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Analysis of tool wear after machining of FRP I 

Abstract 

 

Fibre Reinforced Polymers (FRPs) are composed of a continuous constituent, which is 

called matrix, and also fibres which are the reinforcement phase. FRPs are characterized 

compared with metals by high specific strength and stiffness, good corrosion resistance, 

fatigue resistance, thermal insulation, conductivity and acoustic insulation.  However, the 

FRPs present marked anisotropy because of fibres, which results in high cost, low 

productivity and not always good finishing. Therefore, to understand their behaviour 

throughout machining process and to analyze the influence of tool wear, they are necessary in 

order to achieve cost reductions required by the industry. This paper summarizes the theory 

necessary to understand the nature of FRP materials and presents the conclusions of tool wear 

when drilling Aramid Fibre Reinforced Polymer (AFRP). 
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1. Introduction 

Fibre Reinforced Polymer (FRP) materials are characterized by their lightness 

compared with metals, however its specific strength and stiffness generally outperform metals 

because of the reinforcement fibres. In addition to improving structural properties, they are 

also in many cases better in corrosion resistance, fatigue resistance, thermal insulation, 

conductivity, and acoustic insulation than metals. Because of those properties, FRPs have 

become relevant for many applications, including aerospace, aircraft, automotive, 

construction, marine, commodity and sports. 

On the other hand, FRP are manufactured with a shape very close to its final form, 

although this is not released for subsequent machining operations for suitability to the 

geometric requirements, which is not easy due to its complex behaviour. High price of 

constituents and large degree on skilled labour result in increased cost and low productivity, 

so that tool analysis when machining FRP is a topic of great importance in order to 

understand their behaviour and therefore understand the factors that are determinant due to the 

industry's need to reduce fabrication costs. For this purpose it will be necessary to understand: 

 What FRPs are, their properties and on what properties depend. 

 What machinability is. 

 Usual machining operations of FRP. 

 Machining quality factors. 

 Tool wear and factors that are involved. 

 Tool wear when machining FRP. 

So that, tool wear analysis can be performed in order to evaluate which are the more 

relevant factors that are involved in wear mechanisms, since a greater understanding of them 

will allow a better workpiece finishing, a longer tool life, and therefore an increased 

productivity and decreased costs. In order to achieve these goals, samples of aramid fibre 

reinforced polymer will have to be drilled. 
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2. Technique state 

This section describes the latest research related to the machining of FRP, both 

machinability and wear, in order to get an overview over the existing trends. 

Wear resistance and induced cutting damage of aeronautical FRP components 

obtained by machining [2] 

A 2D-finite-element progressive failure analysis has been developed to investigate the 

chip formation process and induced damage when machining unidirectional fibre reinforced 

polymer composites. The model is an approach which predicts the macro-chip formation 

process without imposing any trajectory of fracture and/or the order of the various fractures. It 

shows that the primary fracture occurred by fibres rupture ahead of the tool nose on a plane 

which is not often consistent with the flank plane. Direction and level of the primary fracture 

plane was mainly fibre orientation dependent. The secondary fracture plane occurred at the 

fibre/matrix interface was found to be always consistent with the reinforcement orientation. 

The cutting induced damage versus the fibre orientation has also been predicted. 

Modeling and tool wear in drilling of CFRP [3] 

This paper presents the prediction and evaluation of thrust force in drilling of carbon 

composite material. The experimental results indicate that the feed rate, the cutting speed and 

the tool wear are the most significant factors affecting the thrust force. 

 
Figure 1: Diamond coating wear of 22691 Diager tool after 309 drillings. [3] 

A phenomenological model of axial load, taking into account the tool wear, has been 

proposed to predict the parallel evolution of axial load and wear with different drilling 

sequences during the tool life. Moreover, the study has also pointed out the beneficial effect 

of the presence of a diamond coating on the carbide drill leading to tool life 10 to 12 times the 

tool life of the uncoated carbide drill for cutting speeds 3 times higher (170 m/min instead of 

56 m/min). 

Machinability of glass fibre reinforced plastic (GFRP) composite using alumina-

based ceramic cutting tools [4] 

This paper deals with the machining of GFRP fabricated in their laboratory using 

E-glass fibre with unsaturated polyester resin. Machining studies were carried out using two 

different alumina cutting tools: Ti[C, N] mixed alumina cutting tool and SiC whisker 
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reinforced alumina cutting tool. The machining process was performed at different cutting 

speeds at constant feed rate and depth of cut. The performance of the alumina cutting tools 

was evaluated by measuring the flank wear and surface roughness of the machined GFRP 

composite material. 

 
Figure 2: Machined surface during machining GFRP. [4] 

The abrasive wear is quite smooth and less with the SiC whisker reinforced alumina 

cutting tool than with the Ti[C, N] mixed alumina cutting tool while machining GFRP 

composite material, which is due to the presence of highly abrasive fibres. Variations in 

surface roughness values were noticed due to the inherent variation in the surface roughness 

of the matrix and the fibres.  

Characterization of friction properties at the workmaterial/cutting tool interface 

during the machining of randomly structured carbon fibres reinforced polymer with 

carbide tools under dry conditions [5] 

This paper aims at characterizing the friction properties between composite and 

cutting tool materials. It presents the development of a new tribometer designed to simulate 

conditions corresponding to machining of randomly structured CFRP materials. This model 

considers the real contact depending on material properties taking into account the elastic 

recovery of this composite material. It has been shown that friction coefficient is much lower 

than those for metal cutting. However friction coefficient decreases with sliding velocity. 

Moreover, a model of friction has been identified in order to be implemented in any cutting 

model. The heat partition coefficient decreases as sliding velocity increases. Finally, it has 

been shown that friction coefficient is not sensitive to the presence of a TiN coating deposited 

on pins. 

Modelling of machining of composite materials: A review [6] 

This paper provides a comprehensive review of literature, mostly of the last 10–15 

years, on modelling of machining of composite materials with a focus on the process of 

turning. Modelling studies include molecular dynamic simulations, 2-D and 3-D finite 

element models and the emerging field of multi-scale models. In fibre reinforced composites 

the focus is on glass and carbon fibre reinforced polymeric composites as well as long fibre 

reinforced metal matrix composites.  
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Figure 3: Simulated result. [6] 

More work needs to be done on on-the-fly methods for multi-scale simulations of 

composite machining.  2-D and 3-D finite element models introduced in this paper explain the 

chip formation process, tool–particle interaction, prediction of cutting forces, cutting 

temperatures and the sub-surface damage and are in good agreement with experimental 

measurements. A numerical model must be selected to assist in selecting machining 

parameters: tool geometry and cutting conditions to improve the machinability of metal 

matrix composites. 

Hole drilling in ceramics/Kevlar fibre reinforced plastics double-plate composite 

armor using diamond core drill [7] 

 In this work, an experimental study of drilling the ceramics/KFRP double-plate 

composite armor by using a special sintering diamond core drill has been carried out on a 

general-purpose drilling machine. This tool is shown in "Figure 4". 

 
Figure 4: The sintering diamond core drill. [7] 

Machining mode, drilling sequence, and machining efficiency have been discussed 

based on drilling experiments. According to the discussed experimental results, machining 

using manual step feed, drilling the KFRP backboard firstly, and selecting the reasonable 

technical parameters could greatly facilitate the hole drilling in the ceramics/KFRP double-

plate composite armor. The results achieved show that the machining method presented in this 

work is applicable for small order production. 

 During the research it has been observed that most papers deal with characterization of 

parameters with the help of finite element models. Moreover, delamination analisys has been 

found to be quite usual, what make sense since it is one of the main problems when 

machining FRPs. On the other hand, altough surface roughness has been shown that reveal 

little about the true surface characteristics of the composite [1], several papers about it have 

been also found. The materials used for the researchs are most often carbon and glass fibre 

reinforced, while the most common maching operation is drilling followed by turning. 
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3. Fibre Reinforcement Composites 

In order to understand tool wear not only tool properties are important, also the material 

that is going to be mechanized is relevant. That is because wear is related to interactions 

between surfaces, so a better understanding of the properties and behaviour of the mechanized 

material will result in a better analysis of the involved factors. At the present point main 

characteristics and properties will be explained based on [1]. 

3.1. Definitions and classification 
Composite materials are composed of mixtures of two or more distinct constituents or 

phases separated by a distinct interface, according to the following criteria: 

 It is composed of two or more physically or chemically distinct suitably 

constituents which have been arranged during early manufacturing stages. Not 

being considered as composites the metal alloys that produce second phase or 

intermetallic precipitates during solidification or during subsequent heat treatment. 

 The constituents are present in reasonable proportions. 

 It has characteristics that are not depicted by any of the constituents alone. 

The constituent that is continuous and presents in the greater quantity is called the matrix, 

whose properties are improved by adding another constituent to produce a composite. The 

main purpose of the matrix is to enclose and bind the reinforcement in order to distribute 

applied load to it and to protect it from outside environment. 

The second constituent in a composite is the reinforcement phase, which is usually made 

of a stronger and stiffer material than the matrix. The reinforcement is the primary load-

bearing constituent in the composite and its shape, volume and arrangement adversely affect 

the properties of the composite material. The reinforcements form is long fibres, short fibres, 

particles or whiskers. 

Composites are classified according to: 

 The type of matrix material into: metal matrix, ceramic matrix or polymer matrix 

composites.  

 The reinforcement form and arrangement into particulate reinforced (random, 

preferred orientation) and fibre reinforced (continuous, discontinuous, aligned, 

random). See "Figure 5" for further information. 

On the other hand, composites can be classified as: 

 Hybrid: are multilayer with a mix of fibres in each (or some) of the layers. 

 Advanced: are characterized by high specific stiffness and strength.  

Composite materials present marked anisotropy which depends on direction, 

distinctive properties of the constituents and the inhomogeneous distribution of the 

reinforcement. The smaller size and more randomly oriented reinforcement, the more 

isotropic approach. 
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Figure 5: Reinforcement arrangements in composites [1]. 

3.2. Advantages and limitations 

Stiffness or strength of a composite may not be greatly different from monolithic 

materials [1]. However composite specific strength and stiffness generally outperform metals 

because of the reinforcement fibres. Mechanical properties are different along the fibre 

direction and transverse the fibre direction.  

In addition to improving structural properties, composites are in many cases better in 

corrosion resistance, fatigue resistance, thermal insulation, conductivity and acoustic 

insulation than metals.  

From the viewpoint of manufacturing, designing with composites results in significant 

reduction in parts, tooling and assembly.  

The main composites drawback is the high cost of manufacturing compared to that of 

metals. That is due to: 

 The high cost of constituents, especially high-performing fibres. 

 The large degree on skilled labour. 

 The lack of high productivity manufacturing methods. 

There is also a lack of simple analysis tools, reliable material property data bases and 

easy to implement design rules since composites are relatively new. 

On the other hand, composites such as thermoset based suffer from sensitivity to 

hygrothermal environments, hence extra care is required to protect the matrix material against 

the hostile environment [1]. 

3.3. Applications 

Polymer-reinforced composites are flexible and adaptable engineering material for 

many applications, including aerospace, aircraft, automotive, construction, marine, 

commodity and sports, since each industrial sector seeks desirable features that the composite 

material can satisfy. 
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Aerospace structures require high specific stiffness and strength (Carbon/graphite-

reinforced polymers) and a very high degree of dimensional stability under a wide range of 

temperatures (the carbon fibres along their axis offer a negative coefficient of thermal). 

Because of those properties, polymer-fibre-reinforced composites are used for both military 

and civilian aircraft components, extensively in the primary structures as well as secondary 

structures and control surfaces such as wing skins, rudders, flaps, rotors, blades and 

stabilizers. 

In the land transport industry, glass polyester composites are used for body panels, 

frames, interior structural components and bumpers. Carbon polymer composites are used in 

leaf springs, drive shafts, and various chassis parts. Carbon epoxy composites are also used in 

high-performance race boats and cars. 

Carbon polymer composites dominate in sports applications, such as tennis rackets, 

bicycle frames, golf clubs, skis, and fishing poles, because of its extraordinary strength and 

stiffness. Reinforcement fibres are mostly carbon and graphite but glass, aramid and hybrids 

are also used. 

3.4. Constituent materials 

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

or mixed with additives to enhance its properties. The reinforcement may also be treated to 

enhance bonding to the matrix. Examples of metal matrices are aluminium and titanium 

alloys.  

Metal matrices are reinforced with continuous fibres, particulates, and whiskers that 

are made from metals (stainless steel, boron, carbon) or ceramics (SiC, Al2O3). Aluminium 

metal matrix composites are used for applications where strength and stiffness are required, 

such as structural members in aerospace applications and automotive engine components. 

Ceramic matrix composites use ceramics for both the matrix and the reinforcement phases, 

and are used for applications where high strength and high stiffness are required at high 

temperatures. An example is SiCw-Al2O3, which is used in making cutting tools. 

Polymer matrices by far are most widely used in composites applications. The wide 

range of properties that result from their different molecular configurations, their low price 

and ease of processing make the perfect material for binding and enclosing reinforcement. 

Polymer matrices are normally reinforced with glass, carbon, and aramid fibres. Polymer 

matrix composites have found a wide range of applications in sports, domestic, transportation 

and aerospace industries.  

3.5. Properties 

Properties of composites, particularly continuous-fibre reinforced ones, are highly 

directional. The orientation of the reinforcement within the matrix affects the state of isotropy 

of the material. Hence according to composite behaviour we can differentiate: 

 Isotropic: if the reinforcement is in the form of equiaxed particles that are uniformly 

distributed and properties are independent of direction. 

 Quasi-isotropic: if the dimensions of the reinforcement are unequal and short fibres 

are randomly oriented.  
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 Anisotropic: if long fibres are perfectly aligned. 

However manufacturing process also plays an important role in directional variation of 

composites properties and consequently predicted properties against experimentally 

determined values must be checked [1]. 

Properties of composites are also described with respect to the scale at which the material 

is analysed: 

 Microscopic scale: micromechanics analysis is conducted at the fibre diameter level to 

deals with relationships between stress and deformation in the fibres, matrix and fibre–

matrix interface. It also allows the average lamina properties to be predicted as a 

function of the properties of the constituents and their relative amounts in the 

structure.  

 Macroscopic level: macromechanics treats the lamina as a whole and the material is 

considered as homogeneous and anisotropic.  Lamina average properties are used to 

study the overall lamina behaviour under applied loads. Moreover it is also concerned 

with analysis of the behaviour of laminates consisting of multiple laminas stacked in a 

certain sequence based on the average properties of the lamina.  

In the next sections we are going to explain both micro and macro level properties. 

3.5.1. Density 

Composite weight is given by the sum of the weights of its constituents, whose 

densities are known. 

wc = wf + wm  (1) 

Equation 1: Composite weight. 

 where: 

  wc is the composite weight. 

  wf  is the reinforcement weight. 

  wm is the matrix weight. 

Substituting w by ρ v, where ρ is the density and v the volume, and dividing by vc, it 

can be obtained: 

ρc = ρf Vf + ρm Vm  (2) 

Equation 2: Composite density. 

 where: 

  Vf  denotes the volume fractions of the reinforcement. 

  Vm denotes the volume fractions of the matrix. 

  and because of being the densities known:  

Vf + Vm =1  (3) 

Equation 3: Volume fraction. 

During the manufacture of composites air and volatiles are entrapped due to 

incomplete consolidation. The presence these voids have detrimental effects on its mechanical 

properties since they act at stress concentration and crack initiation sites. Acceptable amount 

of voids are typically in the range 1–5 vol%. Hence, if we take them into account: 



Analysis of tool wear after machining of FRP  Page 10 

    
  

ρ  
 
ρ  ρ  

ρ 
  (4) 

Equation 4: Void volume fraction. 

 where: 

  Vv  denotes the volume fractions of the voids. 

  ρce denotes the measured density. 

So that: 

 Vf + Vm + Vv = 1 (5) 

Equation 5: Volume fraction. 

3.5.2. Elastic properties 

To explain the elastic properties it has to be assumed: 

 The composite lamina to be macroscopically homogeneous and linearly elastic. 

 The matrix and the fibres to be linearly elastic and homogeneous. 

 Moreover the fibres to be also anisotropic (transversely isotropic). 

 The interface to be completely bonded and both the fibre and matrix to be free 

of voids. 

So that, the response of the lamina under load can be analyzed using a parallel model 

[1], as it is shown in the following figure. 

    

Figure 6: Parallel and series models. [1] 

It is assumed that the fibre and the matrix undergo equal and uniform strain. This leads 

to the following expression for stiffness in the longitudinal direction: 

 E1 =Vf E1f +Vm Em  (6) 

Equation 6: Stiffness in the longitudinal direction. 

 where: 

  Vf  denotes the volume fractions of the reinforcement. 

  Vm denotes the volume fractions of the matrix. 

  E1 denotes the elastic modulus refer to the longitudinal direction. 

 E1f denotes the elastic modulus refer to the longitudinal direction of the  

                 fibres. 

 Em denotes the elastic modulus refer to the longitudinal direction of the  

                 matrix. 

In a series model it is assumed that the fibres and the matrix are under equal and 

uniform stress. This leads to the following expressions for compliance along the longitudinal 

direction: 

 C1 =Vf C1f +Vm Cm  (7) 

Equation 7: Compliace along longitudinal direction. 
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 where: 

 C = 1/E (8) 

Equation 8: Young modulus inverse. 

So that: 

     
     

          
 (9) 

Equation 9: Stiffness in the longitudinal direction. 

In reality, the state of stress and strain in the lamina is not uniform and (7) represent 

the upper bounds of the lamina longitudinal stiffness and (9) the lower one. 

Analogously we use the series model to determine the transverse modulus: 

     
     

          
 (10) 

Equation 10: Stiffness in the transverse direction. 

In similar manners, the remaining equations for the major Poisson ratio and in plane 

shear modulus are determined using the equations: 

 12 = Vf 12f +Vm m (11) 

Equation 11: Poison ratio. 

      
      

            
 (12) 

Equation 12: Plane shear ratio. 

By introducing a reinforcement efficiency factor β, properties of composites that are 

not unidirectional can be predicted:  

 E1 = βf Vf E1f + Vm Em (13) 

Equation 13: Stiffnes in the longitudinal direction. 

The reinforcement efficiency factor takes into account the amount of fibres that are 

effective in the direction of interest [1].  

 
Reinforcement 

 
Unidirectional Bidirectionally symmetric Randomly in-plane arranged 

β 1 0.5 0.375 

Table 1: Reinforcement efficiency factor. [1] 

 

Figure 7: Specific strength and modulus of some composites and monolithic materials. [1] 
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In the previous figure specific strength and modulus of some composites and 

monolithic materials are shown in order to compare them. 

 

3.5.3. Thermal properties  

Expressions for thermal properties of the laminate may also be obtained using 

micromechanics analysis: 

     
               

          
 (14) 

Equation 14: Coeff. α1. 

          
   

   
                        (15) 

Equation 15: Coeff. α2. 

                (16) 

Equation 16: Coeff. k1. 

     
     

          
 (17) 

Equation 17: Coeff. k2. 

    
             

         
 (18) 

Equation 18: Coeff. C. 

 

3.5.4. Multiply Laminates 

Practical structures made out of composites have laminas set in more than one 

direction because of being weak in transverse directions to the fibre one.  

The micromechanics relationships are useful in predicting lamina properties with some 

degree of accuracy but not for predicting the multiply laminates properties. Analysis of 

multiply laminates must be treated by macromechanics methods [1]. 
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4. Fibre Reinforced Polymer (FRP) 

Once fibre reinforced composite properties are known, carbon, glass and aramid 

polymers will be explained in more detail. The following information is based on [1]. 

4.1. Polymer matrices 

Polymer matrices exhibit inferior properties when compared to engineering metal 

alloys with regard to strength, stiffness, toughness and elevated temperature properties. 

Therefore, polymeric matrices are often considered the weak link in a composite material and 

their properties often dictate the operating temperatures of the composite parts and their 

machinability. 

Polymers consist of chains of hydrogen and carbon atoms held together by primary or 

covalent bonds. Depending on the arrangement of hydrocarbon chains, different molecular 

configurations and hence different properties are obtained. There is a strong relationship 

between the configuration of a polymer and its macroscopic properties in the liquid and the 

solid states. These relationships are attributed to the ease or the difficulty of mobility of 

polymer molecules relative to each other under applied loading and temperature. Polymeric 

matrices are classified into two major categories which differ in their respective 

intermolecular bonds and the resulting structures: thermoplastics, that can be formed 

repeatedly by heating to an elevated temperature at which softening occurs, and thermoset, 

which are less mobile, stiffer, stronger, and less ductile than thermoplastics and cannot be 

melted. 

4.1.1. Polymer matrices properties 

All polymers undergo a notable reduction in stiffness when heated to a characteristic 

glass transition temperature, Tg (Table 2). Upon heating, semicrystalline and amorphous 

polymers gradually transform from a rigid solid to a rubbery material at the glass transition 

temperature and then to liquid at the melting temperature (Tm). The glass transition 

temperature defines the maximum temperature the polymer can withstand during service. The 

melting and glass transition temperatures also influence the fabrication and processing 

procedures for FRPs.  

 

Thermal 

conductivity 

K (W/m◦C) 

Specific 

heat, Cp 

(kJ/kgC) 

C.  of thermal 

expansion    α 

(10
−6

°C) 

Glass 

transition 

temp. Tg (◦C) 

Melting 

temperature       

Tm (◦C) 

Polymers – Thermosets 

     Unsaturated polyester, UP 0.17 – 0.22 1.3 – 2.3 55 – 100 70 − – 

Epoxy, EP 0.17 – 0.20 1.05 45 – 65 65 – 175 – 

Phenolics 0.12 – 0.24 1.4 – 1.8 25 – 60 300 – 

Bismaleimide, BMI 

   

230 – 345 – 

Vinylesters, VE 

   

70− – 

Polymers – Thermoplastics 

     Polypropylene, PP 0.11 – 0.17 1.8 – 2.4 80 – 100 -20 − 5 165 – 175 

Polyamide, PA 0.24 1.67 80 55 – 80 265 

Poly(phenylene sulfide),PPS 0.29 1.09 49 85 285 

Poly(ether ether ketone),PEEK 0.25 1.34 40 – 47 145 345 

Poly(ether sulfone), PES 0.26 1.0 55 225 – 

Poly(ether imide), PEI 0.07 47 – 56 215 215 – 

Poly(amide imide), PAI 

  

245 – 275 

 

– 

Table 2: Room temperature thermal properties of matrix materials. [1] 
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Their thermal conductivity is several magnitudes less than that of metals, but their 

specific heat is approximately one magnitude higher, thus their ability to retain heat during 

processing is higher. The strain to failure (ductility) of thermoplastic polymers is much higher 

than that of metals and thermosets as is shown in the following table. 

 
Density Young’s Modulus Tensile strength Strain to failure 

 
(kg/m

3
)  (GPa)  (MPa)  (%) 

Polymers – Thermosets         

Unsaturated polyester, UP 1.10 – 1.23 3.1 – 4.6 50 – 75 1.0 – 6.5 

Epoxy, EP 1.10 – 1.20 2.6 – 3.8 60 – 85 1.5 – 8.0 

Phenolics (Bakelite) 1.00 – 1.25 3.0 – 4.0 60 – 80 1.8 

Bismaleimide, BMI 1.20 – 1.32 3.2 – 5.0 48 – 110 1.5 – 3.3 

Vinylesters VE 1.12 – 1.13 3.1 – 3.3 70 – 81 3.0 – 8.0 

Polymers – Thermoplastics         

Polypropylene, PP 0.90 1.1 – 1.6 31 – 42 100 – 600 

Polyamide(nylons), PA 1.10 2.0 70 – 84 150 – 300 

Poly(phenylene sulfide), PPS 1.36 3.3 84 4.0 

Poly(ether ether ketone), PEEK 1.26 – 1.32 3.2 93 50 

Poly(ether sulfone), PES 1.37 3.2 84 40 – 80 

Poly(ether imide), PEI 1.27 3.0 105 60 

Poly(amide imide), PAI 1.4 3.7 – 4.8 93 – 147 12 – 17 

Ceramics         

Alumina, Al2O3,(99.9% pure) 3.98 380 282 – 551 – 

Silicon nitride, Si3N4 (sintered) 3.30 304 414 – 650 – 

Silicon carbide, SiC (sintered) 3.20 207 – 483 96 – 520 – 

Metals         

Aluminum alloys (7075, T6) 2.80 71 572 11 

Steel alloy (1020 Cold drawn) 7.85 207 420 15 

Table 3: Room temperature mechanical properties of matrix materials. [1] 

The previous table lists mechanical properties for common polymeric matrices, 

including also metal and ceramic matrices to compare. It is noted that polymer matrices are 

inferior in stiffness and strength to metals and ceramics.  

Various kinds of additives are used to modify polymers with regard to its mechanical 

and electrical properties, shrinkage characteristics, resistance to hostile environmental, fire 

tolerance and colour. Crosslinking agents are added to thermosets to transform them to the 

solid state. Plasticizers are added to thermoplastics to lower their melt viscosity. Inert fillers 

are added to improve stiffness, strength, impact resistance, and wear resistance of the matrix. 

Additives are also used to improve the matrix resistance to ultraviolet light. Pigments are 

added to colour the matrix and eliminate the need for painting. It is important to note that 

additives are beneficial from the point of improving desired properties of the matrix but they 

inadvertently result in diluting the bulk properties of the matrix [1]. 

4.1.2. Polymer matrices processing 

The processing requirements for thermosets and thermoplastics are quite different 

because of the differences in their physical properties. The factors that are most important for 

processing polymers as a composite matrix are: 

 Viscosity 

 Temperature 

 Cycle time 

 Work environment 
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Viscosity of the liquid phase is important for completely wetting the fibres during 

impregnation. Not yet crossed thermosets have shear viscosities several magnitudes lower 

than melted thermoplastic, which means it is much easier to complete impregnation of the 

reinforcements with thermosets than thermoplastics. Most thermosets are delivered by 

suppliers in the liquid form. Crosslinking and solidification then takes place after the addition 

of crosslinking agents and may require 7h to several days to complete. Epoxies may also be 

delivered partially crosslinked, and the crosslinking interrupted by storing the material at 

−18°C for a limited shelf life. The user would remelt the partly crosslinked polymers and 

complete crosslinking by subjecting it to a curing cycle of heat and pressure. During the 

mixing of crosslinking agents and curing thermosets may omit volatile gasses that are 

hazardous, thus creating an unhealthy work environment [1].  

Processing requirement Thermosets Thermoplastics 

Cost Low High 

Damage tolerance Average Good 

Environmental durability Good Exceptional 

Fibre impregnation Easy Difficult 

Prepreg drape Good Poor 

Know-how and material data Extensive Limited 

Prepreg shelf time Short Indefinite 

Prepreg tack Good None 

Processing cycle Long Short 

Processing temperature Low High 

Processing pressure Low High 

Reformability None Good 

Viscosity Low High 

Table 4: Processing requirements for thermosets and thermoplastics. [1] 

Thermoplastics on the other hand are delivered in the solid state in the form of 

powder, pellets or film. They have to be melted or dissolved for impregnation. While the 

curing cycle for thermosets may take several hours, the melting and solidification of 

thermoplastics takes place in few seconds. One significant advantage of thermosets is their 

low cost and long history of use. However technological advances are made in the processing 

of thermoplastics because of their high temperature tolerance, toughness, short processing 

time, recyclability and favourable work environment [1]. The relative level of all these 

processing requirements are shown in "Table 4" 

4.2. Reinforcement 

Reinforcement materials are used in the form of continuous fibres, short fibres, 

particulates, and whiskers. 

Fibres are materials that have one very long axis compared to the others which are 

often circular, and have significantly higher strength and stiffness in the length direction than 

in the other directions. Because of that a tough matrix in the composite structure is needed. 

Therefore, fibres are most commonly used for the reinforcement of a softer matrix. Fibres are 

usually produced by drawing a liquid material from an orifice or by pulling a precursor, which 

results in aligning its crystals or molecules along the length of the fibre and thus imparting 

significantly higher strength and stiffness along their axis.  
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Particles have no preferred orientation and their shape is less important than the fibres 

ones. Their size varies from less than a micrometer to less than a millimeter. 

Whiskers are pure single crystals manufactured by chemical vapour deposition, so 

they are anisotropic. Their length to diameter ratio is in the order of 10-1000 and their 

diameter is in the order of 0.1-1μm.  

Some properties of different kind of fibres, such as Kevlar or glass, are shown in the 

following table. 

Characteristics 
PAN-based C 

Kevlar 49 E-glass S-glass 
HM HS 

Diameter (μm) 5–8 6–8 8–14 10–20 10–20 

Density (kg/m
3
) 1.81 1.78 1.44 22678 2.46–2.49 

Young’s modulus (GPa)           

Parallel to fibre axis 400 230 131 80–81 88–91 

Perpendicular to fibre axis 12 20 70  –  – 

Tensile strength (GPa) 2.5–4.5 3.8–4.2 3.6–4.1 3.1–3.8 4.38–4.59 

Strain to failure (%) 0.6 2.0 2.8 41064 5.4–5.8 

Coeff. of thermal expansion (10
−6

 K
−1

)           

Parallel to fibre axis −0.5 −0.6 −4.3 6.0 2.9 

Perpendicular to fibre axis 7.0 10.0 41 –  – 

Thermal conductivity (W/m K) 70 70 11 0.04–1.4 10–13 1.1–1.4 

Specific heat (kJ/kg K) 0.7–0.9 0 0.769 0.45 0.41 

Table 5: Properties of reinforcement fibres. [1] 

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

materials, such as in the case of Al-SiCp and Al-SiCw metal matrix composites and 

Al2O3-SiCw ceramic matrix composite. Their allocation is random, so the reinforced material 

can be assumed macroscopic isotropic [1]. 

4.2.1. Glass fibres 

Glass fibre is widely used because of the combination of low cost, corrosion 

resistance, and ease of manufacturing. Moreover, it has relatively low stiffness, high 

elongation, and moderate strength and weight, and generally lower cost relative to other 

fibres. On the other hand, their use is limited in high-performance applications because of 

their relatively low stiffness, low fatigue endurance, and rapid degradation in properties with 

exposure to moisture. Some chopped glass fibres are shown in the following figure (Fig.8). 

 
Figure 8: Chopped glass fibre. 

Glass fibres are produced by drawing a molten mixture of silica (SiO2) and other 

oxides through small holes in a platinum-alloy bushing. A protective coating, or size, is 

applied to the fibres to protect their surface and to enhance their bonding to the polymer 

matrix. Fibre diameters for composites applications are in the range from 10 to 20μm. The 
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fibres are gathered in a collimated assembly called yarn or strand. A group of collimated 

yarns is called a roving. Glass fibre comes in several types: 

 E-glass (electrical): offers excellent electrical properties and durability, is a 

cheaper general-purpose reinforcement. 

 S-glass (high strength): offers improved strength, stiffness and high temperature 

tolerance but is more expensive than E-glass.  

Glass is an amorphous material so that it is considered isotropic. Moreover it is highly 

abrasive, which poses a challenge when machining glass FRP [1].  

4.2.2. Carbon fibres 

Carbon fibres offer stiffness and strength combined with low density, that is high 

stiffness-to-weight and high strength-toweight ratios, and intermediate cost. Another 

characteristic property of carbon fibres is their negative CTE in the longitudinal direction. 

This property allows the design of structures with zero-dimensional variation over a wide 

range of temperatures. 

Carbon fibres vary in strength and stiffness with the processing variables, so that 

different grades are available such as: 

 The intermediate-modulus (IM) and high-strength (HS) grades are almost universally 

made from a PAN (polyacrylonitrile), which is then heated and stretched to align the 

structure and remove noncarbon by pyrolysis. After graphitization is carried out in 

order to improve purity and crystallinity of the fibres.  

 Higher-modulus fibres (HM) with much lower strength can be made from a petroleum 

pitch precursor at lower cost. The pitch-based fibres have a higher modulus, but lower 

strength than the PAN. 

Carbon fibres typically have a diameter in the order of 5–8μm. Because of this small 

size, the fibres are grouped into tows or yarns consisting of from 2 to 48000. Carbon fibres are 

anisotropic (transversely isotropic) and their properties are mainly affected by the degree of 

orientation of the graphite layers with respect to the fibre axis. In the following figure, 

disposal of carbon fibres in a layer is shown. 

 

Figure 9: Carbon fibre layer. 

During machining the fibres’ dust is abrasive and may cause wear in machine guides 

and moving surfaces. Carbon reinforcement may also cause galvanic corrosion of metal 

inserts because of their electrical conductivity [1].  
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4.2.3. Aramid fibres 

Aramid fibres or also called Kevlar are organic fibres manufactured from aromatic 

polyamides (aramids) by solution spinning. Polymer solution in sulfuric acid is extruded by 

spinning through small holes into fibres in which the molecules are aligned with the direction 

of shear. Further alignment of the fibres may be achieved by heat treatment under tension [1]. 

In the following figure an aramid fibre layer is shown. 

 

Figure 10: Aramid fibre layer. 

Aramid fibres offer higher strength and stiffness relative to glass coupled with 

lightweight and high tensile strength but lower compressive strength. Aramid also exhibits an 

outstanding toughness and damage tolerance, so that it tends to respond under impact in a 

ductile manner, as opposed to carbon fibre, which tends to fail in a more brittle manner. This 

outstanding toughness of aramid fibres also creates a problem during machining. The fibres 

are very difficult to cut and special tooling and techniques are required [1].  

4.2.4. Other Fibres 

Oriented polyethylene or Spectra fibre, which is also manufactured by spinning, 

exhibits similar properties to aramid in terms of strength and stiffness. But because of their 

extremely lightweight (specific gravity of 0.97) its specific strength and modulus are higher 

and comparable to that of carbon fibre. On the other hand it has a very low range of 

temperature usage so that obtaining adhesion to matrix materials is difficult. It is being used 

as a hybrid with carbon fibre in certain applications, in an attempt to combine the lightweight 

and toughness of the Spectra fibre with the stiffness of carbon fibre. Other fibres used for 

polymer reinforcement include boron and silicon carbide for high-temperature applications, 

although their use is a very small fraction of the use of glass, carbon, and aramid fibres [1]. 

4.3. Core material 

Core material is used to support lateral loads on a composite sandwich structure. The 

most common core materials are wood, honeycomb, corrugated, and expanded polymer 

foams. Honeycomb core has a hexagonal cellular structure similar to the beeswax 

honeycomb. Among the many materials used to manufacture honeycomb cores are 

unreinforced and fibre-reinforced polymers, metals and paper. 

A strong core-face interface is important for the functioning of sandwich material in 

load bearing. This interface may be enhanced by the use of special adhesives [1].  
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5. Machining 

The machinability of materials refers to the ease or difficulty with which these 

materials can be machined. It is an assessment of the material’s response to a system of 

machining, which includes, in addition to the work material itself, the cutting tool, machine 

tool, machining operation and cutting conditions. It is not easy to obtain quantitative and 

consistent measures of it but it has been mainly assessed by three parameters including tool 

wear or tool life, cutting forces or power consumption and surface finish. Therefore good 

machinability means less tool wear, low cutting forces and good surface finish. Machinability 

may also be assessed by the type of chips produced and the cutting temperatures, since there 

is a correlation between the type of chip produced and surface finish [1]. On the other hand, 

cutting temperatures, cutting forces and surface finish are directly or indirectly related to tool 

wear. Therefore, tool life tests are most commonly used to assess machinability. 

5.1. Machining FRPs 

FRPs are inhomogeneous materials that consist of distinctly different phases, so that 

their machining is characterized by uncontrolled intermittent fibre fracture causing oscillating 

cutting forces. The machinability of FRPs is primarily determined by the physical and 

mechanical properties of the fibre and matrix, fibre content and fibre orientation. Tool wear is 

greatly influenced by the type and volume fraction of the fibres. 

Glass and carbon fibres break in a brittle manner under critical bending stresses and 

produce abrasive debris that could be smaller in size than the fibre diameter. This debris cause 

accelerated wear by abrasion of the cutting edge [1]. The strength of the fibres is also high 

and depending on fibre orientation. The cutting forces produced by machining can be 

instantaneously high. The fibre orientation and type of fibres also control the chip formation 

mechanism and thus the appearance of the machined surface. Aramid fibres evade shearing 

fracture under high deformation bending loads and tear under tensile loading. 

The binder matrix on the other hand is much weaker than the fibres and its 

contribution to the cutting forces is insignificant. Low interlaminate strength permits 

delamination and chip-off of boundary layers. The matrix also affects the type of chip 

produced. Thermosetting matrix is brittle and machines by fracture, while thermoplastic 

materials have the capability to withstand large elastic and plastic strains. The chip produced 

in case of machining fibre-reinforced thermoplastics tends to be continuous. 

On the other hand, delamination is caused by the low interlaminate strength of the 

composite structure and high transverse forces resulting from the use of improper speeds, 

feeds, improper tool geometry and tool wear. Delamination can be tolerated depending on 

components requirements. 

The cutting temperatures are affected by the thermal properties and orientation of the 

fibres, which affect machinability. The high thermal conductivity of carbon and graphite 

fibres assists in conducting the heat generated away from the cutting zone into the workpiece. 

This may help reducing tool wear, but is also responsible for enlarging the heat affected zone 

[1]. On the other hand, the low thermal conductivity of glass and aramid fibres results in the 

cutting tool conducting most of the heat away from the cutting zone. That results in higher 
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cutting tool temperatures and higher wear rates. The polymeric matrix is not capable of 

withstanding high temperatures common in machining metals and precautions should be made 

not to expose the matrix to excessive heat for a prolonged time. During the application of 

coolant, moisture absorption by the matrix or fibres may jeopardize form, dimensional 

accuracy and mechanical properties of the machined part. Different thermal expansion 

coefficients of matrix and fibres lead to thermal stresses which may which may be released 

during machining and result in deformation and part damage [1]. 

Tool materials in machining composites should be capable of withstanding the 

abrasiveness of fibres and debris resulting from machining. The tool geometry should provide 

a keen edge capable of neatly shearing the fibres. Machined edge quality, both geometric 

features and the extent of material damage, is the deciding factor when evaluating the 

machinability of FRPs.  

5.1.1. Machining of unidirectional FRPs 

Unidirectional composites are useful to relate their mechanical properties and 

machining characteristics to fibre orientation. Fibre orientation angle is measured clockwise 

with reference to the cutting direction, as it is shown in "Figure 11". Unidirectional fibre 

orientations greater than 90° are typically regarded as negative orientations. Other factors that 

affect the mode of chip formation include cutting tool rake angle, fibre material and matrix 

martial. 

 

Figure 11: Fibre angle convention with respect to cutting direction. [1] 

5.1.1.1. Chip formation modes 

The chip formation process in machining FRPs is critically controlled by the fibre 

orientation and the cutting edge rake angle [8]. Material removal in machining FRPs was 

found to be governed by a series of uncontrolled fractures and the fractured chips exhibited 

very little plastic deformation. 

The chip formation process in machining unidirectional FRPs is categorized, 

depending on fibre orientation and cutting edge rake angle, into five different types [1]: 

Type I: Delamination type chip formation 

It occurs for the 0° fibre orientation and positive rake angles. A crack initiates at the 

tool point and propagates along the fibre–matrix interface. As the tool advances into the 

workpiece, the peeled layer slides up the rake face. Bending-induced fracture occurs ahead of 

the cutting edge and perpendicular to the fibre direction. The fractured chip flattens out upon 

separation and returns to its original shape because of the absence of plastic deformation.  
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The cutting forces widely fluctuate with the repeated cycles of delamination, bending, 

and fracture. The machined surface microstructure reveals fibres partly impeded in the epoxy 

resin matrix because of elastic recovery. Fibres on the machined surface are fractured 

perpendicular to their direction as a result of microbuckling and compression of the cutting 

edge against the surface.  

Type II: Fibre buckling type of chip 

It occurs when machining 0° fibre orientation with 0° or negative rake angles. In this 

case, the fibres are subjected to compressive loading along their direction, which causes them 

to buckle. Continuous advancement of the cutting tool causes sliding or in-plane shearing and 

fracture at the fibre–matrix interface. Successive buckling finally causes the fibres to fracture 

in a direction perpendicular to their length. This results in small discontinuous chips. 

The cutting forces fluctuation in this case is smaller than that for the type I. The 

machined surface for the buckling type chip is also similar to that of the delamination type 

chip machined surface. Differences between type I and II are shown in the following figure. 

 

Figure 12: Type I and II chip formation, respectively. [1] 

Type III and IV: Fibre cutting type of chip 

It occurs when machining fibre orientations 0°<<90° and for all rake angles. The chip 

formation mechanism consists of fracture from compression induced shear across the fibre 

axes followed by interlaminar shear fracture along the fibre matrix interface during the cutting 

tool advancement. During the compression stage of the chip formation process, cracks are 

generated in the fibres above and below the cutting plane. Chip flow in machining all positive 

fibre angles up to 90° thus occurs on a plane parallel to fibre orientation. Material removal in 

these cases appears to be governed by the in-plane shear properties of the unidirectional 

composite material. The fibre cutting type of chip may be continuous (Type III) or 

discontinuous (Type IV), as it is shown in "Figure 13". 

 

Figure 13: Type III (left) and IV (right) Chip formation. [1] 
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The size of this distinct continuous chip decreases as the fibre orientation increases. As 

the fibre orientation increases toward 90° the interlaminar shear increases, leading to fracture 

of the chip segments along the fibre–matrix interface. 

Type V: Fibre cutting by fracture type of chip 

The generated surface is irregular and the fibre ends stick out of the surface with 

varying lengths, since that fibre cutting occurs at different points along their length. 

Transverse cracks in the fibres are often visible in the vicinity of the fibre ends. Edge 

trimming of large fibre orientation angles (105-150°) is dominated by macrofracture. The 

advancing tool causes severe deformation of the fibres leading to delamination, intralaminar 

shear along fibre matrix interface, and severe out of plane displacement. Extensive elastic 

bending is caused by the cutting edge compression against the fibres. The compressive stress 

ahead of the tool point causes the fibres and matrix to crack and a long but discontinuous chip 

is formed. Once the fibres are cut elastic recovery takes place and the cut fibres in the 

machined surface brush against the tool clearance face during their recovery. This process is 

showed in the following figure. 

 

Figure 14: Type V Chip formation. [1] 

Effect of tool geometry 

Chip formation mode in machining FRPs is critically dependent on rake angle after 

fibre orientation, as it is shown in "Table 6". Cutting parallel to the fibres with a high positive 

rake angle produces chips by delamination and brittle fracture, while cutting with zero and 

negative rake tools produces chips by buckling of fibres perpendicular to fibre orientation by 

compression. Cutting perpendicular to the fibres with positive rake tools forms chips by fibre 

cutting, while cutting with a zero or negative rake tool forms chips by macrofracture. 
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Table 6: Classification of chip formation types in machining FRP. [1] 

On the other hand, the clearance angle does not seem to have any significant effect on 

the chip formation mode or machined surface topography, except for a slight enhancement in 

edge quality when a large clearance angle is used [9]. 
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Cutting with a large nose radiused tool or when the depth of cut is very small as 

compared to the nose radius, the material in the path of the tool is divided into two regions, 

pressing and chipping (See "Figure 15" for further information). The material in the pressing 

region is pushed under the tool and then springs back because of elastic recovery after the tool 

passes over, while the material in the chipping region forms the cut chip, which flows over the 

rake face by means of interlaminar shear in a plane parallel to the fibres. 

 

Figure 15: Cutting with a nose radiused cutting tool. [1] 

Effect of matrix material 

Thermoset and thermoplastic matrix materials result in two different types of chips 

due to differences in their physical and mechanical properties. Epoxy thermoset, which are 

stronger and more brittle than thermoplastics, produces fragmented and powdery chips by 

brittle fracture of the matrix as well as the fibres. Thermoplastic produces continuous and 

curling chips by plastic deformation due to the large elongation property under load because 

of the increase in temperature during cutting. On the other hand, for high cutting speeds and 

low feed rates the epoxy matrix fractures early because of high strain rates, resulting in 

smaller chip segments. For low cutting speeds and high feed rates results in bulkier chips for 

both thermoset and thermoplastic materials. 

Effect of fibres 

Glass fibres produce chips with partial bending and cracking and result in pullout of 

both matrix material and fibre. Because glass is an amorphous material, the fracture surface of 

glass fibres is somewhat smooth as compared to the other fibres. 

Carbon fibres on the other hand produce chips by sharp fracture with very little 

deformation. Serrated fracture surfaces with individual facets inclined to the fibre axis can be 

seen. The self-lubricating effect of carbon and graphite fibres helps in easy gliding over the 

matrix, making CFRP more prone to debonding during machining.  

Aramid fibres possess greater toughness than glass and carbon fibres. This allows 

them to bend to a great extent in front of the advancing cutting edge. Thus, AFRP are very 

difficult to cut and produce pieces of twisted fibre materials. 

The following figure shows the different chips from machining glass, carbon and 

aramid fibres. 
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Figure 16: Chips from machining GFRP, CFRP and AFRP, respectively. [1] 

5.1.1.2. Cutting forces 

The fluctuations in the principal or cutting force are observed to be higher than those 

in the thrust force, and it depends primarily on fibre orientation. For cutting parallel to the 

fibres with positive rake angle, the force fluctuations are indicative of the peeling and 

bending/fracture action of the fibres occurring on the rake face. For cutting positive fibre 

orientations, the principal force reflects changes in the process of shearing and fracture of the 

fibre and matrix materials with changes in fibre orientation. The thrust force reflects the 

interaction between the machined surface and the clearance face of the tool. For cutting large 

positive fibre orientations, greater fluctuations are associated with pressing and then shearing 

the fibres and cracking the matrix. 

Effect of fibre orientation 

Cutting and thrust forces are found to be primarily dependent on fibre orientation and 

operating conditions and tool geometry have less influence on cutting forces. The cutting 

force generally increases gradually with fibre orientation up to approximately 60° but a large 

increment when 90°. Then it decreases with further increase in fibre orientation with 

significant decreases occurring between 100° and 165°. Drastic increase/decrease in the 

principal forces is usually associated with the change in mode of chip formation. 

The thrust force exhibited more complex behaviour than the cutting one and it is even 

greater for orientations greater than 45°. An increase in the thrust force is exhibited when 

cutting small positive fibre orientations and then it decreases with further increase in fibre 

orientation. High thrust forces are attributed to the elastic recovery of the fibres, which elastic 

energy would be released after the fibres are severed, imparting a thrust force on the tool flank 

and providing a potent source for tool wear. 

In cutting positive fibre orientations (0° < θ < 90°), the cutting force Fc and the thrust 

force Ft can be resolved into a shear force Fs, acting along the shear plane and a normal force 

Fn, to the shear plane.  

Fs = Fc cosθ −Ft sinθ  (19) 

Equation 19: Shear force. 

Fn = Fc sinθ +Ft cosθ  (20) 

Equation 20: Normal force. 

The resultant force R, makes an angle λe to the fibre orientation (Fig.17). The 

behaviour of angle λe and normal force Fn with fibre orientation is linked to the chip 

formation mode. 
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Figure 17: Force components along and perpendicular to the plane of the fibres. [1] 

Effect of tool geometry 

There is generally a decrease in the cutting force and thrust force with an increase in 

rake angle (Fig.18), since chips slide of and slide away a little easier as the rake angle 

increases [10].  

 

Figure 18: Cutting force vs. rake angle and vertical force vs. rake angle when cutting CFRP. 

v=0.02m/min, ac=0.1mm and aw=2.28mm. [12] 

The effect of clearance angle on tool forces when increasing leads to slight decrease in 

the principal force, because of the size of the contact area between the tool and the workpiece 

[8]. A decreasing angle results in a larger area, and thus in an increasing thrust force. 

The effect of nose radius on tool forces is related with depth of cut (Fig.19). The 

increase in the cutting force with depth of cut is smaller and is proportionate to the depth of 

cut. In CFRP the depth of cut increases beyond the critical value of 100μm, so the effect of 

fibre cutting denominates over the pressing action. Contrary to this behaviour, when cutting 

GFRP, the depth of cut has only marginal effect on the cutting and the thrust forces. 

  

Figure 19: Relationship between nominal depth of cut and cutting forces in machining CFRP 

and GFRP. Fibre orientation θ = 30◦, nose radius = 50μm. [1] 
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5.1.2. Machining of multidirectional laminates 

Studies of machining unidirectional laminates provided fundamental understanding of 

the relationships between fibre orientation, process parameters, and the mode of chip 

formation. Multidirectional laminates are of more practical interest than unidirectional 

laminates since most practical structures are made by laying unidirectional tapes in some 

desired arrangements.  

Chip formation  

Chip formation in trimming of the multidirectional laminate is very similar to that of 

unidirectional material despite the presence of multidirectional plies. Each ply in the 

composite laminate behaves independent of the surrounding plies and exhibited a similar chip 

formation mode to that of a unidirectional laminate. The length of chips is in general longer 

than that in unidirectional trimming. Plies of 0° fibres tend to buckling or delamination 

followed by bending (Type I and II). Plies of 45° and 90° induce compression fibre cutting 

(Type III) and very tiny chips are produced for the ply with chip release along the fibre 

direction. However, cutting of the 90 and 135° plies takes place without any indication of 

out-of-plane displacement [10].  

On the other hand, the machined surface reflects the difference in fibre orientation of 

each ply in the multidirectional laminate. For the 0 and 45° plies smooth surface are produced 

and matrix smearing on the surface was evident. For the 135° plies exhibit irregularities [10].  

Cutting forces 

Fluctuations of the cutting forces in multidirectional laminates are nearly identical to 

those recorded in edge trimming of 90° unidirectional material. Contrary to the force 

behaviour in cutting unidirectional laminates, the principal cutting force is greater than the 

thrust force for all cutting conditions and tool geometries. 

Tool geometry has significant influence on cutting forces. The resultant force 

decreases with increasing rake angle from 0 to 5° but then it increases with rake angle 

increase to 10° [1]. In trimming of multidirectional laminate GFRP [11], it was found that 

rake angle and depth of cut have major effects on the cutting force, and that clearance angle 

and depth of cut have major effects on the thrust force. Depth of cut has the greatest influence 

and cutting speed has negligible influence on the cutting forces. The optimal tool geometry 

for minimizing the resultant force consists of 6-7° rake angle and 17° clearance angle [1]. 

The multidirectional laminate behaves like an assemblage of unidirectional plies, so 

that the resultant cutting force obtained in trimming is nearly equivalent to a summation of 

forces from independent unidirectional plies [11].  

5.2. Machining operations 

 Fibre-reinforced polymer components are mostly produced near net shape, although 

machining is often required for dimensional requirements and assembly. Machining of FRPs 

is carried out by edge trimming, milling, drilling, countersinking, turning, sawing and 

grinding, but there are non conventional such as abrasive water jet and laser beam cutting.

 Though some of these processes are used to machining other materials, they can be 
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used to machining FRPs after proper adjustments to tool geometry, cutting speeds and feed 

rates are made.  

5.2.1. Turning 

The machinability of composites in turning is studied in terms of tool wear, cutting 

forces, cutting temperatures, and surface quality. Fibre type, orientation and volume fraction 

are the most significant material properties that influence machinability. 

Turning utilizes a single cutting tool to create a surface of revolution. The cylindrical 

workpiece is rotated around its axis while a cutting tool is fed parallel to the axis of rotation. 

As the cutting tool is engaged into the workpiece, a new surface of revolution is generated by 

removing a layer of material whose thickness is equal to the depth of the tool engagement. 

The following relationships apply to single point tools with small corner radius or 

when the depth of cut is very large as compared to the corner. 

The cutting speed is given by: 

          (21) 

Equation 21: Cutting speed. 

where: 

n is the rotational speed of the spindle given in rev/min. 

D is the workpiece diameter. 

The average feed motion vf, advances the tool per revolution along a specified 

direction. 

vf = f ·n  (22) 

Equation 22: Average feed motion. 

where: 

f is the feed given in mm/rev. 

The radial depth of cut    describes the thickness of material removed from the 

workpiece: 

    
      

 
  (23) 

Equation 23: Radial depth of cut. 

This material is removed in the form of a chip which flows upward on the tool rake 

face. The uncut chip thickness is measured normal to the cutting: 

ac = f ·sinκ   (24) 

Equation 24: Uncut chip thickness. 

where: 

κ is the cutting edge lead angle. 

The width of the uncut chip: 

aw = ap/sinκ   (25) 

Equation 25: width of the uncut chip. 

Therefore, the uncut chip cross-sectional area is: 

Ac = ac · aw = f ·ap  (26) 

Equation 26: Uncut chip cross-sectional area. 

The following figure shows a scheme of cutting geometry in turning. 
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Figure 20: Cutting geometry in turning. [1] 

The material removal rate Zw: 

Zw ≈ Ac·v = f ·ap·vc =  ·f·ap·N·Di  (27) 

Equation 27: Material removal rate. 

The time required for turning a length, lw, in the feed direction is given by 

tm = lw / vf = lw / f ·N  (28) 

Equation 28: Time required for turning a length. 

5.2.2. Milling and trimming 

Milling is one of the most frequently used material removal processes in FRPs 

manufacturing parts. However, FRP components are largely made near net shape and any 

subsequent milling is limited mainly to deburring and trimming as well as to achieving 

contour shape accuracy. In milling the cutting tool is rotating and often more than one cutting 

edge is engaged in cutting at the same time. This adds complexity to the milling process in 

terms of fibre orientation, chip size and cutting forces that continuously vary with tool 

rotation. 

The machinability of FRPs in milling is mainly characterized by tool wear, surface 

roughness and delamination. On the other hand, measurement of the cutting forces and 

temperatures are not easy because of the rotation of the tool. 

The most common types of milling operations in machining FRPs are: 

 Peripheral milling or profiling: the machined surface is parallel to the axis of rotation 

of the cutter and the engagement into the workpiece is in the radial direction of the 

cutter. It is called edge trimming when the tool diameter is small and the axial 

engagement is bigger than the thickness of the workpiece (Fig.21). 

 End milling: when the axial engagement is less than the thickness of the part and a slot 

is obtained (Fig.21). 

 

Figure 21: End milling and edge trimming, respectively. [1] 
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End milling and trimming operations are, depending on how the cutting edge 

approaches the workpiece, classified into: 

 Up: the direction of cutting speed of the edge in contact with the workpiece is opposite 

to the direction of feed (Fig.22). The engagement forces are low in lifting up of the 

workpiece. 

 Down: the direction of the cutting speed is the same that the feed one (Fig.22). The 

engagement forces are high and result in pushing the workpiece against the 

workholding surface. 

 

Figure 22: Up and down milling respectively. [1] 

Cutting forces in milling are not continuous. In up milling, the forces gradually 

increase from zero at beginning of tool engagement to a maximum when the cutting edge is 

about to leave the workpiece and drop to zero again when the cutting edge leaves it. 

The basic expressions describing this motion are the following ones. 

The cutting speed is: 

vc =   D n  (29) 

Equation 29: Cutting speed. 

where: 

n is the spindle speed. 

D is the tool diameter. 

The feed speed, vf, and the feed per revolution, f, are related by 

f = vf / n  (30) 

Equation 30: Feeding speed. 

The feed per tooth af: 

af = vf / (n T)  (31) 

Equation 31: Feed per tooth. 

where: 

T is the number of cutting edges on the cutter head. 

The length of the cutting edge engagement in the workpiece is given by: 

   
 

 
        

   

 
  

   

  
       

       (32) 

Equation 32: Length of the cutting edge. 

where: 

The plus sign is used for up milling. 

The negative sign is used for down milling. 

ae is the radial depth of cut. 

The average thickness of the undeformed chip is (Fig.23): 

aavg = (af ae) / Lc  (33) 

Equation 33: Average thickness of the underformed chip. 
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Figure 23: Cutting geometry in milling and edge trimming. [1] 

The material removal rate Zw:  

Zw = aeapvf  (34) 

Equation 34: Material removal rate. 

where: 

ap represents the thickness of the workpiece in edge trimming and 

profiling, and feed speed in end milling. 

The machining time is given by: 

tm = (Lw +Le) / vf   (35) 

Equation 35: Machining time. 

where: 

Lw is the time taken by the tool to traverse the length of the workpiece  

and any additional distance required to completely clear the tool off 

the workpiece. 

Le is the distance required to clear the workpiece by the tool: 

Le = (ae(D−ae))
1/2

  (36) 

Equation 36: Distance to clear the workpiece. 

For a given depth of cut ae, the maximum uncut chip thickness for up milling is 

smaller than that for down milling, so that higher requirement of cutting power and higher 

cutting forces are associated with down milling. 

For most machining applications of FRPs, for small feed speeds as compared to the 

spindle speed, the torchoidal path can be approximated by a circular arc and the uncut chip 

geometry for up and down milling becomes approximately the same.  

5.2.3. Drilling 

Drilling is one of the most important machining operations that are carried out on 

composites. The main factors to be considered are thermal management, tool wear and 

delamination.  

Poor thermal conductivity of the fibre and the matrix favour heat build up at the 

cutting region and majority of the heat generated has to be conducted away through the tool. 

FRPs are machined only in a limited range of process parameters in order to avoid damage by 

heat generated during drilling affected by the cutting speed and the feed rate. On the other 

hand, different thermal expansion coefficients between fibres and matrix make it difficult to 

achieve dimensional accuracy of the drilled holes, since the holes may shrink after drilling. 
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Besides, reinforcement fibres cause severe cutting edge wear by abrasion, which increases the 

thrust force that is the most controlling factor of the delamination onset.  

The most common drill bit is a two flute twist drill, which has two major cutting edges 

forming the drill point angle and each one of them 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. 

For a drill the feed speed cutting speed is given by: 

vf = f n  (37) 

Equation 37: Drill cutting speed. 

  where: 

   n are revolutions per minute. 

   f is the feed per revolution. 

The feed per tooth, af: 

af =f / T  (38) 

Equation 38: Feed per tooth. 

where: 

   T is the number of flutes. 

The width of the chip (see Figure 24 for further information), aw: 

aw = D / (2sinκ)  (39) 

Equation 39: Width of the chip. 

where: 

   D is the diameter. 

κ is the drill point angle or lead angle. 

The uncut chip thickness (Fig. 24), ac: 

ac = af sinκ = f sinκ / T  (40) 

Equation 40: Uncut chip thickness. 

The material removal rate Zw: 

Zw = vf ( D
2
/4) =   f D

2
n / 4  (41) 

Equation 41: Material removal rate. 

 

Figure 24: Cutting geometry in drilling. [1] 

The time required to drill a through hole in a workpiece of thickness Lh is calculated as 

the time required for the drill point to traverse the thickness and clear the drill cone. An 

additional distance Le, is required to clear the drill cone, which is given by: 

Le = D/ (2 tanκ)  (42) 

Equation 42: Distance required to clear the drill cone. 
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So that, the time to drill through the workpiece is given by: 

tm = (Lh +Le) / vf  (43) 

Equation 43: Time drilling. 

5.2.4. Abrasive machining and grinding 

Abrasive machining and grinding remove material by the action of the motion of small 

hard particles attached to a relatively rigid body. The hard phase is typically aluminium oxide, 

silicon carbide, cubic boron nitride, or diamond particles. Differences between the two 

processes are mainly three process parameters (Table 7): depth of cut, wheel or cutter 

diameter and its resulting velocity and workpiece feed rates.  

Parameter range Abrasive machining Grinding 

Typical cutter/wheel diameter (mm) 6–25 Up to 1000 

Cutting speed, vc (m/min) 100–500 1500–5000 

Workpiece feed rate, vf (m/min) 0.25–1.00 5.0–50.0 

Radial depth of cut, ae(mm) 1.00 – Full tool diameter 0.01–0.05 

Equivalent chip thickness, hq (μm) 2.00–50 0.01–0.1 

Material removal rate, Zw (cm
3
/min) 10–100 1.00×10

−5
–2.50×10

−4
 

Table 7: Process parameters in abrasive machining and grinding. [1] 

Abrasive cutters have small diameters as compared to grinding wheels and are used for 

more massive material removal, the cutting speed and the workpiece feed are relatively lower 

but the depth of cut is higher. So that, abrasive machining equivalent chip thickness is 

considerably larger, the material removal rate is higher and the surface roughness is higher 

than those for grinding. 

Abrasive machining is used in FRP edge trimming and milling in order to get an 

almost complete elimination of delamination and an improved surface finish. The abrasive 

particles are diamond grit of various sizes attached by metallic bond to the tool shank 

(Fig.25). The size of abrasive particles is identified by a grit number, which is a function of 

sieve size. The smaller the sieve size is, the larger the grit number is. Typical values of 30 grit 

cutter is used for roughing applications and 80 grit one, which has denser concentration, for 

finishing applications. 

 

Figure 25: Diamond abrasive cutter. [1] 

There are two techniques for bonding the diamond grit to the tool shank: 

 Electroplating: a steel tool shank is immersed in a nickel plating solution with 

suspended diamond particles and then is overplated with nickel until approximately 

50-70% of the diamond particle is covered by the bond matrix. This results in high 

density of diamond particles with low grain exposure that reduces the clearance 

required for chip disposal and causes heat build up and rapid tool wear. 

 Brazing: in which diamond grit and a nickel-chrome braze alloy are applied to the 

surface of the steel shank and then is heated to melt the braze alloy. This technique 
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allows greater control of the diamond particles density and distribution and results in 

high grain exposure, which allows for maximum clearance for chip disposal.  

The mechanics of cutting with abrasive particles is similar to edge trimming with 

multiple-edge cutting tools. Each abrasive grit on the cutter acts as a single point cutting edge 

with a large negative rake angle and a wide edge angle. It is characterized mainly by negative 

rake angles, small depths of cut, wide edge angles and a limited grain protrusion.   

The specific cutting energy is proportional to the reciprocal of the chip thickness, so 

that the specific cutting forces in abrasive machining are significantly greater than those in 

edge trimming with an end mill. However, the cutting forces are distributed over many 

engaged particles in the cut at the same time and the influence of each grit on the workpiece is 

minimized. This allows for less mechanical damage to the workpiece and better surface finish. 

An idealized distribution of the particles around the cutter periphery may be assumed, 

where the particles are equally spaced by a distance Lg (Fig.26). 

 
Figure 26: Material removal with abrasive cutter. [1] 

The cutting velocity of a cutting point is determined in the same manner as in milling, 

and the feed per cutting point is af: 

af = (Lgvf) / v  (44) 

Equation 44: Feed per cutting point. 

  where: 

  vf is the feed speed. 

The maximum uncut chip thickness taken by a cutting point is indicated by hm: 

hm = 2af (ae /D)
1/2

 (1−ae /D)
1/2

 − af
2
 /D  (45) 

Equation 45: Maximum uncut chip thickness. 

where: 

  ae is the cut depth. 

  D is the diameter. 

If ae << D: 

hm = 2af (ae/D)
1/2

 − af
2
 /D  (46) 

Equation 46: Maximun uncut chip thickness when a<<D. 

The magnitude of hm is typically an order of magnitude smaller than the depth of cut 

ae and is much less than Lc. In this case the shape of the undeformed chip is nearly triangular 

and in order to calculate its thickness an estimate of the grain spacing Lg is needed.  
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Lg = 2 C r hm  (47) 

Equation 47: Grain spacing. 

where: 

  C is the grain density. 

r is the ratio of effective undeformed chip width to the average chip 

thickness, ha.  

For hm<<Lc the average chip thickness is approximately half of the maximum chip 

thickness, ha ∼= 0.5hm. The contact length adjusted to account for the feed motion, is known 

as the kinematic contact length, Lk, 

Lk = Lc (1± vf / v) + af / 2   (48) 

Equation 48: Kinematic contact length. 

where positive is used for up grinding and negative for down grinding. 

If v >>vf the contribution of af is very small, so that: 

Lk ≈ Lc = (ae D)
1/2 

(49) 

Equation 49: Kinematic contact length when v >>vf . 

The material removal rate in abrasive cutting is given by:  

Zw = ae ·ap ·vf  (50) 

Equation 50: Material removal rate. 

where: 

ap is the width of the workpiece in edge trimming and the width of the 

cutter in peripheral grinding.  

Or also by: 

Zw = hq ·ap ·v.  (51) 

Equation 51: Material removal rate 2. 

where: 

hq is the uniform thickness referred to as the equivalent chip thickness 

and is given by: 

hq = ae vf v  (52) 

Equation 52: Uniform thickness. 

Finally, the cutting time: 

tm = lw+le vf   (53) 

Equation 53: Cutting time. 

where: 

le = 2(ae(D−ae))
1/2

  for z>0 (54) 

Equation 54: Distance between wheel centre and top surface. 

z is the distance between the wheel centre and the top surface of the 

workpiece (Fig. 27). 

 
Figure 27: Cutting geometry for abrasive wheel slot cutting. [1]  
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6. Tool wear 

Tool wear monitoring becomes important in order to prevent any hazards occurring to 

the machine or deterioration of the surface finish. Cutting tools may fail due to the plastic 

deformation, mechanical breakage, cutting edge blunting, tool brittle fracture or rise in the 

interface temperatures [1]. Optimising cutting process in terms of improving quality, 

increasing productivity and lowering cost has technical and economic importance. Tool wear 

influences cutting power, machining quality, tool life and machining cost. When tool wear 

reaches a certain value, increasing cutting force, vibration and cutting temperature cause 

surface integrity deteriorated and dimension error greater than tolerance, so the cutting tool 

must be replaced or ground. The cost and time for tool replacement and adjusting machine 

tool increases cost and decreases the productivity. 

The prediction of tool wear is performed by calculating tool life according to 

experiment and empirical tool life equations such as Taylor’s equation, although gives no 

information about the wear mechanism, moreover when tool geometry is changed, new 

equation must be established by making experiment. In the recent decades, numerical 

methods such as finite element method (FEM) has become a powerful tool in the simulation 

of cutting process because various variables in the cutting process such as cutting force, 

cutting temperature, strain, strain rate or stress can be predicted by performing chip formation 

and heat transfer analysis in metal cutting, including those very difficult to detect by 

experimental method. Therefore a new tool wear prediction method may be developed by 

integrating FEM simulation of cutting process with tool wear model. 

6.1. Tool wear phenomena 

Cutting tools are subjected to an extremely severe rubbing process. They are in 

contact, between the chip and work piece, under conditions of very high stress at high 

temperature, especially near the tool surface. During cutting, tools remove the material from 

the component to achieve the required shape, dimension and finish. However, wear is 

occurring during the cutting action, and it will result in the failure of the cutting tool and has 

to be replaced to guarantee the ordinary cutting action. 

 
Figure 28: Types of Tool Wear. [1] 

Under high temperature, high pressure, high sliding velocity and mechanical 

or thermal shock in cutting area, cutting tool has normally complex wear appearance, which 

consists of some basic wear types such as crater wear, flank wear, thermal crack, brittle crack, 

fatigue crack, insert breakage, plastic deformation and build-up edge (Fig.28). The 
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dominating basic wear types vary with the change of cutting conditions, although crater and 

flank wear are the most common ones. 

Crater wear 

In continuous cutting crater wear normally forms on rake face. It conforms to the chip 

shape underside and reaches the maximum depth at a distance away from the cutting edge 

where highest temperature occurs. At high cutting speed, crater wear is often the factor that 

determines the life of the cutting tool. Crater wear is improved by selecting suitable cutting 

parameters and using coated tool or ultra-hard material tool. 

Flank wear 

It is caused by the friction between the newly machined work piece surface and the 

tool flank face. It is responsible for a poor surface finish, a decrease in the dimension 

accuracy of the tool and an increase in cutting force, temperature and vibration. So that, the 

width of the flank wear (VB in Fig.28), is usually taken as a measure of the amount of wear 

and a threshold value of it is defined as tool reshape criterion, although it may present 

different behaviours of flank wear (Fig.29). 

 

Figure 29: Different behaviours of flank wear. 

6.1.1. Wear mechanism 

Tool wear is not formed by a unique tool wear mechanism but a combination of 

several of them, including: abrasive wear, adhesive wear, delamination wear, diffusion wear, 

oxidation wear, electrochemical wear, etc. Among them, abrasive wear, adhesive wear, 

diffusion wear and oxidation wear are the most important. 

 Abrasive wear 

It is mainly caused by the impurities within the work piece material, such as carbon, 

nitride and oxide compounds, as well as the built-up fragments. It is a mechanical wear and 

the main cause of the tool wear at low cutting speed. 

 Adhesive wear 

Due to the high pressure and temperature, welding occurs between the fresh surface of 

the chip and rake face. Severe wear is characterized by considerable welding and tearing of 

the softer rubbing surface at high wear rate, and the formation of relatively large wear 

particles (Fig.30). Adhesion wear occurs mainly at low machining temperatures on tool rake 

face. Under mild wear conditions, the surface finish of the sliding surfaces improves. 

 Diffusion wear 

Wear is a process of atomic transfer at contacting asperities. There are several ways in 

which the wear may be dependent on the diffusion mechanism. 
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Gross softening of the tool 

Diffusion of carbon in a relatively deep surface layer of the tool may cause softening 

and subsequent plastic flow of the tool. This flow may produce major changes in the tool 

geometry, which result in high forces and a sudden complete failure of the tool. 

Diffusion of major tool constituents into the work 

The tool matrix or a major strengthening constituent may be dissolved into the work 

and chip surfaces as they pass the tool. In cast alloy, carbide or ceramic tools, this may be the 

prime wear phenomenon. Diamond tool cutting iron and steel is the typical example of 

diffusion wear. 

Diffusion of a work-material component into the tool 

A constituent of the work material diffusing into the tool may alter the physical 

properties of a surface layer of the tool.  This may produce a thin brittle surface layer, that can 

be removed by fracture or chipping (Fig. 30). 

 
Figure 30: Abrasive, adhesive and diffusion wear respectively. [47] 

 Oxidation wear 

A slight oxidation of tool face is helpful to reduce the tool wear. It reduces adhesion, 

diffusion and current by isolating the tool and the work piece. But at high temperature soft 

oxide layers, for example Co3O4, WO3 or TiO2 are formed rapidly and then taken away by the 

chip and the work piece. That results in a rapid tool material loss (Fig. 31). 

 Chemical wear 

Corrosive wear is due to chemical attack of the surface (Fig. 31). 

 Fatigue wear 

It is often a thermo-mechanical combination. Temperature fluctuations and the loading 

and unloading of cutting forces can lead to cutting edge cracking and breaking (Fig. 31). 

Intermittent cutting action leads to continual generation of heat and cooling as well as shocks 

of cutting edge engagement. 

 
Figure 31: Oxidation, chemical and fatigue wear, respectively. [47] 

Under different cutting conditions dominating wear mechanisms are different. For a 

certain combination of cutting tool and workpiece, the dominating wear mechanisms vary 
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with cutting temperature. According to the temperature distribution on the tool face, it is 

assumed that crater wear is mainly caused by abrasive wear, diffusion wear and oxidation 

wear, but flank wear mainly dominated by abrasive wear due to hard second phase in the 

workpiece material. 

6.1.2. Stages of tool wear 

Under proper cutting conditions, the cumulative effect of the various wear 

mechanisms causes gradual degradation of the cutting edge with cutting. We can differentiate 

different regimes of tool wear (Fig.32): 

 Regime I: the wear of the cutting edge starts at a high rate which is caused by the 

initial breakdown of the sharp corners and weak spots in the cutting edge. 

 Regime II: the cutting edge is stabilized and the wear proceeds by gradual removal of 

the tool material. It represents the useful life of the cutting edge. It is predictable, so 

that it allows successful prediction of tool life and scheduling of tool replacement. 

 Regime III: starts when the cutting edge geometry becomes dysfunctional and rapid or 

catastrophic wear sits in.  

 
Figure 32: Stages of tool wear. [1] 

6.1.3.  Effects of tool wear on technological performance  

 Decrease the dimension accuracy: flank wear influences the plan geometry of a tool and 

this may affect the dimensions and shape of the component produced in a machine 

with set cutting tool position. 

 Increase the surface roughness: the surface finish produced in a machining operation 

usually deteriorates as the tool wears. This is particularly true of a tool worn by 

chipping and generally the case for a tool with flank-land wear, although there are 

circumstances in which a wear land may burnish the work piece and produces a good 

finish. 

 Increase the temperature, due to friction. 

 Likely cause vibration: a wear land increases the tendency of a tool to dynamic 

instability. A cutting operation which is quite free of vibration when the tool is sharp 

may be subjected to an unacceptable chatter mode when the tool wears. 

 Influence on cutting forces: the cutting forces are normally increased by wear of the tool. 

Crater wear may, however, under certain circumstances, reduce forces by effectively 

increasing the rake angle of the tool. Clearance-face wear and chipping almost 

invariably increase the cutting forces due to increased rubbing forces. 

 Lower the production efficiency, component quality, so that increase the cost. 
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6.2. Tool wear in FRPs 

In this section we will focus on the tool wear when machining FRPs, according to the 

material of which they are made of and the machining operations. We will refer to [1].  

6.2.1. Tool materials for machining FRPs 

A wide range of cutting tool materials is available for machining applications. These 

materials are generally classified into three main groups according to their hardness, strength 

and toughness: high-speed steels (HSS), cemented carbides and ceramics (Fig.33). Each 

group has its own mechanical characteristics and thermal properties, which makes its 

application more suitable for certain machining operations. Hardness describes the materials 

ability to resist abrasive wear and toughness describes its ability to resist fracture under heavy 

and/or intermittent loads.  

 
Figure 33: Toughness vs. hardness. [1] 

Tool steels properties are the highest toughness, moderate strength and low to 

moderate hardness imparted by heat treatment. So that, they can be easily ground into 

complex shapes and to very sharp edges, besides can also be reground, heat treated and reused 

after being worn out. On the other hand, the processing cost is low compared to the other tool 

materials. However, they are not suitable for high-speed machining due to its inability to 

retain hardness at high temperatures (austenitic transformation). Also, because of its low 

hardness and moderate strength, they cannot be practically used to machine abrasive materials 

such as FRPs and particulate-reinforced polymers, aluminum-silicon alloys and cast iron, or 

for roughing cuts. 

The cemented carbide group of tool materials is mostly based on tungsten carbides 

(WC) as the hard phase, but also include other carbides such as TiC and TaC. The tool blanks 

are produced near net shape by cold pressing of a suitable mixture of powders of carbides and 

a binder metal, such as cobalt. The tool blanks are then sintered at temperatures in the range 

1350-1650°C, to melt the binder and create bonding between the binder metal and the carbide 

grains. The hardness of cemented carbides is imparted by the hard carbide phase, while the 

binder metal provides the necessary toughness. They can also be relatively easily ground 

using diamond or CBN wheels. They also provide high hardness and high strength, and retain 

their properties at relatively high temperatures. Their hardness and thermal stability can be 

further improved by applying thin film coatings of hard ceramics on the cutting surfaces. The 
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technology of cemented carbides allows their production in mass and at low cost. The wide 

range of available carbide types, grain sizes and binder content make it easy to tailor specific 

carbide grades for specific applications. The shortcomings of cemented carbides are their 

inadequate hardness for machining advanced and highly abrasive materials and their 

susceptibility to chemical wear at conditions of high cutting temperatures. 

Super hard tool materials were developed mainly for long tool life and high 

productivity. Except of single crystal diamond, these tool materials are also made by sintering 

of the hard phase, provided in the form micrograin particles, with or without a binder phase. 

The binder phase, which could be ceramic or metallic, improves the toughness and 

manufacturability of the cutting tools. Sintering is performed at extremely high temperatures 

and high pressures to help consolidating and bonding the tool material, making their 

production cost very high [1]. Some properties of cutting tool materials are shown in the 

following table  

Material 

Transverse 

rupture 

str., TSR 

Compressive 

strength,Sc 

Fracture 

toughness, 

KIC 

Hardness 

Thermal 

expansion 

coeff., α 

Thermal 

conductivity, 

K 

(MPa) (MPa) (MPa m
−1/2

) HV30 
Knoop 

(MPa) 
(×10

−6
/°C) (W/m°C) 

Al2O3 550 3000 4.0 1600 16 8.2 10.5 

Al2O3–TiC 800 4500 4.5 2200 17 8.0 16.7 

Al2O3–ZrO2 700 – 5.5 2230 – 8.5 10.5 

SiAlON 800 3500 6.5 1870 17 3.2 20–25 

WC-Co 

(6% Co) 
1900 5380 12 1600 14 4.3–5.6 80 

PCBN 700–1200 3500 4.5 – 27–31 3.2–4.2 110–200 

PCD 860–1950 7700 3.0–9.0 – 39–54 1.5–3.8 543 

CVD 

diamond film 
1300 9000 5.5–8.5 – 

85–

100 
3.84 500–2200 

Single crystal 

diamond 
1350 6900 3.4 – 59–88 0.8–4.8 600–2100 

Table 8: Properties of some cutting tool materials. [1] 

Cemented tungsten carbides 

Cemented tungsten carbides are a range of composite materials that consist of hard 

carbide particles (mainly WC) bonded together by a metallic binder (mainly Co). The 

proportion of the binder phase ranges from 70 to 97 wt%. The carbide grain size ranges from 

0.4 to 10 μm. This range of combinations provides different carbide grades with different 

properties for a wide range of applications. Generally, the hardness increases and the 

transverse rupture strength (TRS) decreases with an increase in grain size, although grains 

smaller than 1μm show a higher TRS. This combination of high hardness and toughness 

makes submicron carbides most suitable for machining composites [1]. 

The ISO classifies tungsten carbides according to their machining use in three groups: 

P, M and K. Group K is for cutting nonferrous metals and non metallic materials such as 

polymers and their composites. Generally the cutting forces are low and abrasion is the most 

common form of wear. Because of the inhomogeneous nature of composite materials, the 

cutting forces show a great deal of fluctuation, which causes the cutting tool to fail by 

chipping. On the other hand, the cutting tool must have a sharp edge to produce good surface 

finish.  
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Coated carbides  

Hard ceramic coatings of several micrometers thick are deposited on cemented 

carbides in order to improve their wear resistance, particularly thermally driven wear such as 

crater formation on the rake face.  The coatings are formed in the range [900-1050] °C by 

chemical vapour deposition (CVD), or by physical vapour deposition (PVD) [400-450] °C, 

which includes finer microstructures, higher toughness and less deterioration to the carbide 

substrate at high temperatures. Single layer and multilayer coatings of TiC, TiN, TiCN and 

Al2O3 are implemented (Fig.34).  

 
Figure 34: Multilayer TiN-MTCVD-TiCN/Al2O3 /TiN coating  >90% WC-4%Tac-6% Co substr. [1] 

On the other hand, PVD coatings have higher TRS and chipping resistance than CVD 

coatings since its residual stresses are compressive instead of  tensile as in CVD ones, so that 

PVD ones are applied where cutting forces are high and chipping resistance is required, for 

example for coating sharp cutting tools [1]. However, the adhesion strength and wear 

resistance are superior in CVD coatings and are used in general turning and milling. Edge 

chipping and coating delamination are the most common forms of wear at high cutting speeds 

and high chip loads [1].  

Ceramics 

Ceramic tools are generally based on sintered aluminium oxide (Al2O3) at high 

temperatures and pressures. Ceramics have the highest thermal stability and exhibits excellent 

performance in high-speed machining where the cutting temperatures are extremely high [1]. 

On the other hand, their toughness is poor and they suffer from failure by chipping when used 

in heavy cuts or under interrupted loads, so that ceramic tools are usually ground into negative 

rake angles in order to enhance its mechanical strength. Besides, ceramics have poor 

resistance to thermal shock because of their low thermal conductivity. 

 Significant improvements in TRS and compressive strength are achieved by 

introducing other ceramics such as TiC and ZrO2 to the aluminium-oxide base [1]. This 

results in less chipping wear and better tool life. However, we cannot take advantage of 

coated carbides and ceramic properties in machining fibre reinforced composites because of 

their tendency to fail by chipping and the lack of ability to produce them in sharp edges. 

Polycrystalline diamond 

Diamond is the hardest material, and also provides good thermal conductivity, low 

coefficient of friction, and non adherence to most materials. However, the applications of 

single crystal diamond have been limited to ultra precision machining because of limitations 

on cutting tool size, susceptibility to fracture and its high cost.  

Polycrystalline diamond (PCD) is made by compacting PCDs and small amounts of 

metallic binder, such as cobalt, under high temperatures and pressures. The sintered PCD 
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blanks are later cut using to the required shape and then brazed to a tungsten carbide substrate. 

The advantages of PCD over single crystal diamonds are its uniform mechanical properties 

because of the random orientation of the diamond crystals, higher shock resistance and larger 

tool size [1]. The cost of PCD tools is up to ten times carbides and ceramics ones, although 

because of providing superior tool life and higher productivity under proper cutting 

conditions, they are economically viable. Another disadvantage of diamond cutting tools is 

their propensity to react with ferrous metals at high temperatures. The performance of PCD 

tools depends on the size of diamond crystals, ranging from 2 to 30μm, and the fracture 

toughness and hardness increases with an increase in grain size. 

Polycrystalline cubic boron nitride 

Polycrystalline cubic boron nitride (PCBN) tools are sintered from a mixture of CBN 

crystals and metallic or ceramic binder like TiC and TiN. It is produced by high temperature 

and high pressure synthesis. Its hardness is next only to diamond although it is more stable 

against ferrous metals than diamond. So that, it is used in cutting super alloys, hardened steel 

and hard cast iron. Because of their poor toughness, PCBN tools are formed into cutting edges 

with negative rake angle. The predominant form of wear is microchipping [1]. Therefore, 

these tools are not suitable for cutting inhomogeneous materials or in interrupted cutting. 

Diamond coated carbides 

Low-pressure diamond synthesis permits processing of diamond as a tool coating. 

Diamond crystals are grown from a carbon rich gas over a heated carbide substrate into a film 

composed of pure PCD that is several μm thick. The advantages of diamond coatings over 

PCD are large scale production, lower production cost and complex shaped tools such as drills 

and end mills. However, the adhesion of the diamond film to the substrate is poor. That is a 

problem in machining FRP, since sharp edge and a small cutting edge are required. So that, 

improvements have been effected in surface pre-treatment technologies of the substrate, such 

as mechanical roughening of the surface, chemical etching of the cobalt binder to enhance 

diamond nucleation, and the deposition of intermediate hard coatings layers to act as chemical 

barriers. The failure mode of diamond-coated carbides is by uniform wear of the diamond 

film and by film delamination. [1] 

6.2.2. Tool wear mechanisms 

Wear of WC-Co tools 

Tungsten carbide tools suffer from severe rounding of the cutting edge and flank wear 

when machining FRPs. Most of the wear occurs on the clearance face of the tool because of 

the rubbing action between the clearance face and the workpiece surface. This rubbing is 

facilitated by the elastic spring back of the reinforcement fibres and matrix after cutting. Less 

wear is caused by flow of the chip dust and particles over the rake face [1]. This is shown by 

the extent of removal of the original grinding marks from the rake face and the degree of 

roundness of the cutting edge (Fig.35).  
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Figure 35: Wear on WC-6%Co tool. [1] 

Flank wear may not be uniform and it may reflect the density variations across the 

thickness of the workpiece, so that shallow grooves in the direction of cutting are also visible. 

Voids may appear on the tool nose due to microfracture and later be smoothed out by wear. 

Wear of tungsten carbide cutting edge in machining FRPs occurs firstly by removal of the 

cobalt binder from between the tungsten carbide grains by a combination of plastic 

deformation and microabrasion, followed by the fragmentation or fracture and uprooting of 

the WC grains when sufficient binder has been removed [13]. 

FRPs are inhomogeneous materials consisting of soft and hard phases. Moreover, 

loose microfragments of the hard and abrasive reinforcement phase at the interface between 

the tool and the workpiece are able to penetrate, under cutting pressure, between the carbide 

grains and erode the cobalt binder by microabrasion. High fluctuating forces generate by 

material inhomogeneity would cause the tungsten carbide grains to move slightly in their 

binder position, developing cracks across the grains, followed by fracture and removal of 

parts or the whole grain leaving voids [1].  

The extent of edge wear of WC-Co tools is found to depend on the bulk hardness of 

the carbide grade (Fig.36). Moreover, for wear to take place by cobalt extrusion and 

microabrasion, the wear rate would depend on binder content and WC grain size and the 

frictional load which is responsible for the relative movement of the WC grains. On the other 

hand, significant enhancements in wear resistance can be achieved by developing ultrafine 

and nanostructured cemented carbides with grain size of less than 0.5μm [1]. 

 

Figure 36: Bulk hardness of WC-Co tools vs. edge wear when machining particleboard. [1] 

Wear of diamond-coated carbides 

Diamond coatings substrate have problems in adhering to the tungsten carbide due to 

large residual stresses in the film and the substrate generated by the CVD process (600-

1000°C), because of differences in thermal expansion coefficients of the diamond coating 

(αD=2.85×10
−6 

°C
−1
) and the substrate (αs=5.0×10

−6 
°C

−1
). For machining FRPs is required a 
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sharp cutting edge with a small angle to cleanly cut the fibres and produce good surface 

quality. However, this makes the edge mechanically weak, creates complex residual stresses 

and accelerates edge wear. Therefore, the performance of diamond coated tools is critically 

dependent on the feed rate, workpiece material, cutting edge geometry, substrate type and 

preparation and coating thickness [14]. 

In the absence of premature failure of the cutting edge because of lack of mechanical 

strength, two wear mechanisms determine the wear characteristics of diamond-coated tools in 

machining FRPs:  uniform abrasion and fracture controlled delamination of the diamond film 

[1]. When the film adhesion is sufficient, the diamond-coated tools wear by uniform abrasion 

of the diamond film by gradual smoothing and shedding of the diamond grains, leading to 

thinning of the diamond film. This leads to fracture and localized removal of the film from the 

substrate and later to an accelerated wear by abrasion of both substrate and diamond. When 

the film adhesion is not sufficient or residual stresses in the film are not favourable, localized 

fracture initiates at the nose of the cutting edge in the form of a radial crack. Under conditions 

of large compressive stresses in the film, the crack penetrates the coating and reaches the 

coating substrate interface, resulting in a large scale delamination of the diamond 

film (Fig.37). 

   

Figure 37: Evolution of fracture and delamination of the diamond film. [1] 

The substrate is then severely exposed and accelerated wear by abrasion of the 

substrate and diamond film follows. High feed rates, resulting in larger cutting forces and 

small film thickness, are found to promote wear by fracture and delamination of the diamond 

film [16], so that the state of stress in the diamond film plays an important role in facilitating 

or prohibiting crack growth. Once a surface crack is formed, it will be driven into the film 

following the path of maximum shear stress and it may lead to chipping a large segment of the 

film [15]. Another factor that affects the response of the diamond film is the external forces 

applied to the film by the cutting process. 

Wear of PCD tools 

The wear of PCD tools is characterized by uniform flank wear by abrasion and later an 

initial shedding of weakly held particles from the cutting edge by microchipping [16]. Rake 

face rounding is also present but is less than on the clearance face. Shallow abrasive grooves 

are formed on the flank face in the direction of cutting. Depending on the grain size of the 

PDC, we can differentiate [17]: 

 Coarse grain PDC: it performs better than the fine ones in the long run, as it provided 

smaller flank wear rate. 

 Fine grain PCD: which is less susceptible to microchipping than coarse grain. 
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Uniform abrasion wear is the dominant wear mechanism when machining 

homogenous composites with low feed rates [1]. The cobalt binder is first removed from 

between the diamond grains, which facilitates its dislodgment from the cutting edge. Using 

high feed rates, interrupted cutting or when the work material becomes less homogeneous, 

oscillating forces on the cutting edge lead to microchipping and fracture as the dominant wear 

mechanism. Chipping could occur at a scale much larger than the diamond grain size, causing 

severe damage to the cutting edge.  

Tool wear in turning 

The tool materials suitable for turning FRPs have high hardness for resisting abrasion 

and good thermal conductivity for dissipating heat. This becomes important when machining 

low thermal conductivity FRPs such as aramid or glass [1]. The most common tool materials 

used are cemented carbides, cubic boron nitride (CBN) and polycrystalline diamond (PCD) 

and lately diamond-coated carbides because of technology advances. 

 

Figure 38: Progression of flank wear of different tool materials in turning. Cutting speed 

100m/min, feed rate = 0.1mm/rev and depth of cut = 0.5mm. [1] 

The main wear mechanism in machining FRPs is abrasion, although other possible 

wear mechanisms include chipping, adhesion and tribooxidation [1]. Abrasive wear is shown 

in rounding of the cutting edge. Progression of flank wear of different tool material is shown 

in "Figure 38". A relatively flat and irregular flank wear land and to a lesser extent a curved 

rake wear land are developed on the two primary faces forming the cutting edge because of 

rubbing of the fibres on the flank and rake faces. The wear lands may also be marked with 

shallow grooves parallel to the cutting direction, being most apparent when machining with 

cemented carbide tools. On the other hand, chipping of the cutting edge occurs mostly when 

machining with more brittle tool materials such as PCD and PCBN. Adhesive wear is marked 

by the presence of carbonized or melted material deposits that settled on the tool surfaces. 

Wear is also strongly dependent on the volume fraction of reinforcement fibres and its 

orientation. Generally, the higher the fibre content is, the greater area of abrasive material in 

contact with the tool is and also the higher the wear rates are (Fig.39 and Table 9). Also, fibre 

orientations that promote fibre spring back after cutting cause greater rubbing between the 

tool flank and the fibres and lead to greater flank wear [20]. FRPs turning experiments on 

filament wound have shown that tool wear increases with an increase in winding angle to a 

maximum then drops with further increase in winding angle. For carbon-fibre-reinforced 
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polymers the maximum tool wear occurs at winding angle of 60°, while at 45° for 

glass-fibre-reinforced polymers [18].  

       

Figure 39: Tool life for various tool materials in turning GFRP (left) and CFRP (right). [20] 

Material Matrix Fibre Fibre content (wt%) Reinforcement form 

EPRU 5 Epoxy Glass 70 Unidirectional cloth 

EPR 8 Epoxy Glass 65 Bidirectional fabric 

UPM 72 Polyester Glass 50 Filament mat 

FW CFRP Epoxy Carbon 40 Filament wound 

PA 6.6-CF 20 Polyamide Carbon 20 Short fibre 

Carbon/epoxy Epoxy Carbon 60 Laminate 

Table 9: Form and composition of FRPs used to generate data Fig.39. [20] 

Tool wear in machining CFRP is less dependent on cutting speed than when 

machining GFRP, due to the excellent thermal conductivity of the carbon fibres which 

remove heat away from the cutting zone. This leads to lower cutting edge temperatures and 

lower wear rates, hence higher cutting speeds could be set. However, when machining GFRP 

with PCD tools and diamond-coated tools, the excellent thermal conductivity of diamond 

allows heat to be conducted away from the cutting zone through the cutting tool.  

Tool wear is also influenced by turning process parameters: cutting speed (the most 

significant effect), feed rate, and depth of cut (the least one). Tool wear was found to increase 

with an increase in cutting speed and feed rate, and a decrease in depth of cut [13].  

Tool wear in milling and trimming of FRPs 

Abrasion is the primary wear mechanism when milling and trimming FRPs [1]. 

Moreover, because of the interrupted nature of milling, tool microfracture and chipping are 

also prevalent, especially for cutting tools of insufficient toughness and mechanically weak 

cutting edges. Therefore, great resistance to abrasive wear and high fracture toughness are 

required. Tool thermal conductivity is also important because most of the heat generated in 

cutting has to be dissipated through the cutting tool. The tool materials that meet these two 

requirements are fine-grained cemented carbides, PCD and diamond-coated carbides [1] 

(Fig. 40). 



Analysis of tool wear after machining of FRP  Page 47 

 

Figure 40: Clearance side of the worn cutting edge after machining 31m of CFRP at 

1.27m/min with uncoated diamond, coated D10 and D20, respectively. [1] 

The amount of flank wear generally increases with increasing cutting distance and 

feed rate for all milling cutters [1]. On the other hand, diamond coating has shown efficacy in 

combating the abrasive wear commonly associated with machining CFRP. At the high feed 

rate, the coated tools exhibited high rates of wear at the beginning (severe chipping and 

delamination of the diamond film) and then the wear progressed slowly (uniform wear by 

abrasion of both the diamond film and substrate).  

High-speed machinability in terms of tool wear can be improved by reducing the feed 

rate (Fig. 41), since it produces a smaller chip per tooth and therefore lower cutting forces and 

less severe impact on the cutting edge.  

 

Figure 41: Tool life in edge CFRP milling using a TiN coated four-flute end mill. [21] 

Burr tools such as diamond interlocked solid carbide burr are often used to improve 

machinability, especially at conditions of high spindle speeds and feed rates common in CNC 

routing [19]. This tool is comprised of intersecting up and down helix, which generates many 

diamond-shaped cutting points that shear the fibre in the composites while providing pulling 

action at the same time, to make the points overlap in order to not make grooves on the 

machined edge. Fracture of the tips of the pyramid tooth and flank wear are usually observed 

(Fig. 42). 
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Figure 42: Fractured tooth and presence of non uniform flank wear, respectively. [1] 

The average number of teeth fractured generally increases with an increase in 

equivalent chip thickness, which corresponds to an increase in feed rate, a decrease in cutting 

speed or both. This is related to the increase in forces required to remove the larger chip 

thickness. The number of teeth fractured does not change significantly with the increase in 

cutting distance, since the cutting tool became fairly stable once the fragile teeth were 

fractured at the very beginning of tool engagement. On the other hand, flank wear decreases 

with an increase in equivalent chip thickness, that is an increase in feed rate, a decrease in 

cutting speed, or both. So that, significant machinability improvements in terms of tool wear 

can be achieved by decreasing the equivalent chip thickness [1].  
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7. Machining goals 

Machined surface quality is often characterized by morphology and integrity of the 

surface, and both of them depend on process and workpiece characteristics such as cutting 

speed, feed rate, fibre type and content, fibre orientation and matrix type and content. Surface 

morphology is concerned with the geometrical features of the generated surface and it is a 

function of the tool geometry, kinematics of the machining process and machine tool rigidity. 

Surface integrity describes the physical and chemical changes of the surface layer after 

machining, including fibre pullout and breakage, delamination, matrix removal and matrix 

melting or decomposition. The reliability of machined components is critically dependent on 

the quality of the surfaces produced by machining. The condition of the surface layer of the 

machined edge may drastically affect the strength and the chemical resistance of the 

component [23]. Therefore, to characterize and quantify the quality of the machined surface 

and the effect of process parameters on surface quality becomes relevant. 

The dominant wear mechanisms in machining FRPs are abrasion, which arises from 

the abrasive nature of the fibres and its debris in the cutting region and microchipping caused 

by the material inhomogeniety, which causes fluctuating forces at the cutting edge. Therefore, 

the demand on tool materials and cutting technology is to minimize the wear effects of these 

two mechanisms. On the other hand, FRPs are produced near net shape, so the need for 

roughing operations and heavy cuts is not great. This allows lighter cutting forces to be 

applied to the tool and helps reduce chipping, and so that the emphasis turns to the tool and its 

structure. The demand for higher productivity requires the use of higher spindle speeds and 

higher feed rates than those utilized in metal cutting.  

7.1. Surface finish 

Surface geometry is produced as a result of the machine tool kinematics while 

machining. This surface geometry follows a theoretical repeated pattern, although machined 

surface deviates from it because of tool wear, machine vibrations, material inhomogeneity and 

other factors not related to machine tool kinematics. That machined surface, called natural 

surface finish, may not have a regular geometry. The surface profile is typically described by 

its: 

 Lay: it is the macroscopic contour of the surface and describes the direction of the 

predominant surface pattern (Fig. 43). Errors in lay and shape result from misalignment of 

machine components and from distortions from clamping forces. 

 Waviness: it is the recurrent deviations from an ideal, and it results from deflections in the 

machine and cutting tool, errors in the tool geometry and machine vibrations. 

 Roughness: it is the finely spaced irregularities or irregular deviations characterized by 

short wavelength (Fig. 43). It is affected by tool shape and feed as well as by machining 

conditions. 

 

Figure 43: Schematic machined surface. [1] 
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Surface roughness parameters, which are often used to characterize machined surfaces 

and to describe surface morphology, has been shown that reveal little about the true surface 

characteristics of the composite. Most often, these parameters are used in combination with 

visual inspection to reveal surface features such as matrix smearing, fibre pullout and 

delamination. Furthermore, it is found that surface roughness is critically dependent on fibre 

orientation because of its significant effect on the chip formation mode [1]. 

7.2. Machining quality in turning 

The surface morphology around the workpiece circumference depends on the fibre 

orientation angle (the angle between the cutting velocity vector and the fibres), which is 

directly related to the circumferential angle,  (Fig. 44). At circumferential angle =0°, the 

fibres are parallel to the cutting velocity vector and the fibre orientation angle θ=180°. As  

increases to  , the fibre orientation angle decreases according to the relation θ= -. Further 

increase in the circumferential angle, >  leads to a decrease in fibre orientation angle 

according to the relation θ=2 - [1]. 

 

Figure 44: Variation of surface roughness with circumferential position when machining 

laminate tube at different feed rates [24]. 

At fibre orientation 45° the fibres are subjected to slight bending and tensile loading 

which causes the fibres to break in tension and causes little subsurface delamination. At fibre 

orientation 135° the fibres are subjected to severe bending and compression loading, which 

causes the fibres to break in compression shear. Significant subsurface delamination and 

cracking in the fibres take place in this mode of chip formation. Surface roughness also 

increases with an increase in feed rate, but the effect of fibre orientation is magnified at higher 

feed rates [1].  

When machining carbon and glass filament wound tubes using the same cutting tool 

geometry and at constant cutting speed, the best surface quality is obtained with winding 

angle ω = 0°. The surface roughness increases with an increase in winding angle. For CFRPs 

the maximum surface roughness is obtained at winding angle of 75°, while at about 60° for 

GFRPs (Fig. 45). [22] 
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Figure 45: Variation of surface roughness when machining filament wound tubes. Fibre 

content 50%. Cutting speed = 100m/min, depth of cut = 1.0mm and rake angle = 0° [22]. 

Surface roughness is generally lower for CFRP than GFRP due to the higher thermal 

conductivity of carbon fibre and the higher adhesive force between fibre and matrix. The 

surface roughness for both materials increases with the increase in feed rate. The effect of 

feed rate is greater for glass FRPs and at small winding angles. The effect of feed rate is the 

most significant factor affecting surface roughness, followed by cutting speed, depth of cut 

and winding angle. On the other hand, the interactions between feed rate and depth of cut are 

the most significant [22]. 

Typical damage to the machined surface includes matrix chipping and small pits 

(brittle thermosets), fibre breakage, fibre pullout, fibre fuzziness (aramid fibres), cracks, 

delamination and smearing of the matrix material (for thermoplastics). Factors affecting 

surface damage include fibre orientation, feed rate, cutting speed, and fibre material. The 

influence of fibre orientation is obvious as it controls the chip formation mode and the 

ensuing delamination that may result. Matrix damage also increases with increasing fibre 

orientation. The cutting speed mainly affects the cutting temperatures, which in turn affect the 

matrix. Combustion of the thermoset matrix or melting of the thermoplastics may occur if 

localized temperatures exceed the decomposition or melting temperatures of the matrix. The 

higher thermal conductivity of the carbon fibre is a disadvantage because it increases the 

portion of heat conducted to the workpiece and consequently increases the thermal damage. 

Due to the magnitude of the cutting forces, the adhesion strength between fibre and matrix 

can be exceeded, so that fibres either delamination are removed by the expansion of matrix 

parts. Transverse loading of the laminate, caused by excessive cutting forces, creates an 

expansion of the matrix and to interlaminar cracks at the fibre–matrix interface. Tool wear 

and unsuitable cutting parameters cause thermo mechanical damage that can lead to various 

damage phenomena [22]. 

7.3. Machining quality in milling and trimming 

Different reinforcement fibres behave differently in response to the action of the 

advancing cutting edge. The fracture behaviour of glass and carbon fibres is brittle in nature 

and the fibres are not able to sustain high deformations in bending or compression. The fibres 

therefore fracture due to compression shear and or bending stress, depending on fibre 

orientation. On the other hand, aramid fibres can sustain large deformations in bending. They 
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evade the advancing cutting edge and bounce back once the edge has passes, creating a fuzzy 

appearance of the machined edge. This characteristic response of the fibres requires special 

cutting edge geometry for each fibre type.  

Furthermore, the relationship between the fibre diameters to that of the radius of the 

cutting edge has significant implications on the mechanics of cutting. For most practical 

applications the tool nose radius is greater than the fibre diameter and clean shaving of the 

fibres by direct shear may not be possible. In order to achieve a clean cut, it is required that 

the cutting tool maintains enough level of edge sharpness by selecting tool materials of high 

wear resistance and edge integrity such as fine and ultra fine grain size carbides and 

polycrystalline diamond. The submicron grain sizes used for making these tools provide the 

high abrasive resistance required in this environment, but also cause the tool to be brittle and 

more susceptible to fracture. The behaviour of the matrix binder is also dependent on the 

cutting edge angles and sharpness. Negative rake angle tools cause the matrix to elastically 

deform in front of the cutting edge and significant bouncing takes place behind the cutting 

edge, leading to poor surface quality and extensive flank wear. Also important is the size of 

uncut chip relative to the nose radius of the tool. Too small size of uncut chip gives rise to 

pressing the fibres and matrix under the tool nose and causes poor surface finish and 

excessive tool wear. By manipulating the cutting process parameters such as cutting speed, 

feed rate, and number of cutting edges on the milling cutter, the size of uncut chip is 

controlled [1].  

Machining quality in milling and trimming is defined by surface finish and surface 

integrity, which include mechanical and thermal damage to the surface and delamination of 

the top and/or bottom ply of the laminate structure.  

7.3.1. Surface roughness 

Surface finish defines machining quality and it is affected by feed rate, cutting speed, 

tool nose radius and tool wear [26]. Surface roughness is generally increased with an increase 

in feed rate (Fig. 46). An increase in cutting speed for a fixed feed and cutter results in a 

decrease in chip per tooth, which in turn results in a decrease in surface roughness (Fig. 47). 

 

Figure 46: Surface after end milling of CFRP with four flute helical cutter, with F=1.27 and 

2.54 m/min respectively. [25] 

An increase in the feed per tooth, that is increasing the feed rate, causes a significant  

rise in the feed force which in turn causes higher friction and so that a rise in surface 

roughness due to the heat generated.  
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Figure 47: Variation of surface roughness with cutting speed and feed per tooth when 

machining GFRP with PCD milling tool. [37] 

Surface roughness depends mainly on feed rate and the interaction effect between 

cutting speed and feed rate. Because of this interaction, the effect of feed rate is more 

pronounced at low cutting speeds. Increasing feed rate resulted in an increase in the average 

chip thickness and consequently the forces required for chip removal. Smearing of the 

polymeric matrix is also more apparent at high feed rate. 

7.3.2. Delamination 

 Delamination becomes important because of the rise of an axial force component 

during milling and trimming with helical cutting tools. The axial force acts in a direction 

normal to the stacking plane of the composite laminate and hence may cause interplay 

separation. This effect is most observed at the top or bottom surfaces of the machined edge 

because the surface plies are not supported on one side. In conventional helical cutters the 

axial force acts upward, so that the damage will be seen in the top ply. In a downward spiral-

milling tool, the axial force acts in a downward direction and most damage will be seen in the 

bottom ply. The type of delamination that occurs during milling and its frequency of 

occurrence depend heavily on the surface ply orientation.  

The types of delamination during milling and trimming are [28]: 

 Type I: describes areas where the surface fibres have been broken and removed some 

distance inward from the machined edge (Fig. 48). 

 Type II: consists of uncut fibres that protrude outward from the machined edge.  It is 

caused by the fibres being able to bend or move away from the path of the advancing 

tool and then spring back to their original orientation. This may occur most likely for 

fibres in a ply below the surface ply (Fig. 48). 

 Type III: describes fibres that are partially attached or cracks that are parallel to the 

machined surface (Fig. 48).  

Both Type I and Type III delamination create loose fibres attached to the machined edge 

and cause a fuzzy appearance. 
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Figure 48: Delamination types I, II and III respectively. [1] 

On the other hand, the occurrence of delamination is dependent on process parameters 

such as cutting speed, feed rate, depth of cut, tool wear and the effect of surface ply 

orientation on and its type (Fig. 49). [26] 

 

Figure 49: Delamination frequency in relation to surface-ply orientation for PCD and carbide 

cutter [26]. 

The delamination depth rises slightly with an increase of cutting distance as a result of 

tool wear, however the effect of feed rate is more significant due to be the most important 

factor influencing delamination width. The effect of cutting speed on delamination appears to 

be slightly more than that of the feed rate (Fig. 50). Besides, delamination factor in machining 

GFRP and CFRP with helical cutter is affected by the cutting speed and the feed rate. An 

increase in cutting speed and feed rate generally lead to an increase in the delamination factor. 

[29] 

 

 

Figure 50: Variation of average delamination length with tool wear at different cutting speeds 

and feed rates. [1] 

Severe delamination occurs with the largest chip thickness (the smallest cutting speed, 

largest feed rate and higher axial force), meanwhile it is almost absent for the smallest chip 

thickness. This means that great improvement in machinability in terms of delamination is 

obtained by machining at high spindle speeds and low table feed. 
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7.3.3. Selection of cutting tools 

A variety of cutting tool materials and geometries are available for machining FRPs, 

due to the diverse characteristics of the FRP products from types of reinforcement and matrix 

and volume fraction of reinforcement fibres that are utilized for different applications. 

According to the cutting tool geometries, we can differentiate for milling and trimming of 

composite panels: 

 Straight flute cutter: is the simplest and the most versatile tool geometry (Fig. 51-a). It 

provides clean shaving action and good surface finish [36]. However, it has poor ability 

of chip disposal and tends to clog very shortly after use. This results in compression of 

the surface layer and poor surface finish. Because of the simple straight cutting edge 

design, it is also available with PCD tips. 

 Unidirectional helical cutter: generates an axial force which acts normal to the stacking 

direction of the laminate. The direction of the force depends on the direction of the spiral 

(Fig. 51-b, c). This force in turn causes delamination and fuzzing in the surface ply that is 

not supported in the force direction. That problem is avoided by utilizing a double helix 

or compression cutter (Fig. 51-d), since the two opposing helix generate forces that act in 

compression from both sides of the laminate panel, and thus prevent delamination. 

 The burr tools: have been used for many years for cutting and trimming fibre glass due to 

their high wear resistance and ability to produce a clean cut at relatively high cutting 

speeds and feed rates. The opposing spirals ground in the body of the tool generate many 

cutting points that shear the fibre in the composites while providing pulling action at the 

same time, which ensures clean shearing of the fibres (Fig. 51-e). The tool has an uneven 

count of up and down spirals to make the points overlap, so that they do not make 

grooves on the machined edge. The apparent disadvantages of this tool are premature 

fracture of the tip of the cutting points and ease of clogging. Both of these shortcomings 

can be avoided by proper selection of sufficiently small uncut chip thickness. 

 
(a)         (b)          (c)          (d)         (e)           (f) 

Figure 51: Geometry of cutting tools for milling composite materials (a) straight flute, (b) 

upcut helical tool, (c) downcut helical tool, (d) double spiral compression tool, (e) burr tool 

and (f) fluted bur. [1] 

Aramid fibres are considerably tougher than glass and carbon fibres and resist shearing 

and bending stresses. Therefore, machining aramid FRP with conventional tool geometries 

results in poor surface quality in terms of fuzzing. The fibres may be sheared more effectively 

if they are subjected to tension at the same time to prevent bending ahead of the advancing 

cutting edge [1]. Double spiral compression tools and fluted burr (Fig. 51-f) have proven to be 
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effective in machining aramid FRPs, although a high degree of cutting edge sharpness and a 

small cutting edge radius are also required. 

Clogging is a serious problem when designing tools because of the small tool 

diameter, small gullet size and the high cutting temperatures which cause the polymer matrix 

to soften and adhere to the cutting edge. The detrimental effects of this condition are severe 

damage to the machined surface and poor surface finish. The use of compressed air in 

combination with proper selection of speeds and feed rates and also relatively larger diameter 

tools help in alleviating the clogging problem.  

Selection of the tool wedge angles is also important for controlling tool wear and 

surface finish. Tool wedge angles of approximately 75° with rake angle of 7° have proved 

favourable for PCD cutting tips [1]. Keener cutting edge angles and sharper cutting edges are 

possible when submicron carbide grades are utilized. Reduction in the wedge angle offers 

only a short-term advantage, which is offset by increased wear. When the clearance angle 

selected is too small, extensive wear occurs at the flank, resulting in a tendency for the 

polymer material to become deformed rather than fractured. 

7.3.4. Selecting process parameters  

The process parameters are cutting speed and feed speed, which when combined with 

the number of teeth on the cutter define the size of uncut chip that influences the cutting 

forces, surface roughness and delamination. Milling and trimming of FRPs are a finishing 

procedure, so generally the better machining quality is obtained with smaller uncut chip 

thickness. This is increasing the cutting speed, decreasing the feed speed, increasing the 

number of teeth on the cutter or any combination of the three. Reducing the chip per tooth by 

increasing the cutting speed results in reducing of the cutting forces, improving surface 

roughness and reducing clogging [1]. For improving production rates high feed rates are used 

increasing the chip per tooth, so that a proportional increase in spindle speed should be done 

in order to maintain a small chip per tooth.  

When machining at high speeds high cutting temperatures are associated, so that the 

glass transition temperature of the polymer matrix, the accelerated tool wear and shorter tool 

life have to be taken into account. Because of the small size of chip and the poor thermal 

properties of the FRPs, the tool becomes the main heatsink, being the use of PCD cutters and 

diamond-coated carbides extremely beneficial because of their excellent thermal conductivity 

and wear resistance. High spindle speeds are also associated with dynamic instabilities and 

increased tool and workpiece vibration, so it leads to deteriorating machined surface quality 

and is extremely detrimental to the health of PCD and diamond coated tool. 

The surface integrity is also dependent on the milling configuration, since for CFRP 

edge trimming with burr tools, the machining quality in up milling is better than in down 

milling (Fig. 52) [26]. Similar results were obtained for surface roughness when machining 

CFRP with PCD straight flute cutter, these were caused by differences in the chip formation 

mechanics as determined by the fibre orientation relative to the cutting velocity in up milling 

and down milling (Fig. 52) and debris from chips clogs the flute and obstructs the cutting in 

down milling [27]. 
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Figure 52: Effect of cutting configuration on machining quality [26]. 

7.4. Machining quality in drilling 

Machining quality in drilling is characterized by the extent of delamination damage, 

surface roughness, hole edge quality and roundness. Delamination is an intrinsic problem in 

drilling layered materials because the drill feed motion and the resulting thrust force acting 

normal to the stacking plane tend to separate the plies along the weak epoxy layer in between. 

Moreover, different drill point geometries behave differently in terms of delamination 

response. Delamination leaves cracks between the plies in the drilled component, which may 

result in degradation of its mechanical performance [1]. Hole surface roughness is measured 

on the walls of the hole in the direction of the feed. It is influenced by the fibre orientation 

around the periphery of the hole. The drilled edge quality, roundness and dimensional 

accuracy are influenced by delamination, tool wear and cutting temperatures. Different 

thermal expansion coefficients along and transverse to the fibre directions and between the 

polymer matrix and the reinforcement fibres, lead to residual stresses and dimensional 

variations in the hole diameter.  

7.4.1. Surface roughness 

Surface roughness of the wall of the drilled hole is highly dependent on fibre 

orientation [27]. The maximum surface roughness occurs at cutting edge positions 135° and 

315°, which correspond to fibre orientation θ=135°, since the fibres are loaded in compression 

and bending and fail due to compression shear (Fig. 53). The bent fibres then bounce back 

after the cutting edge passes, which creates higher surface roughness. On the other hand, the 

tangential force and the resulting torque also reach their maximum at this fibre orientation.  

Surface roughness is mildly affected by cutting speed and rises slightly with the 

increase of feed rate in machining CFRP. Feed rates below 0.3 mm/rev were recommended 

for producing finer surface finish. In GFRPs, surface roughness increases with an increase in 

feed rate and a decrease in cutting speed [33]. 

On the other hand, different tools also produce significantly different results in terms 

of surface roughness. The Brad and Spur drill produces the lowest surface roughness followed 

by the carbide drill and the HSS twist drill [33]. 
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Figure 53: Influence of fibre orientation on surface roughness for drilling unidirectional CFRP 

[27]. 

7.4.2. Delamination 

Delamination in drilling FRPs becomes important since it may severely affect the 

structural integrity and long term reliability of the machined component. When drilling, 

delamination occurs at the entry (peel-up) and exit planes (push-out) of the workpiece 

(Fig. 54). 

 

Figure 54: Push-out delamination at exit and peel-up delamination at entry. [1] 

 Push-out delamination:  The drill point generates compressive force on the uncut plies 

below causing them to bend elastically. As the drill approaches the exit, the number of 

uncut plies supporting it reduces and the resistance to bending decreases. At a critical 

thickness the bending stress becomes greater than the interlaminar strength between 

the plies and an interlaminar crack is initiated around the hole. Further pushing down 

by the drill point causes the crack to propagate, fracturing the material and then the 

chisel edge proceed exiting the laminate, spalling beyond the hole diameter. 

 Peal-up delamination: occurs by sliding the pierced plies up the flutes of the drill. This 

tends to separate and severely bend the surface plies leading to its fracture. 

Obtaining the size, shape and location of delamination is necessary for the assessment 

of machining damage. A delamination factor is defined to characterize drilling damage and to 

quantify the effect of process parameters on the extent of delamination (Fig. 55). 

Fd =dmax/d  (55) 

Equation 55: Delamination Factor Fp. 

where: 

dmax is the maximum diameter of the damage zone. 

d is the hole diameter. 



Analysis of tool wear after machining of FRP  Page 59 

 

Figure 55: Representation of the delamination factor. [1] 

The onset of delamination and the extent of its damage are affected by several process 

parameters such as feed rate, spindle speed, drill diameter, drill point design and material 

configuration. Delamination on the outer surface plies generally increases with an increase in 

feed rate and cutting speed, being the feed rate the most influencing parameter because of its 

direct influence on the thrust force. 

The Brad and Spur carbide drill has the lowest delamination damage, followed by the 

helical flute carbide drill, the straight flute carbide drill and the HSS twist drill. This is 

because delamination is strongly correlated with thrust force, which is in turn dependent on 

the drill point geometry. HSS twist drill wears much more rapidly than the carbide and the 

wear-induced thrust force is higher. Feed rate and drill diameter make the largest contribution 

to delamination damage, while the candle stick drill and saw drill were found to cause smaller 

delamination factor than the twist drill [30]. The thrust force increases with wear to a large 

extent and delamination damage becomes more prominent with the increase of tool wear, 

which is the number of drilled holes. On the other hand delamination becomes more serious 

as the cutting speed is increased (Fig. 56) [30]. 

 

Figure 56: Relationship between delamination factor and flank wear. [1] 

7.4.3. Selection of cutting tools 

In order to avoid introducing delamination the thrust force must be reduced by 

reducing the feed rate. Using variable feed rate to slow the feed at entry and exit while drilling 

in between at the highest possible feed rates allows for delamination free drilling and high 

productivity. Manipulating the feed rate provides good results for twist drill diameters below 

6 mm [30], for larger drill diameters modifying the drill point geometry by reducing the chisel 
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edge width becomes necessary for avoiding delamination [32]. On the other hand, increasing 

thickness of the bottom ply and using a support plate have been shown to be effective in 

reducing delamination, since the thicker the last ply thickness the larger the critical thrust 

force allowed. Delamination in thick composite parts may also be avoided by drilling half 

way through the thickness from both sides of the laminate with a diamond tipped hole saw 

(core drill), since the cutting forces act at the centre of the laminate and there is no resultant 

force pushing out the bottom of the hole. However, a finish operation if required to remove 

the little material that this operation leaves at the centre of the hole [1].  

Control of the cutting temperature is extremely important for controlling tool wear and 

reducing thermal damage to the machined part, so selection of tool material for better heat 

channelling out of the drilled hole may be considered, such as PCD tipped and diamond 

coated drills which provide high thermal conductivity [1]. 

Thrust force is closely correlated to drill wear, therefore by selecting proper tool 

materials and drill point geometry will result in reducing the rate of tool wear. Drill bits made 

of HSS fail after drilling just a few holes when drilling GFRP and CFRP because of the high 

abrasiveness of these materials. Tungsten carbide drills, particularly submicrometer grades 

possess adequate tool life because of their higher rupture resistance and hardness. Wear 

resistance is also increased by applying diamond coating and PCD tipping, however these 

drills can be easily chipped. Best results are obtained when drilling with solid carbide straight 

flute drill or diamond-coated twist drill. Proper selection of drill point geometry is also 

extremely important for controlling the thrust force, since higher critical thrust force at the 

onset of delamination is achieved by distributing the forces away from the centre of the drill. 

 

Figure 57: Drill point designs. Standard twist drill, candle stick drill, multifaceted drill and 

straight flute drill, respectively. [1] 

According to the drill point designs, the candle stick drill (in thin laminates) and the 

straight flute carbide drill produce the lowest delamination damage (Fig. 57). This is because 

both drills have smaller chisel edge width which results in significantly reducing the thrust 

force. A solid carbide drill with an eight-facet split point (multifaceted drill) has also been 

proved effective, due to the long taper angle at the shoulder, which tends to minimize fibre 

breakout. Large reduction in thrust force is also achieved when a pilot hole is used [32]. 

7.4.4. Selecting process parameters and cutting configuration 

The drilling thrust force and torque are affected by the cutting speed, feed rate and 

drill geometry. Both thrust force and torque increase significantly with increasing feed rate 

due to its direct influence on uncut chip size. The effect of cutting speed on thrust force and 

torque is not significant [31]. The standard twist drill geometry parameters that influence 
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thrust force and torque include drill point angle, chisel edge width, web thickness and drill 

diameter (Fig. 58). 

 

Figure 58: Twist drill geometry parameters most influencing drilling thrust force and torque. 

[1] 

An increase in the drill point angle leads to an increase in the thrust force and a 

decrease in the torque (Fig. 59). The torque decrease is associated with the increase of the 

orthogonal rake angle at each point on the primary cutting edge and with the increase in point 

angle. The standard point angle of 118° was found to be optimum in drilling AS4/PEEK 

CFRP while the effect of the point angle was found to be marginal in drilling T300/5208 

CFRP [31], meanwhile 160° point angle drill approximates the conditions of orthogonal 

cutting for fibre glass laminates [35]. An increase in web thickness leads to an increase in 

both thrust force and torque because the larger the web thickness is, the longer the chisel edge 

length and the smaller the orthogonal rake angle at each point on the primary cutting edge are 

(Fig. 59). The chisel edge was also found to contribute 40-60% of the total thrust force under 

normal feed rates. The combined effect of feed rate and drill diameter on thrust force and 

torque was found to be more significant than the separate effect of either one of the 

parameters [31]. 

 

Figure 59: Effect of drill point angle (left) and web thickness (right). [1] 

7.5. Machining quality in abrasive machining 

The surface topography in abrasive machining is generated by the traces of the 

individual abrasive particles on the machined surface. The machined surface has a pattern of 

parallel groves that run along the machined surface in the direction of feed speed. The size of 

grooves and the resulting surface topography is related with the abrasive grain size. For fine 
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grit cutters, feed rate and cutting configurations seem to have not significant effect on surface 

roughness for small depth of cut. For larger depth of cut and for large grit, size up cutting 

consistently produces better surface finish than down cutting [34]. This relationship between 

surface finish and abrasive cutter grit size is shown in "Figure 54".  

 

Figure 60: Relationship between surface finish and abrasive cutter grit size. [1] 

The influence of these cutting parameters on surface roughness may be interpreted by 

considering the interaction between maximum equivalent chip thickness, chip size per 

abrasive grain and grain clearance for chip disposal. Surface roughness is measured along the 

cutting direction and in the transverse direction. For a given spindle speed, the effective chip 

thickness is proportional to the product of the radial depth of cut and feed rate. Therefore, 

increasing either one produces proportionally larger effective chip thickness [1]. 

Longitudinal surface roughness is much smaller than that in the transverse direction 

and is strongly influenced by effective chip thickness (hq). Up cutting also produces better 

surface finish than down cutting. Surface roughness in the transverse direction is probably 

controlled by the grooves left behind by the abrasive grains and it is less dependent on 

effective chip thickness. This is the case for down cutting and for small depth of cut, whereas 

for up cutting the transverse surface roughness decreases with an increase in effective chip 

thickness. For the higher feed rate, surface shows considerable fuzziness and smearing of the 

matrix (Fig. 61). 

 

Figure 61: Machined surface for CFRP multidirectional laminate. Feed rate=0.254 m/min, 

hq=0.01mm; feed rate=0.762m/min, hq=0.03mm. [1] 

The low values of surface roughness and good quality of the machined surface make 

abrasive machining superior to edge trimming for finish and rough machining of FRPs. 

However, it is recommended the use of coolant to flush out the debris and to cool machined 

surface in order to reduce cutter loading and frictional heat build up. 
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7.6. Grinding quality 

Grinding surface roughness is generally better than the one of other material removal 

processes, due to the small size of chip removed and the action of multiple cutting point 

engagement at the same time in smoothing the surface. 

Surface roughness in grinding depends on fibre orientation and depth of cut. The 

surface topography in grinding is influenced by both grit size, depth of cut and fibre 

orientation. The depth of cut and grit size determine the number of active grains and the actual 

depth of engagement of the active grains on the wheel and therefore the depth of grooves on 

the ground surface. Finer grit penetrates less in the workpiece and produces shallow grooves. 

On the other hand, surface roughness slightly increases with an increase in depth of cut. 

The effect of fibre orientation on surface roughness is small for fibre orientations 

30°<θ<120° (Fig.62) and the overall surface roughness is lower than that for 0°. In this range 

of fibre orientations, the cutting mechanism evolves from buckling induced fracture to tension 

loading and compression shear induced fracture at shallow fibre orientations. As the fibre 

angle increases, the loading change into compression and fracture occurs by compression 

shear [38].  

       

Figure 62: Grinding surface topography for unidirectional CFRP at 0°, 90° and 150°, 

respectively. [38] 

When fibre orientation increases beyond 120°, the fibres become more subjected to 

severe bending and fracture due to bending stress takes place at a point below the machined 

surface and almost normal to the fibre direction. Surface roughness corresponding to this type 

of fracture is the highest and is most sensitive to depth of cut. However, the peak surface 

roughness occurs at smaller fibre orientation angle of 120°, due to the effect of rake angle and 

sliding friction of the abrasive particle (Fig. 63). [38] 

 

Figure 63: Dependence of surface roughness on fibre orientation in down grinding 

unidirectional CFRP. [38] 
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The rake angle in grinding is much higher than that in cutting and a larger wear flat is 

contact with the fibres. This gives rise to the buckling mode of fracture over a very wide 

range of fibre orientations. Surface roughness was found to increase with an increase in feed 

rate for both grinding parallel and perpendicular to the fibres. Increasing the wheel speed 

results in decreasing surface roughness when grinding parallel to the fibres but has only 

marginal effect when grinding perpendicular to the fibres. [34] 

On the other hand, equivalent chip thickness only slightly affects surface roughness 

when grinding perpendicular to the fibres and its effects are more significant when grinding 

parallel to the fibres. Hence, an increase in the equivalent chip thickness leads to an increase 

in number of active grains and the depth of engagement of the active grains and so that to 

deeper grooves and higher surface roughness (Fig. 64). [39] 

 

Figure 64: Dependence of surface roughness on equivalent chip thickness in grinding 

unidirectional CFRP. [39] 
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8. Experimental work 

In this section all the information concerning the measurement of the tools for further 

analysis is collected. This includes a glimpse of the main manufacturers, material machining 

tests information, equipment used for measurement and data obtained by performing the 

measurements of the tools. 

8.1. Tool manufacturers for machining FRPs 

We proceed to explain the leading manufacturers of tools for machining of FRP, 

which have provided tools for the tests. 

Van Hoorn Carbide [40] 

They offer optimised resistance against mechanical abrasion, less friction and 

minimized cutting edge roundness: better tool life, excellent surface finish and higher 

productivity. On the other hand, they told that diamond tipped vs. PCD provides: 2 to 5 times 

more tool life, more accuracy and a better surface finish and higher machine efficiency. Their 

single flute end mills for glass and carbon fibre reinforced materials are told to get superior 

surface finish and high productivity, through low radial forces, sharp and pre-balanced cutting 

geometry. An example of tool parameters for machining GFRP is shown in "Figure 65". 

 

Figure 65: Van Hoorn Carbide tool parameters for machining glass fibre. [40] 

Sandvik  [41] 

The Company was founded in 1862, the manufacturing of stainless steel began in 1921 

and production of cemented-carbide tools was begun in the 1950s. In addition to organic 

growth, Sandvik's expansion has also involved a series of company acquisitions over the 

years. Recent examples include Kanthal, which manufactures metallic and ceramic resistance 

materials, and Tamrock, the Finnish manufacturer of rock-excavation machinery. 

Guhring [42] 

They provide tools with PCD and CBN for difficult-to-machine, highly abrasive 

materials. They offer long tool life, highest surface quality (Fig. 66), optimal process 

reliability and repeatability and economic efficiency. Their PCD tools do not display the 

typical initial wear, but guarantee no delamination tendencies during the machining process 

thanks to the extremely resilient diamond cutting edge. However, in order to take full 

advantage the customer has to apply the tools on rigid and vibration-free machines as well as 

highly accurate spindle bearings or slide ways respectively. 
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Figure 66: Guhring carbide tool. [42] 

Kennametal [43]  

They ensure that their processes are keeping pace with the ever evolving requirements 

of the aerospace industry.  Superior results are achieved with precision edge radiusing, 

finishing and cleaning technologies; solving increasingly more complex surface challenges.  

Hufschmied [44] 

It is structured in the range of high performance tools for the mould and the industry as 

well as milling cutters for machining plastics. They told that their cutting tools perform 

through quality, tool life and cutting behaviour regarding best cutting quality, helping to boost 

productivity and increase profitability. They have a fibre-line that understands the needs of 

glass and carbon fibre materials as well as fibre-reinforced materials (Fig. 67).  

 
Figure 67: Hufschmied tools. [44] 

Orion [45]  

It is one of the largest CNC production shops, so they told that they have the 

equipment needed for any machining and manufacturing requirement. That includes turning, 

milling up to 12,000 rpm spindle rotation and complete automated machining in order to 

achieve huge volume of production in the shortest amount of time. 

Garant [46]  

They offer the maximum supply reliability, quality, highest innovation reliability and 

as a direct result: productivity, creation of value and efficiency. 

They have plain shank Diamond with diameters from 2.5 mm. up to 12 mm. for 

machining FRP. 
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8.2. Items used 

In this section the properties about the tool, the samples and the machinery used will 

be explained. 

8.2.1. Tool 

The tool that is going to be used for drilling is "Solid carbide slot drill 6 mm 

GARANT" (Fig.68). High performance tooth geometry for efficient machining of aramid fibre 

reinforced composites to roughing standards. The geometry prevents delamination of woven 

fibres and textile-based fibre structures. [46] 

 
Figure 68: Tool used for drilling aramide. [46] 

It should be noted that this tool has been selected because of being one of the few that 

are designed specifically for the machining of aramid. It is suitable for 110 m/min cutting 

speed (vc) in polyaramide fibre composites. Its modulus of elasticity is 59000 N/mm
2
. 

Moreover, it is applicable for dry machining and for use with compressed air feed [46]. Tool 

parameters provided by Garant are shown in "Figure 69"  

 

 
Figure 69: Tool parameters. [46] 

8.2.2. AFRP samples  

The aramid samples are compound of different elements as we have seen previously in 

theory. These elements are: 

 Fibre [48] 

The aramid fibre used is Teijin Twaron, offering well-balanced performance in terms of 

mechanical properties, chemical resistance and thermal stability (Table 10).  

Density 

(g/cm³) 

Tensile 

str. (GPa) 

Modulus 

(GPa) 

Elongation at 

break (%) 

Moisture 

(wt%) 

Glass transition 

temp. (°C) 

Decomposition 

(°C) 

1.44-1.45 2.4-3.6 60-120 2.2-4.4 3.2-5 - 500 

Table 10: Properties of aramid fibre. [48] 
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 Prepeg [49] 

The preimpregnated product is supplied by SGL Group. It results materials feature 

maximum performance combined with minimum weight and optimized to match your own 

specific application. Its properties are in "Table 11". 

System Type Tg (°C) Curing Temperature (°C) Area-Weight (g/m²) 

E 201 Epoxy 100 °C 90 - 140 445 

Table 11: Properties of prepeg. [49] 

 The layers display is 0/+-45/0, obtaining a 29 layer sample of 1200x1200 mm² and 6 

mm thickness. After that it has been cut in samples of 100x100 mm² for the testing. 

8.2.3. Machines 

 Drilling 

For the machining the Haas VF-3SSHE milling centre (Fig. 70) has been used. Its 

characteristics are the following [50]: 

o Serial number: 42817 

o Date of manufacture: June 2005 

o Travels: X/Y/Z – 1016/508/635 mm 

o Max. spindle speed: 12 000 rpm 

o Power of the main spindle: 22.4 kW 

o Tool magazine: 24+1 positions 

o Number of synchronized axis: 4 

 

Figure 70: Haas VF-3SSHE milling centre. [50] 

 Measurement 

o Force and torque 

For the force and torque measurement while drilling, a Kistler 9129AA force device has 

been used at the base where the sample that was going to be mechanized was fixed (Fig. 71). 

The dynamometer measures the reaction forces of the rotating tool via the workpiece. 

Moreover, an 8 channel Kistler 5070A2100 charge amplifier, which is attached to a NI 

USB-6229 Multifunction Data Acquisition device, has been used. The software for recording 

for the data acquisition device is developed with NI LabVIEW. 
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Figure 71: Kistler dynamometer. 

o Wear measurement 

On the other hand, for the wear analysis a measurement of the tool edges is necessary. The 

measurement device that has been used is the Alicona IF-Edgemaster (Fig.72). The 

IF-EdgeMaster is an optical 3D measurement device to measure automatically cutting tools 

regardless of type, size, material or surface finish.  

 Serial number: 019022002911 

 Measuring principle: Focus variation 

  
Figure 72: Alicona IF-Edgemaster. [51]  

o Tool preset 

The device for measuring and presetting of the tools used is the Zoller Verturion 600 

(Fig.73). Its characteristics are the following [52]: 

 Measuring range: 

- Length Z-axis 600 to 1400 mm 

- Radius X-axis 300 to 500 mm 

- Diameter 600 to 1000 mm 

- Diameter snap gauge 100 mm 

 Accuracy: 

- Display:   0.001mm 

- Concentric:   0.002mm 
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Figure 73: Zoller Venturion 600. [52]  

8.3. Process setup 

 The process followed for the preparation of the necessary equipment for drilling and 

measurement of forces and torque is as follows: 

1. Placement of the dynamometer in the machining centre (Fig.74). 

 
Figure 74: Dynamometer. 

2. Connecting the devices necessary for the collection of data obtained from the 

dynamometer (Fig.75). 

 

 

 

 

 

 

 

 

 

Dynamometer  
Charge 

amplifier 
 

Data 

acquisition 

device 

 Computer  Software 

Figure 75: Data acquisition system. 

3. Tool measurement and preset at Zoller Verturion 600 in order to compensate different 

tool length. 

4. Fixation of the plate that is going to be machined (Fig.76). 
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Figure 76: Plate fixation. 

5. Coupling the particles suction system (Fig.77). Aramid fibres can be split forming 

fibre diameter in the respirable range, so that a vacuum system has to be used. 

Although industrial monitoring shows that level of fibrils in air is low in typical 

operations, so it is advisable to use mask. On the other hand, elements involved in the 

drilling process and the reference system used are shown in the following figure 

(Fig.77). 

 
Figure 77: Elements of the system and reference system. 

6. Assembling of the lid in order to improve the extraction by suction. 

7. Drilling the four holes (Fig.78). 

 
Figure 78: Drilling. 

8. Removing the lid and taking away the plate. 
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9. If another plate has to be drilled, it has to be fixed and the lid assembled. 

10.  Moreover, every time the tool is taken away for wear measurement it should be 

recalibrated. 

8.4. Results and analysis of the process 

 Once properties of the tool, samples, equipment to be used and setup have been 

described, an analysis of the results is carried out. For this purpose it is strictly necessary to 

analyze what happens during the machining process of a plate, then subsequently analyze the 

general case including all samples machined and finally the tool wear and its influence on the 

machining process. The values of the parameters used for testing are the ones specified by the 

manufacturer (Table 12). These parameters are feed per revolution (f) and cutting speed (vc). 

vc [m/min] 110 

f  [mm/rev] 0.08 

Table 12: Parameters used for testing. 

8.4.1. Plate pattern 

 In this section we are going to focus on what is happening in each of the four holes 

that are drilled per plate. 

In order to analyse the drilling process, the plate one has been chosen, that is because 

of being the first one, so that the conditions will be the closest to the ideal ones, not coming 

into play other factors such as wear or clogging. 

The following graph (Fig.79) shows all the force and torque data collected during the 

plate one machining process. Because the force values being much higher than the 

moment/torque ones, the vertical axis which refers to the moments is the one on the right and 

it is set in a different scale.  

 

Figure 79: Plate 1 - Fx, Fy, Fz, Mx, My and Mz. 
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In order to analyze more precisely these variables different charts will be presented, 

starting from the one regarding the force, as it is the most representative variable of the 

process. The main force is that of the “z” axis direction, which makes sense since the 

machining operation is drilling. Focusing on Fz, it can be clearly differentiated each one of 

the four holes that are machined in every single plate (Fig.80). 

 

Figure 80: Plate 1 - Fx, Fy and Fz. 

There are two peaks that attract attention between the machining of the third and 

fourth hole, so it will have to be analysed if it is a casual event or whether it shows some 

event. Besides it can be appreciated, in general terms, two steps in the drilling process. That is 

due to the fact that the first step is when the drill point is working, and later the whole drill is 

involved. This kind of tool geometry is used in order to reduce the thrust force and therefore it 

avoids delamination damage. In order to analyse this phenomenon in more detail, the "z" 

forces are going to be superimposed (Fig. 81). 

 

Figure 81: Plate 1 - Areas. 

 Hole 1 force (Fz-H1) has been dismissed due to being cold the tool, so its trend is 

different from the others, being necessary more force. Taking into account the other three 
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forces, the graph can be split into five areas according to its trend. In area I the drilling starts, 

in area II the force is constant, in area III there is an increase in the force required, while in 

area IV is a decrease, up to negative values in area V. Now, to identify the correspondence 

between these areas and the process, it is necessary to perform a set of calculation. From the 

known process parameter, spindle speed can be calculated. 

  
       

       
 

             

   
         

   

   
       

   

 
 (56) 

Equation 56: Spindle speed. 

Once spindle speed is obtained, the average feed motion can be calculated. 
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Equation 57: Average feed motion. 

So that, the distance from the upper layer of the sample can be determined (Table 13). 

From other point of view, this distance is also the length of the tool which is machining. 

Area Start (s) End (s) Depth (mm) 

I-II 0.2 0.4 0-1.56 

II-III 0.4 0.7 1.56-3.89 

III-IV 0.7 1.2 3.89-7.78 

IV-V 1.2 1.5 7.78-10.12 

Table 13: Correspondence of areas. 

In order to analyse the force graph more easily, the correspondence of these areas on 

the tool is shown in the following figure (Fig. 82). 

 

Figure 82: Tool areas. 

 So that, it can be identified that the increase of force in area I is due to the gradual 

penetration of the peak. In area II, the entire tool diameter is currently working on. Later in 

area III, the flutes start working requiring greater force, since most of the tool is working and 

the opposition of the chips to be evacuated. The decrease in area IV is due to the fact that the 

machining is being performed next to the final layer of the plate, being also the opposition 

smaller because of high temperatures favour the softening of the matrix. Area IV ends at a 

depth of 10.12 mm, which is larger than the thickness of the plate (10 mm). Finally, the 

negative values that are found in area V are due to the recoil of the tool. It has been found that 

the hole finishing is not clean, especially in the bottom layer. That delamination accompanied 

the clogging of tool, opposing the retreat of the tool. Once the tool is extracted the values of 

force in the z direction again nulls. 

 On the other hand, coming back to Fx and Fy have a very low relative value, so that 

they will be analysed with the help of other graphs. Taking advantage of it, torque will be also 

showed. 
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It can be observed that the forces are not so high such in “z” direction, but Fx reaches 

significant values (Fig. 83). It is worth noting the extreme value of force around the second 

six, reaching an absolute value of 6.8 N. It has no influence on the torque, therefore it can be 

assumed that this is not significant value to take into account, since it may be the result of the 

opposition of a fibre (aramid fibres are tougher than carbon or glass ones) to be cut or 

clogging by chips. 

 

Figure 83: Plate 1 - Fx and Mx. 

At the beginning of the drilling process, the force Fx and its concomitant torque are 

quite similar, that is due to the peak that performs the main work (Fig.83). After that, the 

torque increases. It is due to the fact that the flute edges are in the tool periphery, so the 

moment is higher than the force since it is proportional to the radius. 

Though for an ideal isotropic material Fx and Fy should be equal, it is evident than the 

forces in the "y" direction are higher than in "x" one, which may be due to the fibre 

orientation, or more likely due to differences in plate fixation (Fig. 84). Moreover, force and 

torque values being positives or negatives have no significance, since it depends on the 

reference system of the dynamometer used. In contrast, the high peaks of force are attributed 

to the elastic recovery of the fibres. 

 

Figure 84: Plate 1 - Fy and My. 
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Finally the moment generated about the z axis is analyzed. This torque should be 

hovering around zero when no drilling, presenting a sinusoidal shape, whose frequency is in 

our case 97,2 Hz as it has been calculated in “Equation (56)”. It can be checked in the 

following figure obtained from experimental data (Fig. 85), although it should be noted, that 

Fy is just below Fx and it cannot be seen. 

 
Figure 85: Spectrum. 

In the following figure it is shown a trend in the torque in the Z direction while 

drilling, when it should be kept constant (Fig. 86). This could be due to the system is not stiff 

enough, so forces could be able to generate a non-constant torque in the presence of elastic 

elements in the system. Moreover, the toughness of the aramid fibre makes them bend instead 

of cutting, which could be another reason of this behaviour. 

 

Figure 86: Plate 1 - Mx, My and Mz. 

8.4.2. General pattern and wear analysis 

Now, attention to the evolution of the force and torque throughout the drilling process 

of all samples must be paid, assessing the influence of tool wear and trying to find evidences 

of it by comparing the first and the last sample. 

Although there is data from the sample one up to forty-five, only the samples 1, 2, 5, 10, 
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measured (Fig. 88). It should be enough in view of the fact that the more significant changes 
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are in the beginning and the end of the useful life of the tool. The last situation has not come 

to reach after 45 trials, which correspond to 180 drilled holes. 

If force in “z” direction is analyzed (Fig. 87), it can be observed that the pattern is not 

exactly the same that was found when analyzing the plate one in the previous section (Fig.80), 

specially the first and second hole. Before drawing conclusions, what happens in the other 

two axes is going to be analysed from torque graphs, since they provide a cleaner tendency.  

On the other hand, the peaks that were shown in the seconds 6 and 7.2 in the analysis of 

the plate one are showing their repeatability. During these seconds the plate is not being 

machined, so that corresponds to the only motion along the "x" axis direction. 

 

Figure 87: Fz evolution. 

Although in this study only drilling operations are being conducted, it would be 

interesting to analyze how this behavior affects the milling, where the movement along the 

axes "x" and "y" becomes important, since they are performed during the machining of the 

workpiece. The trend of the torque in "x" axis (Fig. 88), corresponding to the third and fourth 

holes is kept nearly constant, while the first one achieves the higher values followed by the 

second, as it was already pointed in Fz graph. It is expected the same behaviour in My 

(Fig. 89), since x and y are contained in the same plane as the workpiece. 

 

Figure 88: Mx evolution. 
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Figure 89: My evolution. 

Once checked that it fits, first hole is going to be analysed. The glass transition 

temperature of the matrix is about 100°C, temperature which can be achieved easily while 

machining. That means that the time that is spent on changing the plate (some minutes) is 

enough to cool the chips that are in the tool, solidifying and remaining attached to it, so the 

tool is clogged (Fig. 90). After the plate replacement the process starts again, requiring a 

greater force during the machining of the first hole in order to remove these bonded chips. In 

addition, the tool is still cold, so the matrix softening is not in such a way as it will happen in 

the next holes, likewise necessitating a greater force for drilling. 

 

Figure 90: Clogged tool. 

Finally, the second hole, whose values are lower than the ones found in the first hole but 

higher than the quite similar third and fourth ones, is going to be analysed. The tool used for 

the machining is a straight flute cutter.  This tool geometry provides versatility but its ability 

of chip disposal is not high [1]. In the following figure (Fig. 91) it can be observed that the 

first and the fourth hole are the closest to the suction system, being the second and the third 

the farthest from it.  
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Figure 91: Drilling order. 

During the drilling a lid is used in the top of box, whereby the third position still enjoys a 

good vacuumed. By contrast, the second hole is enjoying a lower air flow, as it is away from 

the suction system and close to the face of the box uncovered. This factor and the poor chip 

disposal of the tool cause clogging, which results in higher forces required for machining and 

also in compression of the surface layer, and so poor surface finish. Latter consequence can be 

seen in the figure below (Fig. 92) that shows the 45th machined plate. 

 

Figure 92: Surface finish of the second drilled hole. 

8.4.3. Wear analysis 

In this section tool wear will be analyzed, so plates 1 and 45 will be compared. The 

torque corresponding to the axes "x" and "y" of both plates are shown in the “Figure 93”. 

It is noted that the torques of the last machined plate are in general terms higher. This 

difference becomes more pronounced in the first drilled hole, since as it was noted before the 

tool was not clogged in the first plate. Then the differences are less, which suggest that the 

tool has not suffered excessive wear of the lateral edge. 
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Figure 93: Plate 1 and 45 - Mx and My. 

Then the force in direction "z" is analysed (Fig. 94). It is noted the same behaviour than 

in the direction "x" and "y", being the difference of the first hole up to 130 N. That gives an 

idea of the influence of clogging respect to the force necessary for machining. On the other 

hand, the behaviour of the torque in the "z" direction is still not constant during machining. 

 

Figure 94: Plate 1 and 45 - Fz and Mz 

 After machining the plates 1, 2, 5, 10, 15, 25, 35, and 45 the radius of the edges of tool 

has been measured with the Alicona IF-Edgemaster in order to analyse its wear. In the same 

way the measurement of the edges prior to any machining was performed for a reference 

value. The results of these measurements are shown in the next table (Table 14). 

  
Plate Number 

 
 

0 1 2 5 10 15 25 35 45 

r [µm] 
Edge 6.01 6.59 7.42 7.34 6.87 6.6 7.85 7.85 6.72 

Side edge 8.54 6.6 4.93 5.62 8.54 4.84 4.93 6.62 5.62 

Table 14: Radius of the tool edges. 
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 If it is shown in a graph it is noted that it has not a clear tendency (Fig. 95). Moreover, 

the peak and the side edges show no relation between each other. On the other hand, at the 

end it seems to be some trend, but further testing would be required which have not been able 

to do because of lack of time.  

 

Figure 95: Tool radius vs. plate number. 

Moreover, a visual comparison (with the help of Alicona software) between the 

measurements number one and forty-five of the major cutting edge has been carried out (Fig. 

96). It has corroborated that wear has not been significant after drilling 180 holes. 

 

Figure 96: Wear comparison between the plates 1 and 45. 

To analyze the wear in more depth, its interaction with the forces has to be taken into 

account. In order to make it easier for each one of the plates, the maximum absolute value in 

"x" and "y" direction has been done and then its average (Fxy), since both forces are directly 

related to the lateral edge wear and maximum values being the most relevant.  

It is noted that up to plate number twenty-five, Fxy and side edge radius are related, 

since both of them increase and decrease rhythmically (Fig. 97). After that it seems to have no 

relation at all among them and the last data of the force seems to be the most independent. 
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Figure 97: Radius vs. Fxy. 

 In contrast, a higher value of the force Fxy of plate 35 would make sense to the 

following force. This suggests some kind of anomaly in the measurement of the force of the 

35th. plate, so what happens with force in "z" direction is going to be analysed for further 

information about this behaviour (Fig. 98). 

 

Figure 98: Radius vs. Fz. 

This time, the relation between the force in the vertical direction and the sharpness of 

the major cutting edge seems to be narrower. When the edge is sharper less force is required 

which makes sense. However this suggests that the forces should be slightly higher. The value 

of the radius of the major cutting edge for plates 25 and 35 is the same, so a hypothetical 

value of force for the plate 35 (Fx35´) is assumed, whose value is equal to the force of the 

plate 25, in order to check how its tendency could be. 
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Figure 99: Radius vs. Fz, with a hypothetical Fz35'. 

The change in the trend of the force, when this hypothetical value is entered, is shown in 

red (Fig. 99). Thus, this would be consistent with the trend of the radius wear without 

meaning an abrupt change in the trend of the force. Therefore, it can be assumed that a lesser 

force was required because of a higher temperature during machining, with the subsequent 

further softening of the matrix, or by a variation in the properties of the sample when 

compared to other. 

Finally, the effect of wear on the finishing could not be analyzed during the tests, since 

high level of wear have not been met. Although the design of the drill point, which is candle 

stick, is supposed to produce low delamination damage, high quality finish has not been 

achieved. It may be recalled that the worst finishing is found in the second hole because the 

vacuum was not enough to chip disposal. This pattern has been repeated throughout the 

machining of the forty-five plates (Table 15). 

   

Plate 6: top layer Plate 25: top layer Plate 45: top layer 

Table 15: Top layer of plates 6, 25 and 45. 
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Besides push-out delamination has been found in each one of the holes in all the 

machined samples (Table 16). The level of push-out delamination has been very similar in all 

cases.  

   

Plate 6: bottom layer Plate 25: bottom layer Plate 45: bottom layer 

Table 16: Bottom layer of plates 6, 25 and 45. 
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9. Process improvement and future development 

It has been checked that clogging has led to an increase in force required. Although the 

ability of chip disposal of the tool is not high because of being a straight flute, the softening of 

the matrix due to high temperature has also been evident. Moreover, it has been noted in the 

second hole that the lack of airflow led to clogging and also in compression of the surface 

layer and poor surface finish in the top layer. Therefore the use of compressed air (which is 

allowed for this tool) and adjustment of process parameters to reduce the chip thickness 

(increasing the cutting speed and decreasing the feed rate), should help to reduce the clogging 

problem and to improve the surface quality. Improvement of the chip suction system that has 

been used would also suppose a way to reduce the clogging problem, although compressed air 

could be more suitable. Other possible solutions aimed at solving the problems with the first 

hole, could be the search for a continuous machining process or heating the tool while 

performing the change of plate, both of them in order to prevent the material to cool down and 

to adhere to the tool.  

Another problem that has been found is push-out delamination, which is caused by the 

drill point when it generates compressive force on the uncut plies below causing them to bend 

elastically and finally to crack. That can be reduced by decreasing the feed rate and cutting 

speed. Other solutions without considering the process parameters are increasing the thickness 

of the bottom ply and using a suitable support plate. The use of a double helix helical cutter 

instead of straight flute cutter could also prevent delamination, since the two opposing helix 

generate forces that act in compression from both sides of the laminate panel. 

Poor surface quality in terms of fuzzing has been also found due to the nature of aramid 

fibres. That can be avoided by using a pilot hole or a variable diameter drill to get a reduction 

in thrust force, by using a multifaceted drill to minimize fibre breakout or finally by drilling 

half way through the thickness from both sides and removing later the material that this 

operation leaves at the centre of the hole. 

If what is necessary is a balance between speed and finishing, without taking into 

account the tool wear, cutting speed and feed rate have to be increased, using lower feed rates 

at entry and exit for a better finishing. The possibility of arranging in parallel several samples, 

drilling all of them in one single operation, should be analyzed. 

If our concern is the wear, the feed rate should be decreased, as well as the drill point 

angle and the chisel edge that contribute significantly to the thrust force. Moreover, it is 

advisable to use high thermal conductivity tools such as PCD and diamond coat. 

Finally, lines of future development are proposed: 

- Mainly, keep on testing until a complete analysis of tool wear were possible. 

- Temperature measurement during the process to analyze its influence in the matrix 

and the tool. 

- To analyze the relevance of the force that corresponds to the motion along the "x" axis 

direction, since it could be decisive in milling operations. 

- Machining unidirectional laminates in order to understand better their behaviour and 

to extrapolate it in multi-laminates.  
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10. Conclusions 

Fibre Reinforced Polymer materials are characterized by their lightness and higher 

specific strength and stiffness compared with metals. Besides they are in many cases better in 

corrosion resistance, fatigue resistance, thermal insulation, conductivity and acoustic 

insulation. Because of those properties, in recent years, FRPs have become relevant in all 

fields of engineering. Although these materials are manufactured with a very close shape to 

their final one, subsequent machining is usually required. Due to its complex behaviour, 

machining results in high cost and low productivity. So it is necessary to understand the 

factors that define this behaviour in order to improve the processes and its development, 

through less tool wear, low cutting forces and good surface finish, satisfying the need of the 

industry to reduce fabrication costs. 

 The machinability of this kind of materials is provided by the properties of the matrix, 

the fibre and the content and orientation of the fibres. Glass and carbon fibres, under critical 

bending stresses, break in a brittle manner and produce abrasive debris, causing accelerated 

wear by abrasion of the cutting edge. By contrast, aramid fibres are tougher, being difficult to 

cut since they tend to bend. Besides, the contribution of the binder matrix to the cutting forces 

is much weaker. On the other hand, cutting and thrust forces depend on fibre orientation and 

tool geometry. Cutting force is greater when the angle between the force and the fibre is 90°, 

meanwhile it is 45º for the thrust force. An increase in rake and clearance angles generally 

leads to decreased force, while the effect of the nose radius is related with depth of cut, being 

proportional to it.  

Machining quality is mainly associated with delamination, tool wear, cutting 

temperature [1] and lesser extend to depth of cut and surface ply orientation [26]. 

Delamination can be avoided by reducing forces involved in the process, which means 

reducing the chip thickness. It can be achieved by increasing the cutting speed and decreasing 

the feed rate. Moreover, other typical damage is matrix chipping, fibre breakage, fibre pullout 

or fuzziness and cracks. On the other hand, temperature becomes relevant at high speed 

cutting, since it may affect the matrix and residual stresses can appear due to different thermal 

expansion coefficients. 

Tool wear is greatly influenced by the type, orientation and volume fraction of the 

fibres. For example, carbon fibres have a high thermal conductivity, which leads to a lower 

temperature of the cutting edge and consequently lower wear [20]. Fibre orientation promotes 

fibre spring back after cutting, leading to a greater wear. And finally, the volume fraction is 

related with the material area in contact with the tool. Tool wear is also influenced by process 

parameters. Wear decreases by decreasing the chip thickness, which means reducing the 

cutting speed and feed rate. Wear mechanisms in machining FRPs are: chipping (in brittle 

materials such as PCD and PCBN), adhesion and tribooxidation, although the main one is 

abrasion. Abrasion is shown in rounding of the cutting edge, and it comes from abrasiveness 

of the fibres, its debris and microchipping caused by the material inhomogeniety. Therefore, 

tools materials for machining FRPs require high hardness for resisting abrasion, high fracture 

toughness and good thermal conductivity for dissipating heat. 
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Finally, the conclusions of the experimental work: 

Firstly the pattern analysis about the four-hole process was carried out. The 

higher values of the force were found to be in the "z" axis direction, which makes sense since 

the machining operation was drilling. The four holes drilled in the process were easily 

identified. Moreover, the variation of the force required during drilling and the portion of the 

tool that was involved at all times were related. Thereby greater forces were required when 

the flute had started working. Delamination accompanied the clogging of tool, were found to 

be opposed to the retreat of the tool. Fx and Fy had a very low relative value compared Fz, but 

not negligible. Some extreme values were found as result of the bent fibres, but not 

remarkably impacting on its corresponding torque. Respect to the torque in "z" direction, it 

was found to have a non constant value instead of being constant as it was expected. This 

could be due to the presence of elastic elements in the system. On the other hand, the 

concordance between the theoretical frequency and the signal one was verified. 

Secondly, the evolution of the force and torque throughout the drilling process of 

all samples has been analyzed, that was forty-five plates with four holes each one. It was 

noted a large increase in the force required in the first hole. This was driven by clogging. The 

straight flute geometry of the tool provides poor ability to chip disposal, as well as high 

temperatures while machining cause the matrix to soften and adhere to the cutting edge, 

solidifying in the time required to change the plate. This means that higher force was required 

to remove adhering material (up to 130 N more). The force of the second hole was lower than 

the one found in the first hole but higher than in the third and fourth, since the poor chip 

disposal ability of the tool and the lack of enough airflow hindered the chip evacuation. These 

factors resulted in clogging and higher compression of the surface layer, which means poor 

surface finish of the top layer. Forces required for machining the third and fourth holes 

remained almost constant throughout the tests. On the other hand, some forces were detected 

when motion along the "x" axis direction was being carried out, so it should be analyzed 

deeper since it could be harmful if milling. 

 Finally wear was analyzed. Consequently forces required when machining the 

plates, specially the plates number one and forty five, and also the variation of the radius of 

the edges were taken into account. It was noted that the torques of the last machined plate 

were higher in general terms. It was also noted the sharper the edge was, the less force was 

required, unlike the force of plate 35 which did not follow this trend. For this sample the force 

decreased when the radius of the edge was constant, so it could be attributed to a variation in 

the properties of the sample when respect to the others. On the other hand, poor surface 

quality in terms of fuzzing has been found as it was expected because of aramid. Besides 

push-out delamination was evident in all the samples. To conclude, the effect of wear on the 

finishing could not be analyzed during the tests, since significant levels of wear have not been 

met as well a clear tendency of it, therefore further testing should be performed. 
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