6 39.2, 34.9, 34.9 
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Table 4.4 Experimental Cutting Force values for 90 to 180 for Hexply, All forces in (lbf) 

Fiber Orientation Rake Angle Helix Angle Helix Angle Helix angle 
15 30 45 

90 

5 11.3, 9.2, 10.0 11.8, 10.7, 10.5 7.5, 8.8, 10.7 
10 5.9, 7.3, 7.2 8.2, 7.2, 8.2 11.8, 10.9, 10.1 
15 14.2, 12.6, 7.0 16.8, 12.9, 11.7 12.1, 14.1,10.3 
20 12.2, 14.1, 14.0 12.1, 13.3, 12.7 11.1, 9.6, 9.1 

115 

5 11.3, 7.5, 14.2 9.3, 6.7, 10.9 14.3, 9.4, 12.7 
10 10.1, 8.9, 11.5 13.7, 8.6, 13.2 5.6, 7.4, 7.8 
15 5.7, 16.6, 16.3 15.4, 9.6, 17.0 17.5, 14.6, 13.4 
20 12.7, 11.1, 14.0 14.4, 14.5, 13.3 10.1, 13.9, 12.6 

135 

5 5.6, 5.4, 6.5 5.6, 5.3, 6.3 7.5, 5.7, 7.9 
10 5.0, 4.8, 4.6 5.0, 5.5, 5.7 5.0, 6.4, 5.2 
15 5.5, 4.9, 3.9 4.5, 5.4, 5.1 5.4, 4.2, 4.1 
20 4.0, 3.5, 3.9 3.7, 6.1, 3.6 3.4, 3.6, 2.2 

170 

5 7.5, 7.4, 6.9 6.2, 6.9, 6.4 5.9, 5.6, 5.0 
10 6.8, 6.1, 7.2 7.2, 7.1, 6.9 3.2, 3.7, 4.3 
15 4.3, 4.1, 4.9 5.8, 4.1, 3.7 6.0, 5.5, 6.5 
20 5.2, 5.5, 5.1 5.0, 5.5, 3.9 7.6, 7.2, 6.1 

 

Table 4.5 Experimental Thrust Force values for 90 to 180 for Hexply, All forces in (lbf) 

Fiber Orientation Rake Angle 
Helix Angle Helix Angle Helix angle 

15 30 45 

90 

5 17.3, 19.2,16.7 21.8, 12.8, 11.1 4.9, 5.2, 5.1 
10 2.3, 3.8, 2.5 26.2, 18.3, 26.5 4.9, 4.1, 4.7 
15 5.3, 4.6, 2.7 5.4, 5.5, 4.8 5.5, 3.2, 2.6 
20 4.8, 4.8, 4.7 13.3, 10.7, 7.3 34.7, 29.5, 25.6 

115 

5 1.7, 1.9, 1.7 12.6, 10.3, 14.4 1.5, 1.2, 0.9 
10 0.8, 0.7, 1.0 3.0, 2.3, 5.0 0.3, 0.9, 1.1 
15 0.7, 0.9, 1.4 2.2, 1.3, 0.9 1.7, 1.5, 2.3 
20 1.4, 1.5, 0.9 1.1, 0.9, 1.0 1.1, 0.4, 1.0 

135 

5 8.4, 8.0, 7.8 5.5, 7.1, 6.6 1.2, 1.3, 1.9 
10 1.1, 1.1, 0.9 7.6, 7.9, 7.5 1.4, 1.0, 1.2 
15 1.1, 0.9, 0.8 1.2, 0.9, 1.0 0.4, 0.4, 0.5 
20 0.6, 0.6, 0.8 2.7, 0.8, 2.1 1.5, 2.3, 0.9 

170 

5 11.6, 10.5, 10.3 8.8, 8.2, 8.4 2.8, 2.6, 2.2 
10 4.3, 3.7, 4.1 23.9, 24.8, 25.1 2.3, 1.7, 1.3 
15 3.5, 4.8, 3.6 3.6, 3.5, 3.9 2.3, 2.3, 2.3 
20 4.5, 4.9, 4.8 3.6, 3.7, 3.5 2.7, 2.4, 2.9 
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4.4 Surface Quality 

Surface quality of the machined part plays an important role in analyzing the damages 

caused while machining different fiber orientations. Figure 4.6 shows the damage length along 

the fiber orientation. The composite edge will be damaged after the material removal if the 

damage length „L‟ is greater then –ac/sin. The broken fibers will be removed completely if the 

damage length „L‟ is less then –ac/sin, and a good surface finish is obtained without any 

defects. The delamination length for the fiber orientations is measured from the finite element 

model for each time steps. The highest length is noted and repeated for the remaining fiber 

orientations. 

 

 Figure 4.6 Damage length along fiber orientation                                          
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In this research the experiments were carried out on Hexply 8552 uni-directional carbon 

fiber reinforced composites for fiber orientations from 0 to 180 degrees with a combination of 

four rake angles and three helix inclination angles. All the machined samples were examined for 

surface damages under a microscope. OLYMPUS GX 41 inverted microscope was used to 

analyze the samples which was connected to a soft imaging system for image acquisition and 

processing. In all the experiments a constant depth of cut of 0.1mm was maintained. The cut 

samples were viewed at three different locations under the microscope for damage analysis. 

Figures 4.7 to 4.102 show the microscopic images for Hexply 3552 for fiber orientations 10, 40, 

60, 80, 90, 115, 135, and 170deg, with rake angles 5, 10, 15, and 20deg, and helix inclination 

angles of 15, 30, and 45deg.   

 

                    
         Fig 4.7 Microstructure in the subsurface           Fig 4.8 Microstucture in the Subsurface 
         (Fiber orientation =10o, Depth of cut =               (Fiber orientation = 100 , Depth of cut = 
      0.1mm, Rake angle =5o ,Helix angle=15o)         0.1mm,Rake angle =50,Helix angle=300 ) 
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      Fig 4.9 Microstucture in the Subsurface          Fig 4.10 Microstructure in the Subsurface 
      ( Fiber orienation = 100 , Depth of cut =          ( Fiber orienation = 100 , Depth of cut = 
   0.1mm ,Rake angle=50,Helix angle=450)         0.1mm, Rake angle=100 ,Helix angle=150) 

                 
       Fig 4.11 Microstucture in the Subsurface         Fig 4.12 Microstructure in the Subsurface 
      (Fiber orienation = 100 , Depth of cut =             ( Fiber orientation = 100 , Depth of cut = 
  0.1mm ,Rake angle=100 ,Helix angle=300)       0.1mm, Rake angle=100 ,Helix angle=450) 

                  

  Fig 4.13 Microstructure in the Subsurface      Fig 4.14 Microstructure in  the Subsurface 
              (Fiber orienation = 100 , Depth of cut =        (Fiber orienatation = 100 , Depth of cut = 
              0.1mm,Rake angle =150,Helix angle=150)     0.1mm, Rake angle=150 ,Helix angle=300) 
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              Fig 4.15 Microstructure in the Subsurface        Fig 4.16 Microstructure in the Subsurface 
             (Fiber orientation = 100 , Depth of cut =         (Fiber orientation = 100 , Depth of cut = 
             0.1mm,Rake angl =150 ,Helix angle=450)       0.1mm, Rake angle=200 ,Helix angle=150) 
 

               
       Fig 4.17 Microstructure in the Subsurface        Fig 4.18 Microstructure in the Subsurface 
     (Fiber orientation = 100 , Depth of cut =        (Fiber orientation = 100 , Depth of cut =  
  0.1mm,Rake angle=200 ,Helix angle=300)     0.1mm,Rake angle=200 ,Helix angle=450)    

 

            
Fig 4.19 Microstructure in the Subsurface         Fig 4.20 Microstructure in the Subsurface 
(Fiber orientation = 400, Depth of cut =             (Fiber orientation = 400 , Depth of cut = 
0.1mm,Rake angle=50 ,Helix angle=150)           0.1mm,Rake angle=50 ,Helix angle=300) 
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Fig 4.21 Microstructure in the Subsurface         Fig 4.22 Microstructure in the Subsurface 
(Fiber orientation = 400, Depth of cut =             (Fiber orientation = 400 , Depth of cut = 
0.1mm,Rake angle=50 ,Helix angle=450)           0.1mm,Rake angle=100 ,Helix angle=150) 
 
 
 

           
Fig 4.23 Microstructure in the Subsurface         Fig 4.24 Microstructure in the Subsurface 
(Fiber orientation = 400, Depth of cut =             (Fiber orientation = 400 , Depth of cut = 
0.1mm,Rake angle=100 ,Helix angle=300)         0.1mm,Rake angle=100 ,Helix angle=450) 
 
 

           
Fig 4.25 Microstructure in the Subsurface         Fig 4.26 Microstructure in the Subsurface 
(Fiber orientation = 400, Depth of cut =             (Fiber orientation = 400 , Depth of cut = 
0.1mm,Rake angle=150 ,Helix angle=150)         0.1mm,Rake angle=150 ,Helix angle=300) 
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Fig 4.27 Microstructure in the Subsurface         Fig 4.28 Microstructure in the Subsurface 
(Fiber orientation = 400, Depth of cut =             (Fiber orientation = 400 , Depth of cut = 
0.1mm,Rake angle=150 ,Helix angle=450)         0.1mm,Rake angle=200 ,Helix angle=150) 
 
 

          
Fig 4.29 Microstructure in the Subsurface         Fig 4.30 Microstructure in the Subsurface 
(Fiber orientation = 400, Depth of cut =             (Fiber orientation = 400 , Depth of cut = 
0.1mm,Rake angle=200 ,Helix angle=300)         0.1mm,Rake angle=200 ,Helix angle=450) 
 
 

              
Fig 4.31 Microstructure in the Subsurface         Fig 4.32 Microstructure in the Subsurface 
(Fiber orientation = 600, Depth of cut =             (Fiber orientation = 600 , Depth of cut = 
0.1mm,Rake angle=50 ,Helix angle=150)          0.1mm,Rake angle=50 ,Helix angle=300) 
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Fig 4.33 Microstructure in the Subsurface         Fig 4.34 Microstructure in the Subsurface 
(Fiber orientation = 600, Depth of cut =             (Fiber orientation = 600 , Depth of cut = 
0.1mm,Rake angle=50 ,Helix angle=450)          0.1mm,Rake angle=100 ,Helix angle=150) 
 

          
Fig 4.35 Microstructure in the Subsurface         Fig 4.36 Microstructure in the Subsurface 
(Fiber orientation = 600, Depth of cut =             (Fiber orientation = 600 , Depth of cut = 
0.1mm,Rake angle=100 ,Helix angle=300)         0.1mm,Rake angle=100 ,Helix angle=450) 
 
 

            
Fig 4.37 Microstructure in the Subsurface          Fig 4.38 Microstructure in the Subsurface 
(Fiber orientation = 600, Depth of cut =             (Fiber orientation = 600 , Depth of cut = 
0.1mm,Rake angle=150 ,Helix angle=150)         0.1mm,Rake angle=150 ,Helix angle=300) 
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Fig 4.39 Microstructure in the Subsurface          Fig 4.40 Microstructure in the Subsurface 
(Fiber orientation = 600, Depth of cut =             (Fiber orientation = 600 , Depth of cut = 
0.1mm,Rake angle=150 ,Helix angle=450)         0.1mm,Rake angle=200 ,Helix angle=150) 
 
 

            
Fig 4.41 Microstructure in the Subsurface          Fig 4.42 Microstructure in the Subsurface 
(Fiber orientation = 600, Depth of cut =             (Fiber orientation = 600 , Depth of cut = 
0.1mm,Rake angle=150 ,Helix angle=450)         0.1mm,Rake angle=200 ,Helix angle=150) 
 
 

           
Fig 4.43 Microstructure in the Subsurface          Fig 4.44 Microstructure in the Subsurface 
(Fiber orientation = 800, Depth of cut =             (Fiber orientation = 800 , Depth of cut = 
0.1mm,Rake angle=50 ,Helix angle=150)           0.1mm,Rake angle=50 ,Helix angle=300) 
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Fig 4.45 Microstructure in the Subsurface          Fig 4.46 Microstructure in the Subsurface 
(Fiber orientation = 800, Depth of cut =             (Fiber orientation = 800 , Depth of cut = 
0.1mm,Rake angle=50 ,Helix angle=450)           0.1mm,Rake angle=100 ,Helix angle=150) 
 
 

           
Fig 4.47 Microstructure in the Subsurface         Fig 4.48 Microstructure in the Subsurface 
(Fiber orientation = 800, Depth of cut =             Fiber orientation = 800 , Depth of cut = 
0.1mm,Rake angle=100 ,Helix angle=300)         0.1mm,Rake angle=100 ,Helix angle=450) 
 
 

          
Fig 4.49 Microstructure in the Subsurface         Fig 4.50 Microstructure in the Subsurface 
(Fiber orientation = 800, Depth of cut =             Fiber orientation = 800 , Depth of cut = 
0.1mm,Rake angle=150 ,Helix angle=150)         0.1mm,Rake angle=150 ,Helix angle=300) 
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Fig 4.51 Microstructure in the Subsurface         Fig 4.52 Microstructure in the Subsurface 
(Fiber orientation = 800, Depth of cut =             Fiber orientation = 800 , Depth of cut = 
0.1mm,Rake angle=150 ,Helix angle=450)         0.1mm,Rake angle=200 ,Helix angle=150) 
 
 

           
Fig 4.53 Microstructure in the Subsurface         Fig 4.54 Microstructure in the Subsurface 
(Fiber orientation = 800, Depth of cut =             Fiber orientation = 800 , Depth of cut = 
0.1mm,Rake angle=200 ,Helix angle=300)         0.1mm,Rake angle=200 ,Helix angle=450) 

 

Figures 4.7 to 4.54 show the microscopic images of Hexply 8552 for fiber orientations 

100, 400, 600 and 800. It can be seen from the images that better surface quality is achieved while 

machining 100 and 400 fiber orientations. 600 and 800 fiber orientations showed worse surface 

quality. The rake angle effected the surface quality of the machined surface. The effect is greater 

for higher fiber orintations. 

  



53 

 

         

Fig 4.55 Microstructure in the Subsurface         Fig 4.56 Microstructure in the Subsurface 
(Fiber orientation = 900, Depth of cut =             Fiber orientation = 900 , Depth of cut = 
0.1mm,Rake angle=50 ,Helix angle=150)          0.1mm,Rake angle=50 ,Helix angle=300) 
 
 

          
Fig 4.57 Microstructure in the Subsurface         Fig 4.58 Microstructure in the Subsurface 
(Fiber orientation = 900, Depth of cut =             Fiber orientation = 900 , Depth of cut = 
0.1mm,Rake angle=50 ,Helix angle=450)          0.1mm,Rake angle=100 ,Helix angle=150) 
 
 

          
Fig 4.59 Microstructure in the Subsurface         Fig 4.60 Microstructure in the Subsurface 
(Fiber orientation = 900, Depth of cut =             Fiber orientation = 900 , Depth of cut = 
0.1mm,Rake angle=100 ,Helix angle=300)         0.1mm,Rake angle=100 ,Helix angle=450) 
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Fig 4.61 Microstructure in the Subsurface         Fig 4.62 Microstructure in the Subsurface 
(Fiber orientation = 900, Depth of cut =             Fiber orientation = 900 , Depth of cut = 
0.1mm,Rake angle=150 ,Helix angle=150)         0.1mm,Rake angle=150 ,Helix angle=300) 
 
 

           
Fig 4.63 Microstructure in the Subsurface         Fig 4.64 Microstructure in the Subsurface 
(Fiber orientation = 900, Depth of cut =             Fiber orientation = 900 , Depth of cut = 
0.1mm,Rake angle=150 ,Helix angle=450)         0.1mm,Rake angle=200 ,Helix angle=150) 
 
 

          
Fig 4.65 Microstructure in the Subsurface         Fig 4.66 Microstructure in the Subsurface 
(Fiber orientation = 900, Depth of cut =             Fiber orientation = 900 , Depth of cut = 
0.1mm,Rake angle=200 ,Helix angle=300)         0.1mm,Rake angle=200 ,Helix angle=450) 
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Fig 4.67 Microstructure in the Subsurface         Fig 4.68 Microstructure in the Subsurface 
(Fiber orientation = 1150, Depth of cut =           Fiber orientation = 1150 , Depth of cut = 
0.1mm,Rake angle=50 ,Helix angle=150)           0.1mm,Rake angle=50 ,Helix angle=300) 
 
 

          
Fig 4.69 Microstructure in the Subsurface         Fig 4.70 Microstructure in the Subsurface 
(Fiber orientation = 1150, Depth of cut =           Fiber orientation = 1150 , Depth of cut = 
0.1mm,Rake angle=50 ,Helix angle=450)           0.1mm,Rake angle=100 ,Helix angle=150) 
 
 

          
Fig 4.71 Microstructure in the Subsurface         Fig 4.72 Microstructure in the Subsurface 
(Fiber orientation = 1150, Depth of cut =           Fiber orientation = 1150 , Depth of cut = 
0.1mm,Rake angle=100 ,Helix angle=300)         0.1mm,Rake angle=100 ,Helix angle=450) 
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Fig 4.73 Microstructure in the Subsurface         Fig 4.74 Microstructure in the Subsurface 
(Fiber orientation = 1150, Depth of cut =           Fiber orientation = 1150 , Depth of cut = 
0.1mm,Rake angle=150 ,Helix angle=150)         0.1mm,Rake angle=150 ,Helix angle=300) 
 
 

          
Fig 4.75 Microstructure in the Subsurface         Fig 4.76 Microstructure in the Subsurface 
(Fiber orientation = 1150, Depth of cut =           Fiber orientation = 1150 , Depth of cut = 
0.1mm,Rake angle=150 ,Helix angle=450)         0.1mm,Rake angle=200 ,Helix angle=150) 
 
 

          
Fig 4.77 Microstructure in the Subsurface         Fig 4.78 Microstructure in the Subsurface 
(Fiber orientation = 1150, Depth of cut =           Fiber orientation = 1150 , Depth of cut = 
0.1mm,Rake angle=200 ,Helix angle=300)         0.1mm,Rake angle=200 ,Helix angle=450) 
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Fig 4.79 Microstructure in the Subsurface         Fig 4.80 Microstructure in the Subsurface 
(Fiber orientation = 1350, Depth of cut =           Fiber orientation = 1350 , Depth of cut = 
0.1mm,Rake angle=50 ,Helix angle=150)           0.1mm,Rake angle=50 ,Helix angle=300) 
 
 

          
Fig 4.81 Microstructure in the Subsurface         Fig 4.82 Microstructure in the Subsurface 
(Fiber orientation = 1350, Depth of cut =           Fiber orientation = 1350 , Depth of cut = 
0.1mm,Rake angle=50 ,Helix angle=450)          0.1mm,Rake angle=100 ,Helix angle=150) 
 
 

          
Fig 4.83 Microstructure in the Subsurface         Fig 4.84 Microstructure in the Subsurface 
(Fiber orientation = 1350, Depth of cut =           Fiber orientation = 1350 , Depth of cut = 
0.1mm,Rake angle=100 ,Helix angle=300)        0.1mm,Rake angle=100 ,Helix angle=450) 
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Fig 4.85 Microstructure in the Subsurface         Fig 4.86 Microstructure in the Subsurface 
(Fiber orientation = 1350, Depth of cut =           Fiber orientation = 1350 , Depth of cut = 
0.1mm,Rake angle=150 ,Helix angle=150)        0.1mm,Rake angle=150 ,Helix angle=300) 
 
 

          
Fig 4.87 Microstructure in the Subsurface         Fig 4.88 Microstructure in the Subsurface 
(Fiber orientation = 1350, Depth of cut =           Fiber orientation = 1350 , Depth of cut = 
0.1mm,Rake angle=150 ,Helix angle=450)        0.1mm,Rake angle=200 ,Helix angle=150) 
 
 

          
Fig 4.89 Microstructure in the Subsurface         Fig 4.90 Microstructure in the Subsurface 
(Fiber orientation = 1350, Depth of cut =           Fiber orientation = 1350 , Depth of cut = 
0.1mm,Rake angle=200 ,Helix angle=300)        0.1mm,Rake angle=200 ,Helix angle=450) 
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Fig 4.91 Microstructure in the Subsurface         Fig 4.92 Microstructure in the Subsurface 
(Fiber orientation = 1700, Depth of cut =           Fiber orientation = 1700 , Depth of cut = 
0.1mm,Rake angle=50 ,Helix angle=150)          0.1mm,Rake angle=50 ,Helix angle=300) 
 
 

          
Fig 4.93 Microstructure in the Subsurface         Fig 4.94 Microstructure in the Subsurface 
(Fiber orientation = 1700, Depth of cut =           Fiber orientation = 1700 , Depth of cut = 
0.1mm,Rake angle=50 ,Helix angle=450)          0.1mm,Rake angle=100 ,Helix angle=150) 
 
 

         
Fig 4.95 Microstructure in the Subsurface         Fig 4.96 Microstructure in the Subsurface 
(Fiber orientation = 1700, Depth of cut =           Fiber orientation = 1700 , Depth of cut = 
0.1mm,Rake angle=100 ,Helix angle=300)        0.1mm,Rake angle=100 ,Helix angle=450) 



60 

 

          
Fig 4.97 Microstructure in the Subsurface         Fig 4.98 Microstructure in the Subsurface 
(Fiber orientation = 1700, Depth of cut =           Fiber orientation = 1700 , Depth of cut = 
0.1mm,Rake angle=150 ,Helix angle=150)        0.1mm,Rake angle=150 ,Helix angle=300) 
 
 

          
Fig 4.99 Microstructure in the Subsurface        Fig 4.100 Microstructure in the Subsurface 
(Fiber orientation = 1700, Depth of cut =           Fiber orientation = 1700 , Depth of cut = 
0.1mm,Rake angle=150 ,Helix angle=450)        0.1mm,Rake angle=200 ,Helix angle=150) 
 
 

           
Fig 4.101 Microstructure in the Subsurface      Fig 4.102 Microstructure in the Subsurface 
(Fiber orientation = 1700, Depth of cut =           Fiber orientation = 1700 , Depth of cut = 
0.1mm,Rake angle=200 ,Helix angle=300)        0.1mm,Rake angle=200 ,Helix angle=450) 
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Figures 4.55 to 4.102 show the microscopic images of Hexply 8552 for fiber orientations 

900, 1150, 1350 and 1700. It can be seen from the images that better surface quality is achieved 

while machining 1350 and 1700 fiber orientations. 900 and 1150 fiber orientations showed worse 

surface quality. The rake angle effected the surface quality of the machined surface. 
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CHAPTER V 

NUMERICAL SIMULATION 
 

Experimental work of machining of composites is tedious and a expensive process. It 

involves the use of lot of resources as well as time. Although the true behaviour of the 

composites, under various machining conditions can be found by experiments, it is also possible 

to validate them with a cheaper and faster processes. Finite element analysis (FEA) is one such 

technique which provides equal oppurtunities to study the effects of various cutting conditions, 

tool parameters on the machining of composites.  

Commercially, now a days lot of softwares are available which are based on finite 

element methods. These allow us to creat a realtime model with realtime cutting conditions. 

Finite element analysis helps in determining the effects of machining without actually 

performing the experiments manually. The cutting forces, chip formation modes, surface and 

subsurface damages can be be easily determined by FEA. In FEA actual material properties can 

be defined, the material orientations, the cutting parameters can be defined such as cutting speed, 

cutting feed, depth of cut and the length of cut etc. 

Finite element analysis is a powerful tool used for decades to study the machining effects 

of metals. Now the same is applied for composites. The machining of composites is different 

from machining of metals. The commercially available softwares have added the feature for 

conducting FE analysis on composites. They provide lot of options for modeling the composites, 

such as stacking sequence, material properties for individual layers. Material orientations, define 

the damage criteria etc. The post processor tool helps in understanding the damages caused to 
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composites such as, delamination, debonding, fiber matrix breakage, surface damage and 

subsurface damages. 

The finite element models are generated usually in two different forms. It can be created 

either by considering the composite to be an Equivivalent Orthrotropic Homogeneous Material 

(EHM), the other consieders or by considering the composite to be a two-phase material 

consisting of fiber and matrix phases respectively. Both these models are based on the chip 

formation criterion, which uses the common failure citeria such as maximum stress criterion, 

Tsai-Wu critetion, Tsai-Hill criterion, Hoffman criterion etc. The EHM model approach gives 

good estimation about cutting forces. The two-phase material modeling provides better accuracy, 

and can be used to study the chip formation modes, which is not possible with EHM.  

Many have studied the mechanics of machining of composites through experiments and 

the same was done by using finite element analysis. Arola and Ramulu [G18] were the first one 

to simulate the orthogonal machining of UD-CFRP composites using finite elements. They 

realized through visual observation of experiments the the material removal occurs through a 

series of fractures and it is discontinous. Arola and Ramulu modeled the work material as a 

EOHM and studied the case where the chip release occurs in the fiber direction. According to 

them the chip formation is divided into two stages, the primary stage where the frature occurs 

involving nodal debonding in front of the tool tip and the secondary stage where fratcure occurs 

when an appropriate failure criterion was satisfied to cause failure at free edges. They used 

Maximum stress criterion and Tsai-Hill failure criterion in their study for the secondary stage 

fracture. The results obtained had a good correlations with the cutting force between 
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experimental and finite element analysis, but large large differences were observed in the thrust 

force. 

Nayak et al. were the first one to develop a micromechanical approach to model the work 

piece with two phase material model consisting of matrix phase and fiber phase. They used 

ABAQUS finite element software to develop the material model for orthogonal cutting. He used 

„debond‟ and „fracture criterion‟ to achieve the seperation of the two phases while machining. 

The results obtained were in good agreement with the experimental results. 

The micromechanical approach model of Nayak et al. was extended by Venugopal Rao et 

al. He added some new feature to the model , including isotropic hardening of the matrix, 

stiffness degradation of the matrix once the yeild stress has been rechead,cohesive zone 

modeling for the fiber-matrix interface. Cohesive zone modeling uses Mode I and Mode II 

fractures to simulate the debonding. 

The micromechanical approach provides better accuracy. This process considers the 

machining operation to be two-dimensional, but in actual machining that is not the case and 

hence needs to model it in three-dimensional. To model the material in the Abaqus it is important 

to know the material properties for both fibers and matrix as both are modeled as two phase 

system. If equivalent homogeneous material is used then all the properties has to be calculated in 

global coordinate system. In this research study Abaqus 6.10 was used to model the oblique 

machining of FRP‟s composite. Table 5.1 shows the important material properties for the model.  
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Table 5.1 Material properties of the CFRP composite 

 

The above table shows the mechanical properties for the CFRP composite at room 

temperatures. As it is evident from the table that most of the properties are available for 

modeling the composite in finite element. But these properties are not available in their 

individual constituent phases such as fiber and matrix. From the listed prperties from the above 

table it is easier to calculate the individual properties for the matrix and fiber. 

The rule of mixtures is used to calculate the individual properties for fiber and matrix as 

follows 

E1 = v fE f +vmEm                                                                                                 (5.1) 

Em
' = Em

1- vm
2                                                                                                          (5.2) 

We know from the mechanics of matreial that 
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G f =
E f

2(1+ v)
                                                                                                      (5.3) 

From eq 5.3 Gm can be calculated using rule of mixtures. 

The strengths of fiber and matrix are calculated as below 

Xt = v fFb + vmsm
                                                                                                (5.4) 

The individual fiber has high strength compared to the fiber bundle, since the fiber length 

is very small. There are very few imperfections in the fiber with smaller length and due to this 

the strength is higher. For this research study the fiber flexural strength is assumed to be 2.5 

times the fiber bundle strength. Also it is assumed that the matrix shear strength is same as the 

composite shear strength. It is also assumed that the fibers do not shear.   

5.1 Finite element modeling 

Finite element analysis was used to measure the debonding length using commercially 

available software Abaqus/Explicit version 6.10. the material model was developed at the 

microscopic level to understand the debonding mechanism. For the microscopic model both 

matrix and fiber were modeled as separate phases. Cohasive elements were used to bond the 

matrix and fibers together. Abaqus provides a type of element, which is primarily intended for 

bonded interfaces where the bonding properties is defined in the interaction section. The 

thickness of the elements used for bonded interfaces is negligibly small. The constitutive 

response of these elements can be expressed directly interms of traction versus seperation. 

Cohasive properties for the interface with the traction-seperation response was used for this 

research study.  
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5.2 Fiber and Matrix modeling 

For this research study and comparison with the experimental results, the carbon fibers 

material was modeled as orthrotropic and the matrix material was modeled as isotropic with 

elastic-plastic behavior and shear damage failure criterion. 

5.3 Simulation procedure 

Typically when two-dimensional machining process is modeled in finite element method, 

a plane strain theory is used. It fails to analyze the out-of-plane displacements during machining. 

So it is necessary to use three-dimensional stress analysis.  

Finite element analysis of the oblique machining was done using commercially available 

software Abaqus/Explicit. The workpiece material was modeled with two individual phases as 

matrix and fibers. The matrix was modeled as a rectangular block with square holes at 

equidistance to assemble the fibers in them. The dimension of the matrix is 1mm to 0.3mm. The 

matrix had three rows of square holes with 12 holes in one row. When the fibers are assembled 

in the matrix, the composite similar to an actual material, which is used for machining. Carbon 

fiber was modeled with orthotropic material properties. Material orientation is defined for each 

zone to assign material properties. The dimension of the square fiber is 3m X 3m. These fibers 

are assembled in the matrix. The whole assembly is constrained in the bottom in all directions, 

along with the left and right sides. Figure 5.1 shows the schematic view of the finite element 

model with the above mentioned constrained. 
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Figure 5.1 Finite element Model for 900 fiber orientations 

The tool is modeled as a 3D analytical rigid. The cutting is achieved by moving the tool 

against the workpiece by providing desired velocity to the tool. The matrix and fibers are meshed 

separately, but with the same mesh density to achieve uniformity while machining. The meshing 

is done in such way that, it accurately captures the machining response. Higher density mesh is 

provided at the cutting zone and the mesh density gradually decreases away from the cutting 

zone. Figure 5.2 shows the finite element model of 900 fiber orientation with the meshes on the 

matrix. 
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Figure 5.2 Enlarged view of cutting zone  

5.4 Element selection 

The Abaqus/Explicit has an element library that has solid and shell elements. The library 

has first order linear interpolation elements and second order interpolation elements in two and 

three dimensions. The second order interpolation elements have the option for either full 

integration or reduced integration elements, which reduces the computation time drastically. In 

2D triangular and quadrilateral first order elements are available, and tetrahedral, triangular 

prism and hexahedral (brick) first order elements in 3D. 

Quadrilateral elements have only first order elements with reduced integration available 

in Abaqus/Explicit. The term reduced integration elements refers to as centroid strain or uniform 

strain elements with hourglass control. Triangular and tetrahedral elements are used in many 

automatic meshing algorithms, because they are geometrically versatile. Complicated shapes 
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with lot of curvatures such as, holes, contours etc. can be easily meshed with triangular and 

tetrahedral elements, second order elements and modified triangular and tetrahedral elements like 

CPE6, CPE6M, C3D10, C3D10M etc. But to achieve better accuracy at less cost hexahedral 

elements are used to mesh the model. These elements have a good convergence rate and their 

sensitivity to mesh orientation in regular meshes is better. 

For all the oblique machining model simulations an 8-node linear brick element with 

reduced integration and hourglass control is used. Second order accuracy is used for the 

simulations. Elements deletion option is used which helps, when the cutting starts and the 

elements fail due to failure criterion applied, the chips starts forming and the failed elements are 

deleted from the model; also the distortion control option is used. These two options help in 

improving convergence because the machining involves large deformations.  

5.5 Interactions 

Abaqus provides two options to define adhesive interactions during simulation. One way 

of defining is cohesive elements and other is surface based cohesive behavior. Defining cohesive 

elements requires creating a zone that defines traction separation properties. Surface based 

cohesive behavior can define the interaction between two surfaces. One of the surfaces is made 

the master surface and the other as slave surface and the two surfaces are paired and given 

cohesive properties.  

Both of the interactions are similar in terms of their function. The surface based cohesive 

behavior has advantage over the cohesive elements, as it is easier to use and does not involve 

creating additional zone to define the elements. Surface based cohesive behavior is used in many 
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applications, where the interaction thickness is negligible and when two sticky surfaces come 

into contact during simulation.  

In the oblique machining of CFRP, surface based cohesive behavior is used, as there is no 

separate region for cohesive elements. By using this method the machining time was 

significantly reduced. 

5.6 Analysis Method 

Abaqus/Standard and Abaqus/Explicit use different analysis method to simulate the finite 

element model. Abaqus/Standard uses direct integration dynamic procedure offering the choice 

of implicit operation for integration of the equations of motion. The Abaqus/Explicit method 

uses the central difference operations to simulate the model. The implicit dynamic analysis 

involves inversion of integration operator matrix and solving a set of non-linear equilibrium 

equations at each increment of time step. The explicit dynamic analysis involves calculation of 

displacements and velocities in terms of known quantities at the beginning of each time step. 

This method is more convenient as the global masses and stiffness matrices are not inverted 

making each increment step inexpensive compared to implicit dynamic analysis, also saves lot of 

computational time too.  The main drawback of central difference operator is that it is 

conditionally stable limiting the size of time increment in explicit dynamic analysis. 

Abaqus/Standard offers more element types compared to Abaqus/Explicit. Abaqus/Explicit 

has limited elements like first order elements, displacement method elements such as, 4-node 

quadrilateral and 8-node brick elements.  Also the modified second order elements must have 

mass or rotary inertia associated with them in all degrees of freedom. But it also has some major 

advantages over Abaqus/Standard.  Some of the advantages are listed as below 



72 

 

 The problem size determines analysis cost, so smaller the problem size lesser is the 

analysis cost. 

 The explicit integration method is more efficient in solving discontinuous short-term 

processes. 

 It allows for general contact definition 

 Stress wave propagation problems can be solved more efficiently 

 Models with large deformations can be solved by using consistent large deformation 

theory 

 Easy to apply geometrically linear deformation theory where strains and rotations are 

assumed to be very small  

 Can be used to solve quasi-static problems with complicated contact conditions 

 Allows for either fixed or automatic time increments to be used 
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CHAPTER VI 

RESULTS AND DISCUSSION 
 

The experimental and numerical cutting forces for oblique machining of carbon fiber 

reinforced composite material is plotted with respect to fiber orientations for different rake 

angles and helix inclination angles. Figures 6.1 to 6.3 represent the cutting forces for rake angle 

5 and helix inclination angles 15, 30 and 45 respectively. 

 

Figure 6.1 Experimental and numerical Cutting forces for Rake 50 and Helix 150 

From the figure it can be seen that, the cutting force value is higher for fiber orientations 

between 600 and 1150.  This is because of the fact that the failure mode changes from Mode I to 

Mode II for these fiber orientations. Also it can be seen that 1350 fiber orientation showed the 

least cutting force. The results obtained from the finite element analysis of oblique machining are 
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in good agreement with the experimental values and follow the same trend as experimental 

results. 

 

Figure 6.2 Experimental and numerical Cutting forces for Rake 50 and Helix 300 

Figures 6.2 and 6.3 show the experimental and numerical cutting forces for rake 50 with 

helix inclination angles 300 and 450 respectively. A similar trend is seen also for these different 

fiber orientations. 

 

Figure 6.3 Experimental and numerical Cutting forces for Rake 50 and Helix 450 
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Cutting forces in oblique machining play an important role, as the cutting force is 

responsible for the chip formation. As the tool advances for further cutting, the chip formed 

slides along the rake face contributing to thrust forces. The fracture happens near the tool tip 

forming the chips, but due to their brittle nature the chips formed are in form of powder. These 

powdered chip gets in between the tool tip and rake face thus causing lot of variation in thrust 

force. 

Figures 6.4 to 6.6 show the experimental and numerical thrust forces for Hexply 8552 

material. The effect of thrust force on the sub-surface damge is very minimal.  

 

Figure 6.4 Experimental and numerical Thrust forces for Rake 50 and Helix 150 

The above figure explianes the variation in thrust force while machining different fiber 

orientation materials. It can be seen that, the thrust force values are randomly distributed and it 

does not follow any perticular trend. This behavior is normal and lot of prior litreture have found 

the same. 
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Figure 6.5 Experimental and numerical Thrust forces for Rake 50 and Helix 300 

 

 

Figure 6.6 Experimental and numerical Thrust forces for Rake 50 and Helix 450 
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Similarly, the cutting forces were plotted for rake angles 100,150, and 200 with helix 

angles 150, 300 and 450. Figures 6.7 to 6.15 show the experimental cutting forces. 

 

Figure 6.7 Experimental and numerical Cutting forces for Rake 100 and Helix 150 

 

Figure 6.8 Experimental and numerical Cutting forces for Rake 100 and Helix 300 
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Figure 6.9 Experimental and numerical Cutting forces for Rake 100 and Helix 450 

 

Figure 6.10 Experimental and numerical Cutting forces for Rake 150 and Helix 150 
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Figure 6.11 Experimental and numerical Cutting forces for Rake 150 and Helix 300 

 

 

Figure 6.12 Experimental and numerical Cutting forces for Rake 150 and Helix 450 
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Figure 6.13 Experimental and numerical Cutting forces for Rake 200 and Helix 150 

 

 

Figure 6.14 Experimental and numerical Cutting forces for Rake 200 and Helix 300 
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Figure 6.15 Experimental and numerical Cutting forces for Rake 200 and Helix 450 

It is evident from the cutting force plots that, as the tool rake angle increases the cutting 

force decreases. This phenomenon can be explained as the tool rake angle increases the contact 

surface between the tool rake face and the amount of material to be cut decreases. Consequently, 

the force required to cut the materail also decreases. 

Figures 6.16 to 6.24 show the experimental and numerical thrust forces for the rake angle 100, 

150 and 200 with helix inclination angles 150, 300 and 450 respectively. 
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Figure 6.16 Experimental and numerical Thrust forces for Rake 100 and Helix 150 

 

 

Figure 6.17 Experimental and numerical Thrust forces for Rake 100 and Helix 300 
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Figure 6.18 Experimental and numerical Thrust forces for Rake 100 and Helix 450 

 

 

Figure 6.19 Experimental and numerical Thrust forces for Rake 150 and Helix 450 
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Figure 6.20 Experimental and numerical Thrust forces for Rake 150 and Helix 200 

 

 

Figure 6.21 Experimental and numerical Thrust forces for Rake 150 and Helix 450 
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Figure 6.22 Experimental and numerical Thrust forces for Rake 200 and Helix 150 

 

Figure 6.23 Experimental and numerical Thrust forces for Rake 200 and Helix 300 
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Figure 6.24 Experimental and numerical Thrust forces for Rake 200 and Helix 450 

The thrust forces also are similar to rake 50, as there is no perticular trend followed and 

the thrust force values are randomly distributed. 
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CHAPTER VII 

CONCLUSION AND FUTURE WORK 

7.1 Conclusion 

Oblique machining was experimentally conducted on both positive and negative fiber 

orientations with the combination of different rake angles and helix inclination angles. The 

numerical model was done using Abaqus/Explicit software for the same combinations of tool 

parameters on different fiber orientations. The results obtained from the numerical simulations 

were in good agreement with the experimental values. 

A new modeling technique is presented here to study the chip formation mechanisms and 

to predict the principal cutting force and thrust forces. The use of surface based cohesive 

behavior for interactions between the two constitutive phases, namely, matrix phase and fiber 

phase helped in understanding the chip formation mechanism in micro level. The three-

dimensional finite element model created a more realistic model to predict accurately the forces. 

It can be concluded from the microscopic images that, the surface quality does not always 

decrease with increase in fiber orientation. The fiber orientation 1350 showed the least sub-

surface damage as compared to other fiber orientations. It also showed the least cutting forces. 

The fiber orientations between 600 to 1350 showed the maximum sub-surface damage and also 

the cutting forces were high for these fiber orientations. 

It can also be concluded that, the tool rake angle highly influences the cutting forces. It 

was found that with increase in rake angle the cutting forces decreased. The helix inclination 

angle also has an effect on cutting force. The cutting forces were found to increase as the tool 

helix inclination angle increase from 150 to 300 and it started to decrease with 450. The 
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microscopic images suggested that helix angle 300 showed more sub-surface damage than other 

angles. Also it was found that the cutting force maximum for 300 helix inclination angle. 

7.2 Future Work 

In the future, the finite element workpiece can be modeled with round fibers instead of 

square fibers to represent an actual composite material panel. The meshing would be little 

difficult compared to meshing square fibers and it would increase the computational time. 

A complete analysis should be conducted on the effects of tool geometry parameters and 

machining conditions in determining the delamination length. It would help in coming up with 

optimized cutting conditions for different fiber orientations. 

Frictional forces increase with increase in fiber orientations. Numerical simulations can 

be performed on different fiber orientations with different coefficient of friction and their effect 

on delamination can be investigated. Also the effect of temperature can be included and its 

effects on cutting forces can be observed. 
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