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Chapter 1
Introduction

1.1 Composites: A Brief History

The technologically advancing society is continuously challenging the limits of
conventional materials and placing newer demands on material performance.
Extreme and sometimes conflicting requirements are forcing us to engineer
materials that are not possible by conventional alloying methods. Composite
materials form a material system composed of a mixture or combination and are
insoluble in each other. Composite material comes under one class of engineered
material developed specifically to meet such a challenge. Glass fibre reinforced
resin matrix composites were first introduced in the early 1940s. Since then, the
use of composites is growing steadily in various industries such as aircraft, marine,
automobile, sporting goods, etc.

Some of the advantages of composites include high specific strength, high
specific stiffness, fatigue strength and impact resistance, thermal conductivity,
corrosion resistance, and good dimensional stability. Composite materials are
usually designed to possess certain specific properties desirable in that application.
Unusual combination of properties not easily obtainable with alloys such as higher
fracture toughness, higher oxidation and corrosion resistance, directional proper-
ties, good resistance to heat, cold and moisture, ease of fabrication and low cost
could be brought out; of course, not all together simultaneously. Modern com-
posite materials, depending on the matrix materials used, can be classified as
polymer matrix composites (PMC), ceramic matrix composites (CMC) and metal
matrix composites (MMC) [1–4].

1.1.1 Polymer Matrix Composites

Polymer matrix composites (PMC) are found to be the most commonly used
advanced composites because of their low cost, high strength, and simple manu-
facturing techniques. These composites consist of a polymer reinforced by smaller-
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diameter fibres. PMCs can be grouped into three different categories. The grouping
is based, to a large degree, on the type of fibre reinforcement utilized in the
composite matrix. A variety of polymers may be used for each type of PMC. The
three groups are glass fibre-reinforced polymer (GFRP), carbon fibre-reinforced
polymer (CFRP), and aramid fibre-reinforced polymer composites (AFRP) [1].
Glass fibre reinforced plastics are most commonly used materials in view of their
relatively high specific strength and low cost. The other materials provide higher
specific strength, higher specific stiffness and light weight. They are, however,
expensive and are used only for those applications where performance and not cost
is the major consideration. Aramid is used instead of carbon where strength,
lightness and flexibility are major considerations and are not so important on
stiffness and high temperature performance. Polyester resins are lower in cost and
are not as strong as the epoxy. Their use in composite includes boat hulls,
structural panels, appliances, etc. Epoxy, in addition, has a lower shrinkage after
cure. It is used commonly in carbon and aramid fibre composites. Maximum
usable temperatures of polymeric matrix composites are relatively low, as the
matrix materials is prone to softening or chemical decomposition at moderate
temperatures.

1.1.2 Ceramic Matrix Composites

Ceramic matrix composites are being developed mainly to improve fracture
toughness, in addition to their higher specific modulus and elevated temperature
and mechanical properties that are superior to metals. Continuous fibres, discon-
tinuous fibres or particulates can be used as reinforcing material. The common
fibre materials used are alumina and silicon carbide. Other CMCs include carbon/
carbon composite in which high strength carbon fibres are embedded in a graphite
matrix. The low density of carbon in combination with the extraordinary strength
of carbon fibres offers potential for the development of high specific strength
material.

1.1.3 Metal Matrix Composites

Metal matrix composites are used for applications requiring higher operating
temperature than that are possible with polymer matrix composites. Most of these
alloys are developed especially for use in aerospace industry; but newer applica-
tions are found in auto industry such as in automobile engine parts, brake drums,
brake shoes etc. Continuous fibres provide the highest stiffness and strength for
metal matrix composites.

The discontinuous and particulate MMCs are of low cost that provide higher
strength, stiffness and better dimensional stability over metal alloys. They provide
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increased wear resistance and contribute towards the difficulty in machining these
materials. These alloys are used for sporting equipment, automobile engine parts;
missile guidance parts etc. even though they are costlier today.

1.1.4 Classification of Composites Based on Fibre
Reinforcement

Fibres are the most important class of reinforcements, as they satisfy the desired
conditions and transfer strength to the matrix constituent influencing and
enhancing their properties as desired. The performance of the fibre composites is
judged by its length, shape, orientation, composition of the fibres and the
mechanical properties of the matrix. Based on the reinforcement shape and
position, the composites can be classified as:

1. Laminar Composites
2. Flake composites
3. Filled composites
4. Particulate composites.

1.2 Principles for Using Fibre Reinforced Composites

There are four major principles that should be considered in using fibres as
composite reinforcement. Mechanical properties depend on the combined effect of
the amount of fibre reinforcement used and its arrangement in the finished com-
posite. Chemical, electrical and thermal performance is influenced by the resin
system used as the matrix. Material selection and design and production require-
ments determine the proper fabrication process to be used. The cost, performance
and the value achieved in the finished composite depend upon good design and
judicious selection of raw materials and process.

1.2.1 Amount and Arrangement of Fibre Used

Strength of the finished product is directly related to the amount of fibre in the
finished product. Generally speaking, strength increases directly in proportion to
the amount of fibre used. A component containing 80 % fibre and 20 % resin by
weight is almost four times stronger than a part containing opposite amounts of
these two materials. Equally important is the arrangement of fibre in the finished
product. When all the strands are laid parallel to each other, maximum strength
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and modulus are obtained in the fibre direction. Such a parallel arrangement is
used in the design of rocket motor cases, golf and fishing rods. When half the
strands are laid at right angles to the other half, strength is highest in those two
directions, although strength is less than with parallel arrangement, it is still
considerable. Woven fabric/Chopped strand mat laminates find application in
boats, airplane wing tips and swimming pools. When fibres are arranged in a
random manner, strength is no longer concentrated in one or two directions. Safety
helmets, chairs, electrical parts, luggage and machine housings utilize this
arrangements. This random arrangement results in equal but lower strength in all
directions. This condition is called isotropic.

1.2.2 Resin Mix

The major resins used in fibre reinforced plastics vary in resistance to corrosion
and heat. Formulation of the resin mix also influences corrosion and heat resis-
tance but has a less pronounced effect. By varying ingredients such as filler,
pigment and catalyst system, each resin mix can be made to vary in performance.
Resin also helps to prevent abrasion of the fibres by maintaining the position of the
fibres and keeping them separated. For example polyester resins are used in
approximately 85 % of all glass fibre reinforced plastics because they are eco-
nomical. Other resins in use are epoxies, phenolics, silicones, melamines, acrylics
and polyesters modified with acrylics. Some thermoplastic resins such as nylon,
polystyrene, polycarbonate and fluorocarbons are also reinforced with fibres.

1.2.3 Processes

Processes vary in their capacity to utilize different arrangements of glass, different
amounts of glass and different resins. A given combination of raw materials
required to meet performance criteria in a given application narrows the choice of
processes to those which can successfully and economically form the raw material
into a completed part. Production flexibility of a process is often the single most
important economic factor. For example if a large number of parts are to be made
from one mould the lowest total cost is achieved by using presses and moulds and
automating materials handling. Conversely, if only a few parts are required, a
process minimizing investment in moulds and other equipment would be the
logical choice. Continuous forming, being used for bench slats, FRP paneling etc.
can greatly improve the economics of large volume items.
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1.2.4 Economy

Economical cost and performance result from good design based on judicious
selection of both raw materials and process. Proper materials must be combined in
a process or processes so that potential performance is realized at an economical
cost of manufacturing. Design of the part must take advantage of the material’s
maximum capabilities. Wide application of glass fibre reinforced plastic in engi-
neering field and the less processing cost are the reasons for selecting this material
for the present investigation.

1.3 Major Fabrication Processes of FRP Composites

Many processes are available to produce the desired combination of design per-
formance and economics of glass fibre composites. Each process has its own
usefulness for combining different kinds and amounts of glass and resin. The basic
processes can be categorized into two classes: open mould and closed mould
processes [4]. The open mould processes include hand lay-up, spray-up, vacuum
pressure bag, autoclave, filament winding and continuous pultrusion. Closed
mould processes include matched die moulding, injection moulding and resin
transfer moulding. The predominant fabricating processes used in making lami-
nates and structures are briefly explained below.

1.3.1 Hand Lay-Up Process

Hand lay-up process is the oldest and simplest fibre reinforced plastic forming
process. In fabrication, the fibres and resin are placed in or on the mould and the
entrapped air is removed with squeezing rollers. Layers of fibres and resin are
added to build up to design thickness. If a high quality surface is desired, a gel coat
is applied on the mould prior to lay-up. The line diagram of a simple hand-lay up
process is shown in Fig. 1.1. The lay-up normally cures at room temperature but
heating may be used to accelerate cure. The exposed surface is generally rough but
it can be made smoother by wiping on cellophane or other suitable releasing films
such as Mylar or polyvinyl alcohol. Resins used in hand lay-up are usually
polyesters or epoxies.

1.2 Principles for Using Fibre Reinforced Composites 7



1.3.2 Filament Winding Process

Filament winding uses continuous reinforcement to achieve efficient utilization of
fibre strength. Roving or single strands are fed from a creel through a bath of resin
and wound on a suitably designed mandrel. Pre-impregnated roving may also be
used. Special winding machines lay down fibres in a predetermined pattern to give
maximum strength in the direction required. When the desired number or layers
have been applied, the wound mandrel is cured at room temperature or in an oven.
A method of filament winding is illustrated in Fig. 1.2.

Fig. 1.1 Hand lay-up process (www.dehler.com)

Fig. 1.2 Filament winding process (UPS, Toulouse)
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1.3.2.1 Resin Transfer Moulding

Resin transfer moulding is similar to an injection moulding process. It uses a two-
sided mould set that forms the surfaces of the part. The distinguishing feature of
resin transfer moulding is that the reinforcement materials are placed inside the
cavity and the mould is closed prior to supplying the resin. Resin transfer
moulding includes numerous varieties which differ in the mechanics of how the
resin is introduced to the reinforcement in the mould cavity. These variations
include everything from vacuum infusion (for resin infusion see also boatbuilding)
to vacuum assisted resin transfer moulding (VARTM). This process can be per-
formed at either ambient or elevated temperature (Fig. 1.3).

1.3.3 Autoclave Moulding

Autoclave moulding is a process used to impart a controlled heat and pressure to
cure mould prepared based on the required layup sequence. Application of pres-
sure permits higher density and removal of volatiles from the resin during the
curing cycle. Both surfaces of the component can be formed a two-sided mould.
On the base side is a rigid steel mould and on the upper side is a flexible film made
of nylon. Reinforcement materials can be placed manually in the mould based on
the requirement. It may be a continuous fibre or prepreg. Prepregs are nothing but
fibres with resin available in the form of tapes. The upper mould is installed and
vacuum is applied to the mould cavity (Fig. 1.4). The assembly is placed into an
autoclave for curing. This process is generally performed at elevated pressure and
elevated temperature. This helps in reaching higher volume fraction with low void
content. This process helps to avoid reaction with the atmosphere during the curing
cycle and also helps in attaining maximum structural efficiency.

Fig. 1.3 Resin transfer moulding machine with mould (UPS, Toulouse)
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1.4 Significance of FRP Machining

1.4.1 Conventional Machining

In recent years the fibre reinforced composite materials are increasingly used in
various fields of Science and Engineering because of their unique properties. As a
result there is a strong need to understand the issues associated with the manu-
facture of composite components. The existing manufacturing technique of fab-
ricating to near-net shape is incomplete unless the component is subjected to
secondary machining operations like trimming, finish grinding, drilling holes/
cavities etc. based on the requirement.

Conventional machining on FRP composite material plays a vital role in
meeting dimensional accuracy and good surface quality requirement. The process
is cheaper compared to NTM techniques. Because of the potential application
there is a strong need to understand the issues associated with conventional
machining of FRP composite materials.

Among the machining processes, drilling is most frequently used in industries
due to the need for assembly of components in mechanical structures. However,
the properties of FRP materials like anisotropy, non homogeneity, and abrasive-
ness provide problems like excessive tool wear, poor surface finish, delamination,
fibre pullout, dimensional variation, etc. These limitations motivated the present
research, a study on the problems of drilling on FRP materials.

1.4.2 Non-Traditional Machining

Non-traditional machining (NTM) techniques were used in many of the applica-
tions as a secondary machining operation. However, NTM processes also pose

Fig. 1.4 Autoclave
moulding (UPS, Toulouse)
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some limitations. As the equipment costs are very high, the process is considered to
be highly expensive for small-scale production. Also, they are material oriented.
Any NTM process cannot be used to work on any FRP material. Aramid is the
suitable material for laser machining, because of closeness in properties of fibre and
resin. To use electric discharge machining (EDM) process, the material should be
electrically conductive. Abrasive water jet machining produces higher noise levels.
In laser machining problems like delamination, uneven kerf and thermal cracks are
observed. These processes are incapable of producing blind holes/cavities. As these
processes are highly expensive, they are suitable for application in industries where
manufacturing cost is of secondary importance (Figs. 1.5 and 1.6).

Fig. 1.5 CNC machine used for machining composites with vacuum system (UPS, Toulouse)

Fig. 1.6 System used for drilling fuselage in aerospace industries (www.sae.org)
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1.5 Summary

The performance of machined components, especially of fibre reinforced plastics
(FRP) in high strength applications, is often critically dependent on the quality of
surface produced by machining since the surface layer may drastically affect the
strength and chemical resistance of the material. The deterioration in the surface
quality or the damage caused by the machining operation is due to the anisotropic
nature of the fibrous composites. Drilling of holes to facilitate the assembly of
parts is one of the most important machining operations. Drilling of composites
poses conditions and requirements that are not usually encountered in metal
machining. The mechanism of material removal in orthogonal machining of FRP
is not yet completely understood till date and therefore the oblique cutting
mechanism of fibrous laminated FRP composites poses new set of problems never
encountered earlier.

When drilling composites, the major concern is that of the damage caused to the
workpiece. The principal mechanism of damage is largely delamination. Delam-
ination is generally regarded as a resin or matrix dominated failure behavior,
which occurs in the inter-ply region. A number of research initiatives have been
undertaken for developing an up to date understanding of the drilling process in the
context of FRP composite materials, but still a lot remain uncovered. As known,
during the application of the composites, the presence of holes or cut-outs for
various purposes must be considered. For example, when the hole is produced by
machining after fabrication of the composites material, a reduction in strength is
expected by reason of cutting the fibre bundle, loosening, and de-bonding of fibre
around the hole. The mechanism of the material removal in an oblique cutting
process such as drilling, the variation of the forces with time and their influence on
accompanying damage, the optimal drill point geometry for minimizing the dril-
ling forces, the effect of manufacturing processes on quality of holes and the
subsequent damage are discussed in the forthcoming chapters.

References

1. Kaw AK (2006) Mechanics of composite materials, 2nd edn. CRC Press, NY
2. Bhagwan BD, Broutman LJ (1990) Analysis and performance of fibre composites, 2nd edn.

Wiley, London
3. Matthews FL, Rawlings RD (1999) Composite materials: engineering and science. Woodhead

Publishing, Cambridge
4. Mazumdar SK (2002) Composites manufacturing: materials, product, and process engineering.

CRC Press, NY

12 1 Introduction



Chapter 2
Drilling of Composites

2.1 Introduction

The cutting process consists of removing a layer of material from blank to obtain a
component of the required shape and dimensions and with specified quality of
surface finish. During the process of material removal there is a relative motion
between the workpiece and cutting tool. Such a relative motion is produced by a
combination of rotary and translatory movement either of the work pieces or of
cutting tool or both. The relative motion depends on the type of cutting operation.
The cutting operation carried out on any machine tool is based on the theory,
which is the same for all processes [1]. The importance of the cutting process may
be further appreciated by the observation that nearly every device in use in our
complex society has one or more machined surfaces or holes.

The main aspect of machinability is to discuss in detail the force, torque, tool life,
and surface finish. Though there are a number of interrelated factors which affect the
machinability of the material, the most important factors are the cutting parameters,
the properties of the work and tool materials and the geometry of the cutting tool.
The cutting parameters are the speed, feed and depth of cut. The tool parameter
involves the tool material, tool coating and tool geometry. However, the work
design parameter is concerned with the FRP composite material. Though the
machining technique on FRP composite material is similar to that of metals, the fibre
content, stacking sequence of fibre in composite, nature of the matrix play an
important role in deciding the machinability of the material and on the quality of the
machined surface.

It is a typical feature of the production of fibre reinforced plastic (FRP) com-
posite component to their net shape almost completely in the transition from soft to
hard material stage. This takes place by a phase change or by the curing of the
thermoplastic or thermosetting matrix inside or on the top of a mould. In spite of
this near net shape production technology in general, a finish machining of cured
FRP will become necessary, because the required dimensional accuracy and the
surface quality may not be achieved at a reasonable effort in the curing cycle. Due
to the in homogeneity, anisotropy and abrasive nature of the FRP composite
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material, the machining behavior of FRP composites is quite different from that of
metals. The present section of the chapter highlights a comparative discussion
about the mechanism of drilling, and also a brief description about the influence of
various factors on the machinablity of the work material.

2.2 Drilling Operation

The most common tool used in drilling is conical point twist drills with two flutes,
as shown in Fig. 2.1. This tool has three distinct types of cutting surfaces, i.e. a
chisel edge, two main cutting edges and two marginal cutting edges. The principal
elements of the drill point are lip, chisel edge, helix angle, point angle, chisel edge
angle, rake angle, clearance angle etc. Lip is the main cutting edge of the drill and is
formed by the interaction of the flank and flute surface. For efficient cutting, the lip
should be straight, equal in length and symmetrical with the axis of the drill. The
chisel edge is the point end of the web and it is formed by the interaction of the flank
surfaces. The helix angle practically determines the rake angle at the cutting edge of
the drill. As the helix angle decreases the rake angle also decreases and makes the
cutting edge stronger. The most commonly used point angle is 118�, however for
FRP materials the preferred point angle is 135�. The drill properly ground to this
angle gives satisfactory results for a wide variety of materials. Reducing the point
angle leads to an increase in the width of cut (Length of cut increases) and it is
generally adopted for brittle materials. Larger the chisel edge angle more is the
clearance on the cutting lip, which generally varies from 130� to 145�.

The rake angle depends mainly on the flute, helix angle, point angle and the radius
at which it is measured. The actual value of the relief angle during drilling also

Fig. 2.1 Standard twist drill
geometry
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depends on the feed. This is explained by the fact that the drill not only rotates but
also travels axially during cutting. According to the recent research for drilling of
polymer composites the preferred cutting speeds can vary from &78 to 155 m/mm,
and the point angle from 60� to 135�, helix angle 10 to 36�, clearance angle 6 to 16�
can be selected for drilling FRP composite material [2, 3].

It should be noted that whatever the choice of the geometry of the cutting tool,
the drilling operation is accompanied with different damages. These damages can
degrade the quality of the machined holes and even reduce the life of a bolted or
riveted assembly. A description of different damages existing during drilling and
mains factors responsible of these defects are given in the subsequent chapters.

The defects (Ref. Fig. 2.2) resulting from the drilling operation when using
twist drill can be classified according to their location, (1) at the hole entry, (2) on
the wall of the hole and (3) at the hole exit [4].

Literatures related to issues and the factors responsible for drilling of composite
laminates using a twist drill [5–9] is discussed in the following sections.

2.3 Analysis of Damages During Drilling of FRP

2.3.1 Defect at the Hole Entry

This defect is linked to the nature of the work material and its curing cycle, tool
material and its geometry and the machining parameters. Konig et al. [4]
explaining that there is a peeling effect phenomenon on the periphery of the cutting
edges (secondary cutting edge of drill called margin) of the twist drill. This
phenomenon, peel off the first ply of the laminate, which can directly be related to
the rake angle and the helix angle of the drill. This peeling effect increases with

6 mm

Exit delamination Entry delamination 

Wall defect 

Fig. 2.2 Drilling damages observed on CFRP laminate
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increasing the helix angle. This debonding phenomenon occurs at the beginning of
drilling, specifically when the margin of the drill reaches the interface between
the first two plies of the laminate, during the chip formed tends to move under
the action of the main cutting face. At this juncture, action alone that opposes the
delamination of the first ply is due to the cohesion of the matrix. Using an
experimental design, works conducted by Davim et al. [6, 10], show that, size of
delamination at the first ply increases with the increasing the cutting speed and the
feed of the drill (Fig. 2.3).

2.3.2 Defect on the Wall of the Hole

The defect on the surface of the hole, can be of two types, the first related to the
hole shape and the other to the degradation of the matrix on the surface. The first
defect, can be explained by the fact that, under the action (loading) of the principal
cutting edges of the drill, fibers have an elastic deformation during bending before
the brittle fracture. On the cut fibres, it is possible to observe the presence of an
inclined facet compared to the cutting direction of the secondary cutting edge
(margin cutting edge). The elastic return of broken fibres cause shrinking of the
hole and a decrease in the hole diameter, which results in increasing of the friction
between the hole and the tool, which reduce the tool life. The experiments show
that, this reduction of the hole diameter is influenced by the feed rate, and tool
material. The major candidate for the reduction in hole diameter is the nature of
the tool material. For example, when drilling is carried out with diamond tool, the
hole diameter measured is higher than the diameter of the drill. Nevertheless, with
the same machining parameters, drilling with tungsten carbide tool, the hole
diameter measured is lower to the diameter of the tool. This disparity on the
measured diameters can be explained to the difference between the noise radius of
the principle and secondary cutting edges of the drills. With tungsten carbide tool,

z

Fz

h

d

20 mm

Fig. 2.3 Schematic view of peeling effect at the entry of drill
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after grinding we can obtain a noise radius value between 8 and 15 lm, compared
to 5–7 lm with the diamond tool.

The second defect is mainly due to the interaction between the chosen feed, tool
geometry, anisotropy of the composite material and (with or without) the use of
coolant. For example, during drilling at high feed, the damage is higher compared
to drilling at low feed (Ref. Fig. 2.4). Matrix degradation and the fibre pull out
observed on the wall of the hole are strongly influenced by the relative angle
measured between the direction of the fibres and the direction of the cutting speed.
When the angle between the direction of the fibres and the direction of the cutting
speed ranges from -30� to -45�, the state of the machined surface is of poor
quality. This can be explained by the fact that the mechanism of the material
removal, depends strongly by the orientation of fibres [11, 12].

In the industry, the quality of the machined surface (wall of the hole) is
characterized by the roughness measurements (Ra, Rz, and Rt etc.) However, the
values of these mean roughness, are strongly depends on the angular position of
measurement in the hole [13] when the hole are generated by conventional
machining with a cutting tool (drill). Saleem et al. [14], show that, when drilling is
carried out using an abrasive water jet, the damage on the wall of the hole is
uniformly distributed. Therefore, the criterion for average roughness initially used
for the metallic material, is not appropriate for composite materials [14–16] when
the conventional machining is used, whereas it can be used when the machining is
carried out using the abrasive water jet. Since there is no specific criterion to
measure surface roughness of composite materials are available, the average
roughness criteria used for isotropic material during machining is used (Fig. 2.5).
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Fig. 2.4 Schematic
representation of defect on
the surface of hole

2.3 Analysis of Damages During Drilling of FRP 17



2.3.3 Defect on the Hole Exit

The cutting speed of the drill is maximum at the extreme end of the drill radius,
and reduces along the drill radius and is null at the centre of the chisel edge of the
tool. Therefore, the material in front of the chisel edge is subjected to an higher
axial force resulting from the feed of the tool. The contact pressure of the tool on
the material located above the chisel edge increases with the tool displacement.
The defect at the hole exit appears when the chisel edge of the drill is in passing
the last plies of the laminate. In such case, the thickness of the uncut material
located under the tool decreases and leads to a reduction in the bending stiffness
(of the uncut material). The critical thrust force exerted by the tool has to be lesser
than the adhesion force of the matrix between the interface of plies. Above the
force there is a creation and propagation of crack by delamination between the last
plies. The de-bonding of the matrix causes the bending and the uncut fibers of the
last ply (Fig. 2.6).

The main parameters which influence the value of the thrust force in drilling
are:

• The feed rate,
• The point angle and geometry (chisel edge, point angle etc.),
• Tool material,
• State of the tool (Fresh or worn out).

Matrix degradation and fibres pull out

(a) (b)

Fig. 2.5 SEM pictures comparing the surface of hole machined on CFRP plate [+45/-45/+45/-
45]s using two different techniques. a Drill, d = 6 mm, N = 2,020 rpm, f = 0.1 mm/rev.
b Abrasive water jet machining at P = 50 bar
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Several experimental studies have shown that the thrust force (Fz) increases
with increasing the feed rate (Vf) [7, 10, 17–20]. For example, the experimental
results of [18] obtained during drilling of CFRP plate using a twist drill with a rake
angle of 30�, clearance angle of 15� and helix angle of 30� show that, when the
feed increased from 0.03 to 0.07 mm/rev, the thrust force increase from 36 to
58 N. This increase in thrust force, leads to increase the size of defect at the hole
exit. In addition the ANOVA analysis conducted [7] during drilling of CFRP plate
using a twist drill, show that, the feed has a contribution on the exit delamination
size of 81 %. However, the cutting speed has a negligible influence on exit
delamination.

2.4 Variables Affecting the Tool Life

There are many variables affecting the tool life. They are cutting speed, feed, and
depth of cut, toot material, tool geometry, work material and work design. Higher
cutting speed increases tool temperature and softens the tool material. It thereby
aids abrasive, adhesive and diffusion wear. The cumulative effect is an exponential
reduction in tool life. The larger the feed, the greater is the cutting force per unit
area of chip tool contact on the rake face and work tool contact on the flank face.
However, it has been observed that the effect of changes in feed on tool life is
relatively smaller than that of proportionate changes in cutting speed. If the depth
of cut is increased, the area of the tool-chip contact increases roughly in equal
proportion to the change in the depth of cut. Consequently, the rise in temperature
is small. Thus, an increase in the depth of cut shortens the tool life to some extent
by accelerating the tool wear.

The first section presents an analysis of the drilling operation on GFRP com-
posite material using twist drills. A series of tests was conducted using different
cutting conditions namely cutting speed, feed rate, and chisel edge width. It is
apparent that the chisel edge is a large contributor to the total thrust force that is
responsible for delamination [21]. Decisions related to the optimum drilling

z

Fz
h

d

20 mm

Fig. 2.6 Schematic representation of defect at the exit side of hole
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conditions were based on the geometrical accuracy and appearance of the pro-
duced holes. The approach followed in this section is to experimentally vary most
of the important drilling parameters, in as wide a search as possible, to determine
‘optimum’ conditions.

2.5 Influence of the Machining Parameters and Tool
Geometry on the Machining Quality

2.5.1 Specimen Preparation

Hand lay up process was used to prepare the woven glass fiber reinforced plastic
(WFGFRP) specimens. The burning test conducted to check the fiber percentage
revealed that the specimens so fabricated possessed 45 % of fiber content by
volume. Fiber percentage was controlled by controlling the weight of the fibers
(number of layers). E glass fiber mats (360 GSM) were used to reinforce epoxy
resins (LY556). Hardener HY951 was mixed with epoxy to cure at room tem-
perature. Necessary care was taken to remove the entrapped air during the lay-up
process. Rollers were used for this purpose. A gel coat was applied on the mould
prior to the lay-up process. The specimens were macroscopically tested to confirm
the absence of defects like voids or delamination. The specimen thickness and the
fiber percentages selected for this analysis are within the applicable range. The
thicknesses of the specimens varied in the range of 4–5.5 mm. Fiber percentages
of 45–65 % by weight of woven fabric are used in aircraft’s, marine ordinance and
electrical applications. Fiber percentages of 40–70 % by weight of woven roving
are used in marine and large container applications.

2.5.2 Experimental Setup

A drill tool dynamometer, was used to measure the axial thrust force and torque
during the drilling tests. The proportional charge outputs from the dynamometer
were fed to a Tektronix oscilloscope, thus producing a scaled voltage output signal
proportional to the applied load. The thrust and torque were continuously moni-
tored throughout the test. The dynamometer was mounted on the table on a vertical
CNC machining center. A fixture was used to clamp the laminate at the center of
the dynamometer. Figure 2.7 shows the experimental setup.
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2.5.3 Cutting Conditions

The main parameters studied are spindle speed, feed rate, and chisel edge width on
drilling GFRP composite laminates. A 10 mm diameter high speed steel (HSS-
M40) drill with 1008 point angle and 308 helix angle was used in conducting
experiments. Gindy [22] and Enemuoh et al. [23] reported that 1008 point angle is
preferred for drilling of FRP composites. Machining of FRP material is carried out
for the following conditions

• Spindle speed: 600, 1,200, 1,800 rpm
• Feed rate: 0.05, 0.1, and 0.2 mm/rev
• Chisel edge width: 1.0, 1.5, and 2.0 mm.

As per full factorial design, 27 experiments were conducted with all possible
cutting conditions with multiple measurements for each condition.

2.6 Influence of Drilling Parameters on Thrust Force
and Torque

It is observed that force increases with increase in spindle speed and feed. Also
found that the increase in chisel edge width increases the thrust force. Lower thrust
force and torque values were found at 1 mm chisel edge width, which is shown in
Figs. 2.8 and 2.9.

The multiple linear equations for thrust force and torque are given in Eqs. 2.1
and 2.2.

Fig. 2.7 Experimental setup
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THRUST FORCE Nð Þ ¼ �50:8þ 74:9 C:EDGEþ 0:0295 SPEEDþ 951 FEED

Correlation coefficient R2 ¼ 0:91

ð2:1Þ

TORQUE Nmð Þ ¼ � 0:582þ 0:434:C:EDGEþ 0:000184 SPEED þ 5:49 FEED

Correlation coefficient R2 ¼ 0:91

ð2:2Þ

2.7 Influence of Drilling Parameters on Surface Roughness

The surface roughness (Ra) was evaluated (Ra according to 4287/1) with surface
roughness measuring equipment using stylus. For each hole an average of 3
measurements were taken with a cut-off length 0.8 mm. From the Fig. 2.10. It can
be inferred that the value of surface roughness (Ra) increases with the feed rate,
and decreases with the spindle speed, i.e. to get a better surface finish, it is

T
h

ru
st

 F
o

rc
e(

N
)

100

150

0.15

200

250

300

350

400

18000.20
1200

0.10
Speed(rpm)6000.05Feed(mm/rev)

Fig. 2.8 Effect of spindle
speed and feed rate on thrust
force

To
rq

u
e(

N
m

)

0.0

0.5

0.15

1.0

1.5

2.0

2.5

18000.20
1200

0.10
Speed(rpm)6000.05Feed(mm/rev)

Fig. 2.9 Effect of spindle
speed and feed rate on torque

22 2 Drilling of Composites



necessary to have a high cutting speed and lower feed. Lesser point angles are
preferred as it reduces the chip thickness and leads to get a good surface finish. An
average surface roughness of 2–3 lm was found at higher spindle speeds and
lower feed rates. The multiple linear regression equation is given in Eq. 2.3

SURFACE FINISH Rað Þ ¼ 3:34� 0:137 C:EDGE� 0:00052 SPEEDþ 6:93 FEED

Correlation coefficient R2 ¼ 0:86

ð2:3Þ

2.8 Influence of Drilling Parameter on Delamination
Factor and Hole Quality

The delamination is evaluated in terms of delamination factor. The delamination
factor is the ratio of maximum diameter (Dmax) of the damaged zone to the actual
hole diameter (D). The value of delamination factor (DF) can be obtained by the
following Eq. 2.4.

DF =
Dmax

D
ð2:4Þ

The delamination factor was evaluated by scanning the drilled composite
laminates with 400 DPI as demonstrated by Khashaba [24].

From Fig. 2.11, it can be inferred that the increase in feed rate increases the
delamination factor; similarly the increase in spindle speed increases the delam-
ination factor. Increase in delamination is found when the feed is increased; this is
because of increase in cross sectional area of the chip. Increase in cross sectional
area increases the resistance to cutting which in turn increases the thrust force.

The multiple linear regression equation is given in Eq. 2.5.
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Del: factor ¼ 1:09þ 0:00389 C:EDGEþ 0:000005 SPEED þ 0:164 FEED

Correlation coefficient R2 ¼ 0:56

ð2:5Þ

It is observed that, if the test sample is supported by a backing plate during
drilling, the occurrence of cracking or deterioration of the hole lip can be greatly
minimized for almost all values of feeds and cutting speeds. But in industrial
environments giving a backing plate is not possible in most of the cases. Exper-
imental results indicate that the thrust force contribution from the chisel edge is a
significant component of the total thrust force suggesting that the potential for
delamination can be significantly reduced through the use of pilot holes. From the
experiment it is found that the force increases with increase in spindle speed and
feed. Also it is seen that the increase in chisel edge width increases the thrust force.
Lower thrust force and torque values were found at 1 mm chisel edge width. It is
inferred that the value of surface roughness (Ra) increases with the feed rate,
decreases with the spindle speed, i.e. to get a better surface finish it is necessary to
have a high cutting speed and low feed. Lesser point angles are preferred to get a
good surface finish which reduces the chip thickness. On an average, surface
roughness values of 2–3 lm were found at higher spindle and lower feed rate. It is
inferred that the increase in feed rate and spindle speed increases the delamination
factor. Increase in delamination is found when the feed is increased this is because
of increase in cross sectional area of the chip. Increase in cross sectional area
increases the resistance to cut, which increases the thrust force.

2.9 Influence of the Composites Material on the Machining
Quality

This section is devoted to the quality of drilling of two types of FRP composite
materials. The basic constituents of the laminate structures are provided by the
Hexcel Composites Company and are referenced as T2H-EH25 and M21-T700GC
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respectively (58 % Vf and ply thickness of 0.25 mm). These two products are
roughly equivalent in terms of mechanical properties. However, material M21-
T700GC is distinguished by the presence of thermoplastic nodules measuring
20 lm in diameter on average, representing about 13 % of the volume of the
matrix in the prepreg. These nodules have the role of initiating networks of cracks
on the interface between plies then blocking propagation of those cracks in the
laminate. The critical energy release rate in mode I and in mode II of this material
is thus improved, as compared with those of the laminate T2H-EH25.

In this part, two types of problems are analyzed. Firstly, the behavior of the
machined material (through specific cutting pressure) under the influence of feed
per revolution and the diameter of the drill has been studied. To do so, a test
campaign was conducted. Having performed acquisition of the thrust force (Fz) for
cases of machining on the two materials, varying the cutting conditions, a com-
parison of the specific cutting pressures between the two materials and a com-
parison of roughness measurements on the wall of the hole were made in relation
to the feed per revolution. Analysis of the extent of defects at exit hole is proposed
for both materials taking the influence of feed per revolution into account.

2.9.1 Experimental Procedure

The specimen used for this study has been prepared using 16 unidirectional pre-
pregs and have a quasi-isotropic stacking sequence. The thickness of the plate
manufactured with a layer of T2H-EH25 is 4 mm, while that manufactured with
the layer M21-T700 GC is 4.16 mm. Drilling is performed using an CNC machine.

The specimen used for this study has been prepared using 16 unidirectional
prepregs and have a quasi-isotropic stacking sequence. The thickness of the plate
manufactured with a layer of T2H-EH25 is 4 mm, while that manufactured with
the layer M21-T700 GC is 4.16 mm. Drilling is performed using an CNC machine.
Acquisition of the thrust forces is made using a six-axis force sensor.

The sensor is connected to a strain gauge bridge and a computer to store data.
The composite workpiece to be drilled is firmly held in place on a dedicated
support. The cutting tool used is made of micro-grain tungsten carbide of grade
K20 characterised by three edge sharpening and a pointe angle of 118�. The
diameters used are 4, 6, 8 and 10 mm respectively. The cutter rotation speed is set
to 1,500 rpm. In Table 1, the mechanical characteristics of the laminate used are
presented. The energy release rate in mode I in relation to the (h) angle between
plies is shown in Table 1. The direction (ol) shows the longitudinal direction of the
fibres and direction (ot) the direction crosswise to the fibres. Note that table brings
together the data provided by the manufacturer (Hexcel Composites) and those
derived from the mechanical tests conducted during previous experimental studies.
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2.9.2 Results and Analysis

2.9.2.1 Specific Cutting Pressure

To calculate the specific cutting pressure of the two materials studied and identify
the influence of the thrust force Fz on defects at hole exit in relation to the
diameter of the cutter and feed per revolution, a test campaign was conducted. The
feed rates chosen are: 0.01, 0.015, 0.02, 0.03, and 0.05 mm/rev and cutter diam-
eters are: 4, 6, 8, and 10 mm.

Acquisition of the thrust force Fz is made for different diameters and feed rates
per revolution. The results shown in Figs. 2.2 and 2.3 are obtained as follows: each
point shown on the curve comes from estimation of a mean value made from four
measurement points obtained using a new cutter. This way of proceeding allows
the influence of the wear effect on the values measured for the thrust force Fz to be
minimised. On Fig. 2.12a, showing changes in the thrust force Fz in relation to the
drill diameter, it can be seen that for both materials, the thrust force Fz is pro-
portional to the drill diameter. This is certainly largely related to the size of the
drill’s web that pushes back the material rather than cutting it. The drill web’s
dimensions depend on the cutter diameter (This dimension is around 1.18 mm for
a twist 4 mm diameter drill and about 2 mm for a 10 mm diameter drill). This
result concurs with works described in the literature [9]. When examining the

Table 1 Mechanical properties of T2H-EH25 and M21-T700 GC plates studied with h interface
angle between plies

Mechanical properties T2H-EH25 M21-T700 GC

El (Mpa) 1,41,000 1,42,500
Et (Mpa) 8,500 9,500
Vf 0.6 0.59
GIc for h = 0� (N/mm) 0.16 0.33
GIc for h = 45� (N/mm) 0.23 0.44

Fig. 2.12 Thrust force Fz, (a) versus tool diameter, N = 1,500 rpm, f = 0.01 mm/rev and
(b) Versus the feed rate; with N = 1500 rpm, d = 6 mm
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influence of feed per revolution in the case of a 6 mm diameter drill, it can be seen
that the thrust force Fz is proportional to the feed per revolution for both materials
(Fig. 2.12b).

Furthermore, for chosen values of feed per revolution and cutter diameter, the
thrust force registered on machining of M21-T700 GC is globally the same as that
registered during machining of T2H-EH25. As an example in the most unfa-
vourable case corresponding to a feed rate per revolution of 0.03 mm/rev, the
absolute difference between thrust forces for the two materials is 13 N (for a
maximum value of 85 N). Globally, Fig. 2.12 shows that the thrust force Fz is
directly proportional to feed per revolution ‘‘f’’ and the diameter ‘‘d’’ of the drill.
The empirical model proposed by the Centre Technique des Industries Mécaniques
(CETIM) for metallic materials translates a change in the thrust force Fz pro-
portional to the specific cutting pressure of the machined material, the diameter
and feed per revolution of the drill. This model can thus be used for drilling of
carbon/epoxy long fibre composite laminates. The calculated values come from the
relation:

Fz ¼ K:Kf :f :d ð2:6Þ

with d, the drill diameter (mm); K, the reducing ratio that takes into account the
geometry of the drill tip (dimensionless); Kf, the specific cutting pressure that is a
function of the nature of the material machined, feed per revolution (f) and the drill
diameter (This ratio is determined experimentally in N/mm2).

Using Eq. (2.1) given above, the ratio of the specific pressures of the two
materials can be calculated. According to the Fig. 2.13, representing the ratio
between the two specific pressures when machining with a new drill of diameter
6 mm and for feed per revolution of the drill of between 0.01 and 0.03 mm/rev, it
can be seen that the latter is of order unity. On Fig. 2.14, the ratio between the two
specific pressures during machining operations with a feed per revolution of
0.01 mm/rev and with new cutters of diameters going from 4 to 10 mm, is of order
unity. However, with this model, the maximum relative deviation between the two
specific pressures of the two materials is 8.5 %. This maximum deviation corre-
sponds to a feed per revolution of 0.03 mm/rev.

0,9

0,95

1

1,05

1,1

1,15

1,2

0,01 0,015 0,02 0,03

R
ap

p
o

rt
: 

K
fM

21
-T

70
0G

C
/ K

fE
H

25
-T

2H

Feed rate f (mm/rev)

Kf M21-T700GC / Kf EH25-T2H

0,9

0,95

1

1,05

1,1

1,15

1,2

0,01 0,015 0,02 0,03

R
ap

p
o

rt
: 

K
fM

21
-T

70
0G

C
/ K

fE
H

25
-T

2H

Feed rate f (mm/rev)

Kf M21-T700GC / Kf EH25-T2H

Fig. 2.13 Ratio of the specific cutting pressure for two materials (drill diameter of 6 mm and
spindle speed of 1,500 rpm)

2.9 Influence of the Composites Material on the Machining Quality 27



2.9.2.2 Influence of Drilling Time on the Thrust Force

From Fig. 2.15, it can be seen that after 2 min of drilling and with a feed per
revolution of 0.03 mm/rev, the thrust force recorded during machining of the
material T2H-EH25 goes from 72 to 120 N. Now, for material M21-T700 GC, it
goes from 85 to 110 N. This variation in load after 2 min of drilling is translated
by an absolute deviation between the two materials of about -23 N. A number of
works have shown that the wear on the cutting tool is related to the increase in
machining time (number of holes drilled) and thus heating of the cutter itself [25].
Wear on the cutter in turn leads to an increase in the thrust force Fz. When drilling
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material M21-T700 GC, the cutter wears at a slower rate than when drilling
material T2H-EH25. This is probably due to the presence of the thermoplastic
nodules in material M21-T700 GC (see Fig. 2.16). Indeed, these nodules can act as
a lubricant in the wall of the hole when cutting, thus protecting the tool’s cutting
edges against abrasion from the carbon and epoxy resin.

Scanning electron microscope observations on the surface of the hole machined
on carbon/epoxy laminate made of M21-T700 GC show a clean surface that
spreads the matrix, thanks to the presence of the thermoplastic nodules in the
workpiece (see Fig. 2.17a). From the Fig. 2.17b, this is less obvious for a work-
piece made of T2H-EH25. Note the presence of torn fibres in the matrix (area
surrounded by a border in Fig. 2.16b).

SEM observations at the exit side of hole (Fig. 2.18) shows the torn fibres
within the last ply and not in the form of delamination between plies. From this
observation, it can be concluded that the thrust force Fz, during drilling because of

Fig. 2.16 Views of thermoplastic nodules in M21-T700 GC using SEM observations

Tool displacement 

400 μm 400 μm

Fiber wrenching 
areas

Tool displacement 
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Fig. 2.17 SEM micrographs of the surface. a M21-T700 GC plate. b T2H-EH25 plate
(d = 6 mm, N = 1,500 rpm and f = 0.02 mm/rev)
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the machining parameters, is less than the force Fz that has to be applied to cause
delamination between plies. In the following results and analysis, firstly the
influence of feed per revolution on the defect at the hole and, secondly, the
influence of feed per revolution on the quality of machining on the wall of the hole,
exit will be studied using a new drill.

2.10 Delamination at the Hole Exit

The images shown on Fig. 2.19 show the condition of the hole (at drill exit) after
the drilling operation. They were obtained as follows: after the drilling operation
(with a feed rate of 0.02 mm/rev and spindle speed 1,500 rpm), the laminate plates
were scanned with a resolution of 3,000 pixels. Using an image analysis program,
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the tool

Wrenching of the fibers 
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Fig. 2.18 Scanning electron micrographs of the drilled surface. a M21-T700 GC plate. b T2H-
EH25 plate, (d = 6 mm, N = 1,500 rev/min and f = 0.02 mm/rev)
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Fig. 2.19 Defect extents at hole exit; (a) M21-T700 GC plate, (b) T2H-EH25 plate with
machining parameters: f = 0.02 mm/rev, N = 1,500 rpm and d = 6 mm
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two concentric circles are plotted using dotted lines. It can be seen that the extent
of delamination on hole exit is greater on laminate T2H-EH25 than on laminate
T700M21. In these machining conditions, the factor of delamination for T2H-
EH25 is equal to 1.702 and that for M21-T700 GC is 1.587. Obtaining these values
benefits from the good resolution of the scanned images. In some cases, it can be
seen that the delamination factor of T2H-EH25 is smaller than that for T700-M21.
As an example, it can be seen that for a feed rate per revolution f = 0.01 mm/rev
that the extent of delamination at hole exit on the laminate of type M21-T700 GC
is 1.65 and that for type T2H-EH25 is 1.55 (see Fig. 2.20).

Figure 2.21 shows the distribution of mean values for the delamination factor in
relation to feed per revolution for the two materials. Each point on the graph
represents an arithmetic mean of 5 points. Looking at this curve, it can be seen that
the mean value of the delamination factor for T2H-EH25 is greater than that for
M21-T700 GC and this remains true regardless of the feed rate used. This can
certainly be explained by the value of the critical energy release rate in mode I that
is different from one material to another. According to the analytical and numerical
models of [5, 26–28] that allow the critical load responsible for delamination at
hole exit to be predicted, this load increases with the energy release rate in mode I
(GIc). Thus, when drilling materials M21-T700 GC and T2H-EH25 (GIc of M21-
T700 GC being twice as big as GIc of T2H-EH25) for an identical thrust force Fz,
the extent of the defect must be less for T700-M21.

For a feed rate per revolution f = 0.01 mm/rev, this leads to a relative deviation
of the delamination factor between the two materials of the order of 13 % (this
difference is calculated from mean values measured for the delamination factor).
According to the works of [7], when drilling a carbon/epoxy laminate with a stack
sequence [90�/0�], the increase in feed per revolution of 0.01–0.03 mm/rev leads
to a relative deviation of the delamination factor of 10.4 %.

Analysis of the values for standard deviations as shown in Fig. 2.21 shows
pronounced scattering of the values measured for the delamination factor. Now,
these measurements show that the increase in the critical energy release rate in

6 mm6 mm

(a) (b)

Fig. 2.20 Defect extents at hole exit; (a) M21-T700 GC plate, (b) T2H-EH25 plate with
machining parameters: f = 0.01 mm/rev, d = 6 mm and N = 1,500 rpm
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mode I (GIc) of the drilled material does not lead, in all cases, to a reduction in the
extent of the defect at the hole exit. This can be due to the influence of dynamic
effects that are not catered for in static analytical models.

2.11 State of the Wall of the Hole

A comparison of the surface condition of the wall of the hole for the two materials
was made using roughness measurement. Figure 2.22 shows the change in the
roughness profile as the stylus is moved on the wall of the hole. It can be seen that
the maximum values recorded relate to the central zone. In this central zone, the
relative angle between the cutting speed Vc and the direction of the fibres equals to
-45�. This trend is exaggerated by the fact that, in this central zone, there are two
consecutive plies running in the same direction, which encourages the tearing
away of fibres and/or the matrix. These observations have already been mentioned
by other authors such as Ramulu et al. [29] and Ghidossi et al. [16]. Figure 2.22
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shows the change in roughness as a function of the feed rate per revolution of the
drill for both the materials studied. The results show that whatever the feed per
revolution of the drill, the machined surface of material M21-T700 GC shows a
better appearance than that of material T2H-EH25. Having made a comparison of
the specific pressure of the two materials as well as of roughness measurement as a
function of feed per revolution, it is proposed to proceed with analysis of the extent
of the defects at hole exit for the two materials (via the delamination factor
concept).

2.12 Summary

Within the scope of the study, analysis of the quality of machining when drilling
two types of carbon/epoxy quasi-isotropic laminates shows that:

• The empirical model proposed for homogeneous metallic materials is valid
when drilling carbon/epoxy long fibre composite laminates. Using this empirical
model, the specific pressure of the two materials is similar when machining
using a new drill.

• The defect at hole exit is minimal for material M21-T700 GC regardless of the
choice of feed speed. The presence of thermoplastic nodules intended to
improve the energy release rate in mode I and in mode II in material M21-T700
GC provides protection for the cutting tool against the abrasive nature of the
composite material. The machined surface condition of the laminate M21-T700
GC is better than that of T2H-EH25. In fact, to avoid the damages during
drilling of composites material is not sufficient to optimize only the machining
parameters and the tool geometry, because composites materials are not a black
metal. Nowadays, in the industry fields, during the setup of design only the
choice of the composite material is linked to the stress analysis of the part. For
this, in order to improve the machining quality of composite part, it is primordial
to take into account, in the setup of the design the concept of the machinibility
of this material.
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Part II



Chapter 3
Effects of Drill Points While Drilling
of Composites

3.1 Introduction

The mechanism of the material removal in an oblique cutting process such as
drilling, the variation of the forces with time and their influence on accompanying
damage, the optimal drill point geometry for minimizing the drilling forces and the
subsequent damage are some of the directions in which the work in the machining
of composite material is progressing [1–10]. Four facet, eight-facet, Jo-point,
inverted cone and special geometry are some of the widely used tool designs in
drilling composite materials [2]. Three drill geometries are used to study the effect
of cutting forces and hole quality on GFRP composite laminates. The first type is a
standard twist drill with 118� point angle and 30� helix angle. The second type is
Zhirov point drill (Fig. 3.1a), which has a triple lip at each cutting edge, an extra
rake ground on the face of the lips, and a split point. The third type is a multifacet
drill (Fig. 3.1b). An arc cutting edge with a radius of 1.5 mm is made to increase
the rake angle. The arc cutting edge is effective in dividing chip and drill centering.
Experiments were conducted using CNC vertical machining center (Mori-Seiki)
using full factorial design. A diameter 10 mm drill made of HSS-M40 was used to
drill holes on GFRP laminates. A spindle speed of 1,000, 2,000, 3,000 and
4,000 rpm with a feed rate of 0.02, 0.03, 0.04 and 0.05 mm/rev were used in
drilling holes. Experiments were conducted using full factorial design. Surface
roughness, hole diameter, circularity and delamination at exit were measured and
recorded.

3.2 Influence of Cutting Parameter on Thrust Force

From the experiments it was found that increase in spindle speed and feed rate
increase the thrust force (Fig. 3.2), especially feed rate; this is because larger the
feed rate, higher will be the cross sectional area of the undeformed chip, with greater
resistance to chip formation and consequently greater axial thrust force [4, 5].

V. Krishnaraj et al., Drilling of Polymer-Matrix Composites,
SpringerBriefs in Manufacturing and Surface Engineering,
DOI: 10.1007/978-3-642-38345-8_3, � The Author(s) 2013
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Fig. 3.1 Drill geometries a Zhirov point drill and b Multifacet drill

30

50

70

90

110

130

150

170

0.01 0.02 0.03 0.04 0.05 0.06

Feed rate (mm/rev)

T
hr

us
t f

or
ce

 (
N

)

T
hr

us
t f

or
ce

 (
N

)

T
hr

us
t f

or
ce

 (
N

)

Feed Vs Thrust force for standard 
twist drill

500 rpm 

1000 rpm

1500 rpm

2000 rpm

30

50

70

90

110

130

150

170

0.01 0.02 0.03 0.04 0.05 0.06

Feed rate (mm/rev)

Feed Vs Thrust force for Multifacet drill

500 rpm

1000 rpm

1500 rpm

2000 rpm

30

50

70

90

110

130

150

170

0.01 0.02 0.03 0.04 0.05 0.06

Feed rate (mm/rev)

Feed Vs Thrust force for Zhirov drill

500 rpm

1000 rpm

1500 rpm

2000 rpm

(a)

(b) (c)
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Zhirov point drill can drill with lower thrust force for the same operating
conditions when compared to standard twist drill and multifacet drill. This is because
in the Zhirov drill the chisel edge has been modified with cutting edge and conse-
quently extrusion action is replaced by cutting action. This design allows the feed
thrust to be reduced by one-third that is required for standard twist drills. The Zhirov
point drill also produces more dimensionally accurate holes because of less
deflection in the spindle through a reduction of the thrust force. Multifacet drill
(MFD) also generated less thrust force than standard twist drill. The MFD is designed
to reduce the cutting force by an arc cutting edge in the cutting lip to increase the rake
angle and a reduced chisel edge length to decrease the thrust force. When compared
to Zhirov point drill, thrust force generated by MFD was slightly higher.

3.3 Influence of Drill Points on Thrust Force

Figure 3.3 shows the cutting characteristics of the drill points. Sudden increase in
cutting force is evident with standard twist drill. This can be attributed to the
penetration/extrusion action of the chisel edge of the standard twist drill. Once the
work material is penetrated cutting action of the lip starts and the cutting force
gradually increases. Then it drops sharply as the tool exits through the opposite
side. During the steady portion of the drilling process, significant oscillations of
the normal force are observed. For woven fabric/cross ply laminates, the amplitude
of variation is lower. While drilling with conventional twist drills, the crack
propagation around the drilled hole is found to be more severe when cutting lips
pass through the bottom of the laminates.

Cutting action of the Zhirov point is smoother and it starts cutting from the
beginning with gradual increase in the cutting force till the entire edges start
cutting. The cutting force drops gradually because of the triple edge at the outer lip
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of the drill. Similar crack and fiber pull out was found while drilling using Zhirov
point drill when compared to standard twist drill (There was no difference between
the Zhirov point drill and standard twist drill as for as the quality of the hole is
concerned). The only difference is less thrust force and thin chips when compared
to standard twist drill. This was not sufficient to trim the hole neatly around the exit
side of the hole.

Multifacet drill picks the top surface of the laminate at three locations, one at
the middle and the other two at the outer diameter of the drill (diametrically
opposite). When MFD starts cutting the laminate the cutting force reaches a high
value possibly because cutting starts at three locations and once it starts cutting the
laminate the force drops gradually. In all the three cases after the full engagement
of the lip the cutting force starts dropping, perhaps due to softening of the matrix
by the heat generated during the drilling process. The cutting force values of MFD
are higher compared to Zhirov point but less than standard twist drill. The cutting
force variation at the exit is sudden and a button like chip is ejected out [17–19].

3.4 Influence of the Cutting Parameter on Torque

The value of the torque was measured using drilling dynamometer which is
interfaced with a system. Figure 3.4 shows the main effects of cutting parameters
on the torque. On examining these results, it is found that the torque increased with
the cutting speed. However, the increase in torque was much smaller than that in
thrust force as cutting speed increases [11–13].

It is found that the torque increased linearly as feed rate increased for all three
drill geometries. Zhirov point has a triple lip at each cutting edge, the shortest lip
has an include angle of 55�, the intermediate lip has a point angle of 70�, and the
largest lip has the standard point angle of 118�. This point style produces wiper
chips (chips are thinner) and reduces the torque required to cut the hole.

3.5 Influence of the Cutting Parameter on Surface
Roughness

The surface roughness of the holes was measured using (Surfcorder) surface
roughness measurement equipment (Ra according to 4287/1). From the Fig. 3.5, it
can be inferred that the value of Ra increases with the feed rate. Hence, poor
surface will be obtained when the feed rate is increased [4, 5].

When the spindle speed was increased Ra value decreased. Better surface finish
can be obtained at higher speed. i.e., to get a better surface finish it is necessary to
have a high spindle speed and low feed rate. Zhirov point (0.7–2 lm) and
Multifacet (1–2.5 lm) drills are giving low surface roughness. In Zhirov point
three lips on flank surface reduce the chip thickness and slot on chisel edge reduces
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the thrust force. Reduced thrust force gives less vibrations on spindle and surface
finish is increased. Whereas in multifacet drill cutting takes place at the periphery
like trepanning.

3.6 Influence of the Cutting Parameter on Delamination
Factor

3.6.1 Delamination Factor

Delamination near the exit side is induced as the tool acts like a punch, separating
the thin uncut layer from the remainder of the laminate. Delamination factor (df)
was calculated for each drill points namely standard twist drill, Zhirov point drill
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and multifacet drill. The Fig. 3.6 shows the relationship between the delamination
factor and drilling parameters. It is concluded that the delamination factor
increases with feed rate and spindle speed. According to the experimental study,
multifacet drill presents better performance than standard twist drill and Zhirov
point drill, because of its cutting action at the periphery of the holes.

The standard twist drills always give higher delamination for the same drilling
conditions. The entry point of hole produced is neat for all the geometries. From
the Fig. 3.7 we can observe fibers pull out at exit side of the drilled hole. Damage
is more in the case of twist drill [14, 15]. MFD produced clean cut holes at the exit
side of the laminate. This is because the cutting mechanism of a multifacet at the
last ply is like a trepanning with knife-edge [16].
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3.7 Influence of the Cutting Parameter on Hole Quality

The holes drilled by HSS drill (u 10 mm) are measured with the Co-ordinate
Measuring Machine (CMM-MITUTOYA) using u 3 mm Ruby crystal probe. The
dimensions of the holes are measured at the middle of the laminate thickness.

Variation of hole diameter up to 0.1 mm is found for the drill geometries
considered in this experiments (Fig. 3.8). In Zhirov and multifacet drill points
dominant to peripheral cutting action can be seen i.e., can be lead to the observed
higher order shrinkage. Circularity can be seen with Zhirov and multifacet drill
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again attributed to the dominant peripheral cutting action (Fig. 3.9) (Minimum
circularity error when drilling with Zhirov point and multifacet drill can be
attributed to dominant peripheral cutting).

3.8 Tool Wear Study on Different Drill Points

The major reason for tool wear is the thermal softening of the tool material, and
higher order abrasive nature of the chip. The cutting forces are mostly dependent
on the status of the cutting edges, which are indirect indicators of the cutting edge
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and can also be used as process indicators. With tool wear, thrust force normally
increases. So, tool life can be predicted by measuring the thrust force with respect
to number of holes. The tool’s flank wear was measured using toolmakers
microscope with a magnification of 10X.

In standard twist drill, thrust force increased sharply because of initial wear.
Initial wear was up to 6th hole. In the range of 20–25 holes, there is a stable trend
in the thrust force. The tool life for standard twist drill is around 25 holes and
thrust force at the end of 25th hole is 100 N (Fig. 3.10). The powdery chips
produced during drilling of composites are quite abrasive in nature owing to the
presence of reinforcing fibers. These chips certainly cause more wear at cutting
edges and even increase the temperature at cutting edges. 490 lm wear land is
observed on the flank after 34 holes are drilled.

In Zhirov point geometry, initially the thrust force increases rapidly from 29 N
to 59 N due to wear at the groove edge. Cutting edge near the groove in the Zhirov
geometry worn out rapidly those led to rapid increase in thrust force. After 7 holes
the wear is uniform and thrust force increases gradually up to 71st hole. After 71st
hole thrust force increases rapidly due to an increase in tool wear. Also hole
quality is reduced. That shows end of tool life. Uniform wear is observed at the
cutting edge near the groove.

In multifacet drill from 1st hole to 5th hole there is an initial wear, so thrust
force increases rapidly. In the range of 5–38th holes, there is a stable trend in thrust
force due gradual tool wear. Sudden increase in thrust force is observed after 38th
hole due to increase in tool wear (Cutting force increased from 60 to 85 N between
36th hole to 42nd hole and beyond 42nd hole the cutting force started increasing
steeply). Illustration of variation of thrust force with number of holes drilled
indicates higher suitability of Zhirov point drill, where as multifacet drill exhibits
lower order thrust force during early phase of drilling.

The dominant wear type in drilling has been identified by microscopic obser-
vations of the worn surface of the tool. It is an abrasive form of flank wear in the
drill characterized by scratching in the sliding direction, which can be measured as
Vbmax. An example of this wear type in a drill is presented in Fig. 3.11.
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The wear land width is not uniform along the edge. It is smaller near the axis
and it grows very sharply near the corner. The resistance to abrasion of the cutting
tools material depends directly on the relative hardness of the material involved.
The glass fiber used as reinforcement in the FRP is highly abrasive in nature which
damages the bonding between cobalt and tungsten carbide. In the standard twist
drills abrasion type of wear is predominant.

Figure 3.12 shows the wear pattern of multifacet drill used for drill wear study.
It is shown that chipping appears at both the outer corner of arc lip region and the
chisel edge region. Otherwise, the drill geometry is about the same as the fresh
drill. The appearance of chipping may be because of relatively hard fiber.

Fig. 3.11 Wear land on the cutting edge of drill

Fig. 3.12 SEM photograph of multifacet drill at a Extreme end, b Chisel edge
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3.9 Summary

From a series of experiments it is found that cutting action of the Zhirov is smooth,
it starts cutting from the beginning with gradual increase in the cutting force till the
entire edges start cutting. The cutting force drops gradually because of the triple
edge at the outer lip of the drill. The difference between Zhirov point drill with
standard twist drill is less thrust force and thin chips.

Zhirov point drill and multifacet can drill with lower thrust force for the same
operating conditions when compared to standard twist drill. Zhirov (0.7–2 lm)
and multifacet (1–2.5 lm) drills are giving low surface roughness (Ra). In Zhirov
point drills three lips on flank surface reduce the chip thickness and slot on chisel
edge reduces the thrust force. Whereas in multifacet drill cutting takes place at the
periphery like trepanning instead of extrusion action, hence surface finish is
improved.

Delamination factor increases with feed rate and spindle speed. According to
the experimental study, multifacet drill presents a better performance than all the
other drill geometries, because of its cutting action at the periphery of the holes.
The standard twist drill gave higher delamination for the same drilling conditions.

The tool life for standard twist drill is around 25 holes, Zhirov drill it is around
71 holes and for multifacet holes it is around 38 holes. The dominant wear type in
drilling has been identified by the microscopic observations of the worn surface of
the tool. It is an abrasive form of flank wear in the drill characterized by scratching
in the sliding direction.
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Chapter 4
Effects of Drill Points While Drilling
at High Spindle Speed

4.1 Introduction

High speed machining is now recognized as one of the key manufacturing tech-
nologies for higher productivity and throughput [2, 10, 14]. It is well known that
the most effective way of achieving good quality holes while drilling fibre rein-
forced plastics is by reducing the thrust and torque [3–11, 14, 15, 17, 19]. High
spindle speed reduces the cutting force requirements. So, drilling experiments
were conducted with drill geometries, namely standard twist drill, Zhirov-point
drill, and multifacet drill, using wide range of spindle speed, and feed rate to
analyse thrust force, delamination and surface roughness.

4.2 Experimental Setup

Experiments were conducted using Acumac high-speed spindle (5 kW) mounted on
a vertical CNC machine. Figure 4.1 shows the experimental set-up. Due to the high
abrasive nature of fiber-reinforced materials, micro-grain carbide (Ø 10 mm-K10)
was used in this investigation. Drilling of laminates was carried out for the
following conditions using full factorial design. Cutting speed values were selected
between 15.7 to 62.8 m/min and 440 to 600 m/min to study the effect of normal and
high spindle speed respectively on drill geometries, surface finish and delamination.

Spindle speed: 500; 1; 000; 1; 500; 2; 000 and 14; 000; 16; 500; 19; 000 rpm

Feed rate: 0:02; 0:03; 0:04; 0:05 mm=rev
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4.3 Influence of Cutting Parameters on Thrust Force

Drilling parameters cause change in cutting forces, which influence the quality of
the holes in terms of surface finish, circularity, delamination, fiber pull out, matrix
cratering, etc. [3–5, 7–9, 11, 15, 19]. From the experiments it was found that high
spindle speed decreases the thrust force [12, 14]. As seen in Fig. 4.2 Zhirov point
drill experiences lower thrust force for the same operating conditions when com-
pared to other geometries. This is because in the Zhirov drill the chisel edge has
been replaced by cutting edges, therefore extrusion action is replaced by cutting
action [1]. The Zhirov-point drill also produces more dimensionally accurate holes
because of less deflection in the spindle through a reduction of the thrust force.
At lower feed rate (0.02 mm/rev) Zhirov point drill and multifacet generated more
or less same thrust force (around 20 N). This value is very less when compared to
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Fig. 4.1 High speed spindle experimental setup

Feed vs Thrust force(Std twist drill)

0

20

40

60

80

100

120

0.01 0.02 0.03 0.04 0.05 0.06

Feed rate (mm/rev)

T
h

ru
st

 f
o

rc
e 

(N
)

Feed vs Thrust force(Multi facet drill)

0

20

40

60

80

100

120

0.01 0.02 0.03 0.04 0.05 0.06

Feed rate (mm/rev)

T
h

ru
st

 f
o

rc
e 

(N
)

T
h

ru
st

 f
o

rc
e 

(N
)

Feed vs Thrust force(Zhirov drill)

0

20

40

60

80

100

120

0.01 0.02 0.03 0.04 0.05 0.06

Feed rate (mm/rev)

500 rpm

1000 rpm

1500 rpm

2000 rpm
14000 rpm

16500 rpm

19000 rpm

(a) (b) (c)

Fig. 4.2 Effect of feed rate and spindle speed on thrust force a Standard twist drill b Zhirov-
point drill c Multifacet drill
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drilling at normal spindle speed which is around 50 N. For all the drill geometries at
high spindle speed the torque values are between 0.1 and 0.2 N-m. Not much
variation in the torque values is recorded within the range examined.

4.4 Influence of Cutting Parameters on Delamination
Factor

Delamination near the exit side is introduced as the tool acts like a punch, sepa-
rating the thin uncut layer from the remainder of the laminate. The entry hole
produced was neat for all the geometries. However, the fiber pull out at exit was
more in the case of twist drill and Zhirov point drill. Multifacet drill produced
clean cut holes at the exit side of the laminate. This is because the cutting
mechanism of a multifacet at the last ply is like a trepanning with knife-edge.
Therefore, exit hole was neat and fuzzy free. A button like chip was ejected at the
exit side of the laminate while drilling using multifacet drill. The delamination was
evaluated in terms of delamination factor. The delamination factor is the ratio of
maximum diameter (Dmax) of the damaged zone to the actual hole diameter (D).

Figure 4.3 shows the relationship between the delamination factor and drilling
parameters. It is concluded that delamination factor increases with feed rate and
spindle speed [10]. The effect of high spindle speed is significant on standard twist
drill, whereas the effect of high spindle speed on delamination factor during
drilling using Zhirov point and multifacet is less significant.

Figure 4.4 shows the hole machined in the drilling process for standard twist
drill, Zhirov point, and multifacet drill respectively. Multifacet drill presents a
better performance than other drill geometries. The special characteristic of the
drill is the extreme sickle-form design of the cutting edges. This pre-stresses the
fibers in the direction of pull and separates them in the direction of thrust. This
results in a clean cut with a smooth surface. The delamination is less compared to
other drill geometries.

4.5 Influence of Cutting Parameters on Surface Roughness

After the drilling test, the quality of hole at entry and exit has been examined. The
surface roughness (Ra) was evaluated as per ISO 4287/1 [4]. For each test 3
measurements over drilling surfaces were made. Figure 4.5 shows the effect of
drill geometry on surface finish. The value of surface roughness increases with the
feed rate, and decreases with the cutting speed. Zhirov drill produced better sur-
face finish (4–5 lm) at lower feed rate. The outer most lip produced thin chip
which improved the finish of the hole. Multifacet drill also generated better surface
finish at lower feed rate when compared to standard twist drill. The effect of
spindle speed on surface finish is less compared to feed rate for Zhirov point and
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Fig. 4.3 Effect of feed rate and spindle speed on delamination: a Standard twist drill; b Zhirov
point drill; c Multifacet drill

Fig. 4.4 Effect of drill points on delamination (u 10 mm hole: magnification: 3X) a Standard
twist drill; b Zhirov point drill; c Multifacet drill
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multifacet drill [6, 8, 17]. With high speed drilling a considerable reduction in
thrust force can be seen; however the drilled hole exhibits higher order surface
roughness and only a marginal difference in delamination factor (Possibly due to
higher order drilling temperature). It is seen that for standard twist drill and
mulitifacet drill beyond 0.03 mm/rev steeper rise in surface roughness.

4.6 Influence of the Cutting Parameter on Hole Quality

The diameter of the holes drilled by carbide drill (u 10 mm) is measured with the
Co-ordinate Measuring Machine (CMM-MITUTOYA) using u 3 mm Ruby
crystal probe. The dimensions of the holes are measured at the middle of the
laminate thickness.
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Fig. 4.5 Effect of feed rate and spindle speed on surface roughness a Standard twist drill;
b Zhirov point drill; c Multifacet drill
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Lower order thrust force, i.e. better cutting action of carbides, higher order
material stability, lower order wear, possible lower order cutting temperature on
workpiece, all will induce less stress and consequently less relaxing, so mostly
over sized holes are seen (Fig. 4.6). Better condition over circularity error unlike
the case of HSS. Better circularity values are found when holes are drilled using
Zhirov point and multifacet drills (Fig. 4.7). 6–8 lm circularity error in drilling of
composite can be treated as negligible.
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4.7 Tool Wear Study

In high speed drilling, the major reason for tool wear is the thermal softening of the
tool material, and the abrasive nature of the chip. Because of tool wear, thrust force
will increase [13, 16, 18, 20]. So, tool life can be predicted by measuring the thrust
force with respect to the number of holes. In this tool wear study, carbide drill
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geometries are used at 16,500 rpm (518 m/min) spindle speed and 0.02 mm/rev
(330 mm/min) to study the extent of tool geometry at high spindle speeds.

In standard twist drill, the thrust force at the beginning of the cut increased
sharply because of initial wear (Figs. 4.8 and 4.9a). Initial wear was up to 10th
hole and after that gradual wear took place. Beyond 325 holes the thrust force
started increasing steeply. This could be because of rapid wear. Thrust force at the
end of 325th hole is 60 N. In Zhirov point drill (Figs. 4.8 and 4.9b), thrust force
increased sharply because of initial wear. Initial wear was up to 25 holes and after
that gradual wear took place. Beyond 340 holes thrust force started increasing
steeply. Thrust force at the end of 340th hole is 30 N. In multifacet drill (Figs. 4.8
and 4.9c) within 10 holes thrust force increased rapidly from 10 N to 40 N after
that gradual wear took place. Thrust force at the end of 60th hole is 60 N. After
that the force raised steeply because of rapid wear.

Figure 4.10 shows the worn out regions of the drill points. When the tool wear
was observed using Tool maker’s microscope, uniform wear on the flank region
was observed in standard twist drill. After the end of its tool life, a wear land of
0.15 mm was measured on its flank with minute chipping along the lips. In the
Zhirov point drill, cutting edge near the groove (Cutting edges ground to replace
chisel edge) may worn out rapidly that could have led to rapid increase in thrust
force. Flank wear at the extreme end was 0.1 mm. Higher tool wear in multifacet
drill at the end of cutting edge was observed, because of its sharp edge at the
periphery. In all the drills along the cutting edges minute chipping was observed
because of cutting hard glass fibers. Zhirov point could drill with lower thrust force
and more number of holes, whereas multifacet drill cuts the hole without any fibre
pull out.
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4.8 Summary

In drilling of composites, high spindle speed and low feed rate improve the
machinability aspects within the range examined. The cutting force is less (thrust
force and torque both recorded a very low value). The special geometry improves
the quality of the hole further, especially Zhirov point drill [8]. From the exper-
imental results (Ref. Fig. 4.8), Standard twist drill and Zhirov point drill were
found suitable for producing more number of holes at high spindle speed with low
feed rate.

Multifacet drill cuts the hole better than other drill geometries. The special
characteristic of the drill is the extreme sickle-form design of the cutting edges.
This pre-stresses the fibers in the direction of pull and separates them in the
direction of thrust. This results in a clean cut with a smooth surface. The
delamination is less compared to other drill geometries.

Zhirov drill produces better surface finish (3–5 lm) at lower feed rate. The
outer most lip produces thin chips which improve the finish of the hole. Multifacet
drill also generates better surface finish at lower feed rate when compared to
standard twist drill. With high speed drilling a considerable reduction in thrust
force can be seen, however the drilled hole exhibits higher order surface roughness
and only a marginal difference in delamination factor possibly due to higher order
drilling temperature.

In standard twist drill, thrust force at the beginning of the cut increases sharply
because of initial wear. Initial wear is up to 10 holes and after that gradual wear
has takes place. Thrust force at the end of 325th hole is around 60 N. In Zhirov
point drill, thrust force increases sharply because of initial wear. Initial wear is up
to 25 holes and after that gradual wear has taken place. Thrust force at the end of
340th hole is 30 N. In multifacet drill within 10 holes thrust force increases rapidly
from 10 N to 40 N after that gradual wear takes place. Thrust force at the end of
60th hole is 60 N. After that the force rises steeply because of rapid wear.

When the tool wear is observed using Tool maker’s microscope, uniform wear
on the flank region is observed in standard twist drill. After the end of its tool life a
wear land of 0.15 mm is measured on its flank. In the Zhirov point drill, cutting
edge near the groove may be worn out rapidly that could have led to rapid increase
in thrust force. Flank wear at the extreme end is 0.1 mm. Higher tool wear in
multifacet drill at the end of cutting edge is observed, because of its sharp edge at
the periphery. In all the drills along the cutting edges minute chipping is observed
because of cutting hard glass fibers. From this high speed drilling study, it is
concluded that Zhirov point could be used to drill holes with lower thrust force.
The life of the Zhirov point is also higher.
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Chapter 5
Numerical Prediction of the Critical
Thrust Force Causing Delamination
at the Hole Exit

5.1 Introduction

Delamination at the exit of the hole is considered the most costly damage in the
composite structure [1, 4–7, 9–11, 14–21, 22, 23]. This defect leads to a significant
loss of the tensile strength and the stiffness of the composite part when it is loaded
in compression, shear or fatigue loading [14, 15, 18]. Consequently, this results in
a reduction of the loading capacity of the composite part. Several studies have
shown that the presence of delamination at the exit side of the hole is mainly due
to the axial thrust force developed during the drilling process. This thrust force is
mainly related to the interaction between the active part of the cutting tool (cutting
edges, chisel edge) and the uncut part of the composite located under the point
angle of the drill [5]. However, this thrust force is strongly influenced by the drill
diameter, the feed rate of the tool, the nature of material being machined (fibre and
resin), the type of web thinning of the tool (point angle, web thickness etc.), and
the fibre content [1, 23]. Even drilling at an optimal choice of cutting parameters,
the wear of the cutting tool causes an increase in the thrust force which leads to the
appearance of delamination at the hole exit.

Two types of models are available in the literature to predict thrust force during
drilling. The first one is an empirical model to predict the thrust force as a function
of cutting parameters. These empirical models for predicting the thrust forces are
similar to those developed in the context of drilling of metallic materials [2, 8, 13].
As a whole, it is based on the identification of the specific cutting pressure of the
material to be machined. The second one is an analytical model to predict the
critical thrust force responsible for delamination at the exit side of the hole.
Beyond this force, there is a high probability of propagation of delamination at the
hole exit. These analytical models were inspired by the model developed by Ho-
Cheng [5]. Their model development is based on the theory of fracture mechanics,
using linear elastic and plate theory. These analytical models are developed from
two strong hypotheses. For the first hypothesis, they consider that the critical thrust
force is controlled only by the critical energy release rate in mode I (GIc) of the
composite material. For the second assumption, they assume the presence of a
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circular or elliptical crack near the nominal diameter of the drilled hole. This
chapter is composed into two parts. In the first part analytical models available in
the literature concerns the prediction of the critical thrust force responsible for
delamination at the hole exit during drilling CFRP plates is summarised. In the
second part, the elements of a numerical model to predict the critical thrust forces
during drilling of composite plate according to the number of plies located under
the active part of the drill have been presented. This model is based on analytical
models developed by [5, 19, 20] and for isotropic materials [7, 11, 16, 22] for
orthotropic materials. In this numerical model, the critical thrust force is controlled
by the critical energy release relates in mode I and in mode II of the material to be
machined. This represents a step forward compared to the analytical models from
the literature which considers only the critical energy release relates in mode I [5,
7, 11, 12, 16, 19, 20, 22]. The originality of the proposed numerical model is the
consideration of factors not taken into account by the analytical models. Some of
the factors are:

• The influence of the conicity of the drill in the material,
• The presence of a circular crack in the composite located near the chisel edge of

the drill,
• The influence of rate of loading induced by the chisel edge and by the principal

cutting edges,
• The critical thrust force is controlled by a criterion taking into account the

energy release rates in mode I and in mode II of the material concerned.

5.2 Analytical Models from the Literature

5.2.1 Models with the Hypothesis of Isotropic Material

5.2.1.1 Hocheng and Dharan Model (1990)

The first model was developed by Hocheng and Dhahran [5] (Ref. Figure 5.1).
During drilling of material, the uncut plies located under the tool (chisel edge) are
extruded downwards by the thrust force and undergo elastic deformation. If the
resulting stress in the vicinity of the crack tip exceeds a critical value, then the
crack propagates. At this point, it is supposed that the force applied corresponds to
the critical thrust force.

The assumptions used in this model are:

• The mechanical behaviour of the laminate is considered elastic and isotropic and
the delaminated area is supposed symmetrical with respect to the axis of the
tool,

• The propagation of delamination at the hole exit is carried out in mode I,
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• The fracture mechanics in the frame of linear elastic is used,
• The crack is considered circular with a radius ‘‘a’’,
• The thrust force of the drill is oriented from the top to the bottom of the plate

and its result is applied at the center of the hole,
• The uncut laminate (located under the drill) is subjected to a bending with

respect to the hypothesis of small displacements,
• The global bending of the plate is neglected.

The energy balance applied to the structure in the linear elastic is

Gpð2aÞda ¼ Fzow� oU ð5:1Þ

Gpð2aÞ ¼ Fz

ow
oa
� oU

oa
ð5:2Þ

with

• U the strain energy of the laminate (J),
• W the local deflection of the part located under the delaminated zone and

considered like a plate (mm),
• G the surface energy (J/mm2),
• Fz the resulting critical thrust force.

Using the plate theory, the authors [5] established a relation to predict the critical
thrust force, by considering energy release rate in mode I (GIc), the elastic mechanical
properties of the material (E, t) and the thickness of the damaged plies (h):

Fz ¼ p
8GICEh3

3ð1� m2Þ

� �1=2

ð5:3Þ

Fig. 5.1 Modeling of the
delamination at the exit of the
hole according to Ho-Cheng
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5.2.1.2 Upadhyay and Lyons Model

Upadhyay et al. [20] introduced two new assumptions compared to the work of
Ho-Cheng and Dharan. The first assumption is on the load applied on the area of
the uncut plate located under the tool. They made an assumption that the loading is
uniformly distributed and not as a concentrated load at the center of the tool. The
surface distribution of the loading is considered as circular with radius ‘‘a’’. This
radius represents the dimension of the web thickness. In the second hypothesis, the
authors consider that under the applied load induced by the drill the bending of the
composite plate located under the drill is higher than the thickness of the uncut
plies. Therefore, the assumption of large displacements is considered in the model.
This assumption is realistic, especially if the area of the composite plate located
under the drill is composed of few plies.

By taking these two assumptions into account, the expression of the critical
thrust force is given by the Eq. 5.4:

Fz ¼ p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8GICEh3ð1� 1:464ðw0=hÞ2ð1� 0:0488ðw0=hÞ2Þ2

3ð1� m2Þðð1� 1:708ðw0=hÞ2 � 0:107ðw0=hÞ4ÞÞ

s
ð5:4Þ

with:

• w0, the maximum deflection at the center of the composite plate (mm),
• E, h, m and GIc, are the parameters mentioned in the model similar to Ho Cheng

[5].

A comparison of the critical thrust forces (obtained by this model and those
given by the model defined by Eq. 5.3) shows only a difference around 12–25 %.
The critical thrust forces obtained by the model developed by Hocheng [5] are
lower than those measured by experiment and those given by the model Upadhyay
et al. [20].

5.2.2 Models with the Hypothesis of Orthotropic Material

The first analytical model to predict the critical thrust force by taking into account
of the orthotropy of the composite material was proposed by Jain et al. [6].
Subsequently, many models have been proposed by fellow researchers [11, 16,
22].

Model of Jain-Yang model [7]

Fz ¼ 3p
b
a

� �1=4 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GICD�

p
ð5:5Þ

with:
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D� ¼ D11 þ
2ðD12 þ 2D66Þ

3
a
b

� �2
þD22

a
b

� �4
ð5:6Þ

• Dij, Coefficients of the stiffness matrix of the plate in bending,
• GIc, the critical energy release rate in mode I,
• a et b, the major and minor radius of the ellipse.

Model of Lachaud et al. [11]

Fz ¼ 8:p:
GIC:D
1
3� D0

8:D

 !1=2

ð5:7Þ

with:

• GIc the critical energy release rate in mode I,

D ¼ 1
8

3D11 þ 2D12 þ 4D66 þ 3D22ð Þ; ð5:8Þ

D
0 ¼ D11 þ D22

2
þ D12 þ D66

3
; ð5:9Þ

Dij, Coefficients of the stiffness matrix of the plate in bending.

Model of Zhang et al. [22]

Fz ¼
p:GIC

fðC3 � KÞ

� �1=2

ð5:10Þ

with:

• GIc, the critical energy release rate in mode I,
• K and C3, constants dependent on the mechanical characteristics of the com-

posite plate located under the drill.

However, the difference between the numerical model to predict the critical
thrust force proposed in this chapter and all analytical models presented above is
summarized in the following points:

• the point tool geometry (chisel edge, point angle and cutting length),
• the presence of a crack in the vicinity of the chisel edge of the tool and not near

the nominal diameter of the tool,
• the influence of the rate of loading induced by the principal cutting edges and

the chisel edge separately,
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• the critical thrust force is controlled by a criterion taking into account the critical
energy release rate in mode I and in mode II of the composite material,

• the energy of deformation by shear loading.

5.3 Experimental Procedure

Within this study, two types of UD prepreg in carbon/epoxy are used. These raw
materials of laminated structures are provided by Hexcel composites and are ref-
erenced respectively under, Hexply T2H 268 150 EH25 NS 35 % (noted T2H-
EH25) with a 59 % fibre content and a 0.25 mm thick ply and Hexply T700GC 268
M21 34 % (noted T700-M21) with a 58 % fibre content and a 0.26 mm thick ply.
Those two products are fairly equivalent from the mechanical properties viewpoint.
However, material T700-M21 differs through the presence of 20 lm diameter
thermoplastic nodules which represent about 13 % matrix mass rate in the prepreg.
These nodules are supposed to improve damage tolerance by initiating a crack
network at the interply then controlling the crack propagation within the laminate.
The energy release rates of this material in mode I and II increase in comparison with
those of T2H-EH25 laminate. The specimens for test present a quasi-isotropic
stacking sequence featuring 16 plies [908/-458/08/+ 458]2s. The drilling of a blind
hole is carried out using a CNC machine. In order to avoid delamination while blind-
hole machining, the plate to be drilled is supported on its lower face by means of a
wood plate. Moreover, the machining parameters are chosen so as to avoid
delamination between plies. The machining parameters are based on a small feed
rate (the tool feed rate as well as the rotating speed are respectively, 0.001 mm/rev
and 1,500 rev/min). The tool is a tungsten carbon micro grain with grade K20 and the
principal characteristics of the tool are: (a) Point angle of 1188, (b) Diameter of
4.8 mm and (c) helix angle of 15�. The visual inspection of these blind holes has
revealed no delamination or resin crack. We have mentioned in the previous
chapters that, the feed rate is the cutting parameter which has a greater influence on
the thrust force during drilling with a twist drill, for this reason in this study the
influence of the cutting speed on the thrust force, is not taken into account.

The validation of this numerical model is conducted with quasi-static punching
tests. The latter are carried out on a standard tensile testing machine INSTRON.
The axial load is applied using a twist drill (with a 4.8 mm diameter) which moves
in translation in the blind hole. The values of the critical energy release rates in
mode I (GIc) and mode II (GIIc) for 08/458 interface of two studied materials result
from the fracture mechanics tests carried out in our laboratory. These tests are
performed in accordance with the standard (NF ISO 15024) (Fig. 5.2).

The method of determination of the energy release is based on double cantilever
beam (DCB) test. The values obtained GIc and GIIc are in good agreement with
the values provided by Hexcel composites. The principal information composed
the proposed model are given below.
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5.4 Numerical Modelling

The numerical model suggested has the advantage of taking into account various
aspects. Among them it is noticed that: (a) the consideration of the strain due to the
shear forces thanks to the use of an adapted finite element available in the software
library of SAMCEF FE code (finite element of type 11).

(b) the second aspect corresponds to the influence of the drill point angle in the
material and enables us to represent on the one hand, the presence of a crack at the
level of the chisel edge and on the other hand, the influence of the loading dis-
tribution on the chisel edge and the principal edges of cut (lips of drill). The
resulting thrust force Fz can be decomposed into two components Fz1 and Fz2
(Ref. Figure 5.3), with Fz1 as the thrust force induced by the contact of the cutting
lips with the laminate and Fz2 as the force corresponding to the contact of the
chisel edge with the laminate (Fz = 2Fz1 ? Fz2). The part of the machined
structure is modelled like a volume of circular geometry of external radius Re and

Twist Drill

CFRP plate
Z 

Y
0

Modeled zone

Fig. 5.2 Experimental
device for the punching tests

Fig. 5.3 Thrust force
induced by the principal
cutting edge and the chisel
edge
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internal radius Rt (considering that Rt is the nominal drilled hole radius).
Figure 5.4 is a schematization of the system section seen in the (YZ) plane. Ra and
e respectively represent the chisel edge radius and the thickness of the non-
machined plies which are located under the drill chisel edge.

5.4.1 Description of the Numerical Model and Boundary
Conditions

Figure 5.5 represents the finite element model of the quasi-isotropic laminate
drilling in carbon epoxy. In this modeling, the finite element used is of volumic
isoparametric type with degree 2 which is available in the software library of
SAMCEF FE code. The interface nodes are located at the middle of the top nodes.
The calculation is carried out within a linear static hypothesis with the composite
volume assumption. The conditions with imposed boundary correspond to an
embedding on the circumference of the hole (of radius Re). A part of the loading is
according to the (oZ) direction and is applied on the nodes of the surface generated
by the chisel edge at the time of its rotation. The other part of the loading is applied
to the conical periphery of the drill (Ref. Figure 5.4). For a crack located on the
level of the chisel edge diameter, the principle of determination of the critical
thrust force Fz—according to the number of plies under the drill—is based on the
calculation of the energy release rate in mode I and mode II. The leading edge of
the crack is circular and of radius (Ra ? a). The critical value of the thrust force
Fz can be obtained if the following energy criterion is checked:

GI=GICð Þaþ GII=GIICð Þa¼ 1 ð5:11Þ

The choice of distribution of the loading quantity (Fz1 coming through the
chisel edge, Fz2 coming through the cutting lips) is based on literature [8]. The

Ra

Ra+ a

Re

Rt

Z

Y
o

Fig. 5.4 Schematic view of
the modelled zone
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acquisition of thrust forces was carried out with the help of a load sensor of
KISTLER type. This identification process was divided into two parts. In the first
one, the authors measure the thrust force Fz. In the second one, they make a pilot-
hole whose diameter is equal to the dimension of the chisel edge (2Ra), then on the
same previously-drilled laminate, they machine a hole of diameter (2Rt) followed
by a measurement of the overall contribution of the two main cutting lips.
Figure 5.6 represents the result of this study: for small feed into the material
(around 7 mm/min), the part of the thrust force Fz2 generated by the chisel edge
accounts to 40–50 % of the total thrust force Fz.

Fz1

Fz2

Fz

Embedded

Fig. 5.5 Mesh and boundary condition of the modeled zone
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Fig. 5.6 Evolution of the thurst force induced by the principal cutting edge and that induced by
the chisel edge during drilling of metallic material using twist drill

5.4 Numerical Modelling 75



This quantitative identification is obtained using dynamic tests (at 7 mm/min
tool feed) and this identification is supposed not to change a lot if the tests are
carried out in quasi-static context (at 1 mm/min tool feed). As the numerical model
proposed is developed in a quasi-static context, validating this model in the same
situation seems more relevant.

5.5 Resultants and Discussion

5.5.1 Study of the Influence of Mesh

Firstly, how the choice of the outer radius value (Re) influences the energy release
rate in mode I is studied. To do so, the total number of elements is fixed at 3,480
elements, the dimension of the pre-crack is equal to 0.5 mm and the loading effort
on the chisel edge Fz2 represents 40 % of the total thrust force Fz. Figure 5.7
illustrates GI variation according to Re in the case of three plies under the drill and
for the two materials under study. The energy release rate in mode I (GI) is seen as
being globally constant for an embedding radius varying from 2.6 to 3.1 mm.

Fig. 5.7 Study of the
influence of embedding
radius Re on the numerical
results with two plies under
the drill; boundary
conditions: Fz = 500 N,
a = 0.5 mm when
Fz2 = 40 % Fz. a Three plies
under the tool. b Two plies
under the tool
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Moreover, in the case of two plies under the drill, it is noticed that the variation of
the embedding radius does not lead to a significant variation of the energy release
rate in mode I for the two materials (Ref. Figure 5.7a). The value chosen for this
study is 2.9 mm. Secondly, the influence of the number of elements on the results
is examined. Thus, a 2.9 mm radius Re and a 0.5 mm pre-crack are chosen.
Figure 5.8 shows that the use of a number of elements from 2,280 to 7,200 ele-
ments has led the energy release rate in mode I to increase by 2 %. This involves
T2H-EH25 material. In brief, the total number of elements used in the model has a
very little influence on the global thrust force value Fz whatever the material
studied (Ref. Fig. 5.8a and b). The final part is devoted to the influence of the pre-
crack length ‘‘a’’ on the thrust force ‘‘Fz’’. The total number of elements as well as
the outside radius of the model is thus respectively fixed at 4,800 and 2.9 mm.
Figure 5.9 features how the pre-crack length influences the global thrust force Fz

with three plies under the drill and for the two materials studied: when the pre-
crack length varies from 0.25 to 0.8 mm, the thrust force is quasi-constant. Similar
observations can be made with two plies under the drill. The numerical results
exposed in this study are obtained with a mesh of 4,800 elements, a 2.9 mm
embedding radius and a 0.3 mm pre-crack length. It has been checked that the

Fig. 5.8 Study of the influence of the total number of elements on the numerical results;
boundary conditions. a Material T700-M21, Fz = 540 N, a = 0.5 mm with three plies under the
drill. b Material T2H-EH25, Fz = 230 N, a = 0.5 mm with three plies under the drill

F z
(N

)

a (mm)

Fig. 5.9 Influence of the
crack length (a) on the thrust
force (Fz); boundary
conditions: three plies under
the drill, materials T700-M21
and T2H-EH25, Fz2 = 40 %
Fz

5.5 Resultants and Discussion 77



fixed parameters (Re, a and the number of elements) are not dependent on the type
of the stacking sequence under study.

5.5.2 Macro Scale Analysis

Figure 5.10a represents a comparison experiment/numerical calculation of the
thrust forces Fz (for a carbon/epoxy plate of T2H-EH25 material, a 4 mm thick-
ness and a quasi-isotropic stacking sequence of type [90/+ 45/0/45]2s). If the
loading taken by the chisel edge drill represents 50 % of the total loading, it is
noted that the relative difference between the results provided by the numerical
model and those given by the experiment is important (around 50 %). This is
checked as soon as the number of the plies under the drill is higher than two. If the
loading taken by the chisel edge represents 40 % of the total loading, the results of
the numerical model corroborate the experimental measurements. In this case of
loading, whatever the number of plies under the drill is, the relative variation
remains under 11 %.

However, for material T700-M21 (and when the loading share taken by the
chisel edge is 40 %), Fig. 5.10b shows a good correlation calculation/test if the
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Number of plies under the tool

Number of plies under the tool

(a)

(b)

Fig. 5.10 Comparison
between the experimental and
the numerical critical thrust
forces responsible of
delamination (a) Material
T2H-EH25 and (b) Material
T700-M21
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number of plies is over one. Moreover, the critical thrust force calculated for
material T700-M21 is higher than those calculated for material T2H-EH25 (and
that for all numbers of plies under the drill). This can be explained by the presence
of thermoplastic nodules in the T700-M21 material which increases the values of
energy release rates in mode I and II and therefore the critical outside load which is
responsible for the crack spreading.

In Fig. 5.10, the correlation numerical model/experiment/analytical model is
presented. The assumption of orthotropic material [11] is considered for the two
types of materials under study. For this numerical calculation, the retained dis-
tribution of the loading corresponds to a resumption of 40 % by the drill chisel
edge and of 60 % by the drill lips. According to Fig. 5.11a, a good correlation is
observed between the numerical model and the experiment. The analytical model
overestimates the critical efforts responsible for the delamination between the plies
whatever the material under study may be. As an example, in the case of material
T700-M21 and four plies under the drill, the maximum relative variation registered
between the experiment and the analytical model is 42 %. However, in the same
situation, the relative difference between the experiment and the numerical model
is only 3 %. Similar conclusions are obtained in the case of material T2H-EH25
(Ref. Fig. 5.11b).

Number of plies under the tool
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Fig. 5.11 Numerical model/
experiment/model
(orthotropic) correlation; with
the conditions: Fz2 = 40 %
of the total Fz. (a) T700-M21
material and (b) T2H-EH25
Material
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5.5.3 Meso Scale Analysis

In Figs. 5.12 and 5.13, the application of the Tsai–Wu criterion is presented for the
two studied materials respectively, T2H-EH25 and T700-M21. That corresponds
to a situation of calculation in which there are three plies under the chisel edge of
the drill and the energy criterion described in the Eq. (5.11) is checked. The Tsai–
Wu criterion announces a damage risk in the zone close to the drill chisel edge as
well as at the level of the tip crack. The frontiers of the zones drawn with a
discontinuous line on these cartographies represent the print of the damage
propagation in the vicinity of the crack between plies under the applied load. This
cracking propagation announces some delaminated zones which are qualitatively
of the same shape as those observed through radiography [3, 23]. In the work of
Zitoune et al. [23] drilling of the laminate (without back up) is carried out with a

FailureFailure 

(a) (b)

Fig. 5.12 Tsai–Wu criterion for the T2H-EH25 material; (a) top view, (b) underside view,
machining conditions: three plies under the drill and Fz = 750 N

Failure Failure

(a) (b)

Fig. 5.13 Tsai–Wu criterion for the T700-M21 material; (a) top view, (b) underside view,
machining conditions: three plies under the drill and Fz = 1150 N
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high feed rate (1 mm/rev) and the resulting thrust force (1,000 N) is of the same
scale as the value calculated in this study. It can be noticed that a feed rate lesser to
1 mm/rev (for example 0.02 mm/rev) implies that the delamination at the exit of
the hole widespread within the ply and not in inter-ply zones.

SEM images of the Fig. 5.14 show the presence of delamination at the 90/+ 45
interface in the vicinity of the drill chisel edge. This phenomenon is observed for
the various numbers of plies under the drill. That consolidates the assumption of
the crack presence at the level of the drill chisel edge. The presence of caulking

Displacement of the tool

Interface 90°/+45°

Z
Y

0

200 µm 

Transverse crack

Displacement of the tool

Z Y
0600 µm 1 Ply

(a) (b)

Fig. 5.14 SEM micrographs of the state of the hole after the punching test of the laminate T700-
M21 in half cross-section; test conditions: one ply under the drill, (a) 9150 magnification and
(b) 9300 magnification

Fig. 5.15 SEM picture of the
thickness of composite T700-
M21 of stacking sequence [0/
90]2s and manufactured in
autoclave
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can also be observed around the zone of tool/laminated contact due to the tool
advance. These caulking zones are certainly the place of an intense pressure and
friction between the tool face and the laminate. This friction phenomenon should
be taken into account in a modelling.

From these pictures it is observed that, it is difficult to control with precision the
position of the chisel edge or the extremity of the drill in the materials. This
difficulty is linked the variability of the plies thickness of the composite materials
after the setup of curing. In the Fig. 5.15, we represent an SEM analysis of
specimens with [0�/90�]8s after the setup of polishing. It is noticed that, the
measured thickness of the plies varies from 0.245 to 0.314 mm. These values
represent 20 % of gap compared to the theoretical value of the ply thickness
mentioned by Hexcel composite.

5.6 Summary

For the analysis of the drilling conditions of long-fibre composite structures, the
numerical model that is proposed is based on the fracture mechanics. This mod-
eling enables to restore the critical thrust forces responsible for the formation of
the defect at the exit of the hole and for a different number of plies under the drill
chisel edge. The validation of this numerical model is carried out thanks to quasi-
static punching tests on two types of carbon/epoxy materials. The right correlation
has been noticed between the numerically calculated efforts and those which were
experimentally obtained. The maximum variation registered is about 15 %. This
gap can be related to mechanical proprieties used in the model that are affected by
the variability of the ply thickness after the curing phase. A confrontation between
the critical thrust forces, numerically obtained, and those obtained thanks to the
analytical model is carried out. The proposed model, validated on two types of
carbon epoxy laminated, can also be used for other composite materials from UD
prepreg. However, its validity has not been fully proved on composite material
made of woven fabric. Following the numerical study of the critical thrust force, it
would be interesting to exploit them to the most in order to identify the critical
feed rates so as to avoid delamination during the drilling phase. This phase can be
achieved thanks to the empirical patterns in the literature which give the thrust
force according to the tool feed rate. It has been shown that the beginning of the
damage due to the tool displacement is located around the chisel edge and not
around the nominal diameter. Thus we proposed the development of an analytical
model which predicts the critical thrust force by taking into account a crack
presence in the vicinity of the chisel edge. The integration of shear effects in that
analytical model is also planned.
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Chapter 6
Effects of Drilling Parameters
on Mechanical Strength

6.1 Introduction

The damage generated during the drilling of Fibre Reinforced Plastics (FRP) is
detrimental to the mechanical behavior of the composite structure [7]. Degree of
damage depends on the feed, spindle speed, tool material and nature of cutting edge
etc. [2–4]. This work is focused on analyzing the influence of drilling parameters
(spindle speed and feed) on the strength of the glass fibre reinforced woven fabric
laminates and further to study the residual stress distribution around the hole after
drilling. Holes were drilled at the center of the specimens in a CNC machining
center using 6 mm diameter micro grain carbide drill for various spindle speeds
(1,000–4,000 rpm) and feed rates (0.02, 0.06, 0.10, and 0.20 mm/rev).

The basic lamina properties such as Young’s modulus, Poisson’s ratio, and
shear modulus are important parameters in predicting the modulus and Poisson’s
parameters of the laminate. The material properties (Fibre and Matrix) considered
for estimating the laminate properties are given in Table 6.1.

The following assumptions are considered in evaluating the mechanical
properties.

A woven fabric lamina is considered as two unidirectional plies crossing at 90o

angles with each other (two cross plies of 0o and 90o orientation). Woven fabric
laminate is considered as an orthotropic laminate. The extensional stiffness matrix
for the laminate is given by

Aij ¼
XN

k¼1

Qij

� �
k

Zk � Zk�1ð Þ ð6:1Þ

where,
Aij are the sum of the product of the individual lamina Qij (Transformed

reduced stiffness matrix) and the laminae thickness (Zk -Zk-1).
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The estimated laminate properties are given in Table 6.2.
The test specimens with the dimensions recommended as per ASTM standard

were cut from the laminate using a diamond wheel.

6.2 Orthotropic Composite Plate with a Circular Hole

Woven fabric composites containing holes or cut-outs are often found in structural
applications. Holes in composites will induce stress or strain concentrations and
hence will reduce the mechanical properties. The predication of reduction in the
mechanical properties caused by holes is important for composite designers. An
orthotropic plate containing a circular hole of radius R is subjected to a uniformly
distributed tensile stress �r. Under the action of the stress the (through-the-thickness)
average normal stress along the x-axis is �ry (Fig. 6.2).

According to the point stress criterion, failure occurs in the laminate containing
hole ‘‘when the stress at some distance do away from the hole along the x-axis is
equal to or greater than the un-notched laminate strength �rf

o’’ (Fig. 6.1).

�ryðRþ do; 0Þ� �rf
o ð6:2Þ

where,
R Radius of the hole (mm)
do Characteristic length (mm).

Table 6.2 Elastic properties of laminate

Longitudinal
young’s modulus
E11 (GPa)

Transverse
young’s modulus
E22 (GPa)

Poisson’s
ratio m12

Shear
modulus
G12 (GPa)

Glass/epoxy laminate 23.173 23.173 0.0662 2.308

Table 6.1 Elastic properties
of fibre/matrix

Young’s modulus (GPa) Poisson’s ratio

Glass fibre 85 0.2
Epoxy resin 3.4 0.3
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6.3 Failure Strength of Notched Laminate in Tension

The relationship between the strength of the notched specimen ra to the strength of
the un-notched specimen �rf

o is given by

ra ¼ �rf
o

2
2þ r2 þ 3r4 � ðK1T � 3Þð5r6 � 7r8Þ

� �
ð6:3Þ

Based on the work of Kollar [5] where, r ¼ R
Rþdo
¼ 3

3þ4:895 ¼ 0:38, R = Radius

of hole (mm)
do = 4.895 mm (Found by experiments)
K1T is the stress concentration factor for an infinite plate with a hole of radius R.

K1T ¼ 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

A22

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A11A22

p
� A12 þ

A11A22 � A2
12

2A66

� �s
ð6:4Þ

K1T ¼ 4:45

where, Aij = Elements of extensional stiffness matrix component of an orthotropic
material [3].

Tensile strength of laminate without hole �rf
o = 205 MPa, is found experi-

mentally. The tensile strength of the notched laminate using Eq. 6.3 is rf
a ¼ �rf

o�
0:9134 ¼ 205� 0:9134 ¼ 187:25 MPa. In order to perform tensile test of notched
laminate the specimens were mounted on the frame and proper alignment was
made. Thirty two specimens were prepared and holes were drilled at the center of
the specimen with different spindle speeds and feed rates. Wedge action grips were

x x

yσ
σ*KT

σ

σσ

σ

(a) (b)Fig. 6.1 Orthotropic
composite plate with a
circular hole. a Orthotropic
plate with a circular hole.
b Stress distribution along
X-axis near the hole
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used to grip the specimen at its ends. Figure 6.2 shows the schematic view of the
tensile specimen prepared for testing.

The crosshead speed rate of 1 mm/min was used for the movement of the head.
The tensile load was applied and the readings of load, deflection were noted at
discrete intervals. For notched specimens, the exact solution for the stress distri-
bution in an infinite orthotropic material has been approximated by Lekhnitski [1].

Theoretical stress distribution is given by [5]

ryðx; 0Þ ¼
ra

2
2þ R

x

� �2

þ3
R

x

� �4

�ðK1T �3Þ 5
R

x

� �6

�7
R

x

� �8
" #)(

ð6:5Þ

where, R = 3 mm; K1T = 4.45; ra = 187.25 MPa. Theoretical stress distribution
is calculated at regular intervals from the centre of the hole (5, 11 and 17 mm
respectively) and compared with experimental stress values measured using strain
gauges mounted at regular intervals along the y axis (i.e. perpendicular to the
loading direction).

Experimental stress distribution is given by

rE ¼
E11e11 þ t12E22e22

ð1� t2
12ðE22=E11ÞÞ

ð6:6Þ

where,
E11&E22 Axial and transverse modulus of woven-fabric laminate without hole
e11&e22 Axial and transverse strains, m12 = Major Poisson’s ratio.

Theoretical stress distribution for the tensile specimen estimated was higher
compared to the experimental values. The stress distribution measured for the
specimens drilled at lower feed rate was less compared to the specimens drilled at
higher feed rate. Figure 6.3 shows the theoretical and experimental stresses.

1.5”
(38mm) 

Strain gauges

1 2 3)

Figure 3 Tensile test coupon [ASTM 

Gauge Length
5” (127mm) 2. 5” (63mm) 2.5” (63mm)

10” (254mm)

Aluminium 
Tab

Aluminium 
Tab

4

)

Fig. 6.2 Experimental specimen for tensile test
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The tested specimens showed variation in tensile strength. The specimens
drilled at higher feed rate failed at less load compared to specimens drilled at lower
feed rate. The values shown in Fig. 6.4 are the average of two identical specimens.

Experimental results showed that the stress concentration and strength of
laminates are affected by the cutting speed to feed ratio (Vr/Vt ratio). In particular,
larger stress concentrations and damaged zones were observed when lower spindle
speed and high feed values are adopted. When high spindle speed and low feed
were adopted, the extent of stress concentration and damage reached a minimum.

The specimens drilled at different spindle speeds and feeds have marginal
variation on the tensile strength. Even then, the tensile strength of specimens
drilled at 3,000 rpm and 0.02 mm/rev, is high compared to the other. The dif-
ference between theoretical and experimental tensile strength of the notched
laminate could be because of the assumptions made in deriving the equations and
variations in the manufacturing of laminates.

6.4 Failure Strength of Notched Laminate in Compression

The compressive test specimens with the dimensions of 38 9 149 mm and gauge
length of 12.7 mm were cut from the laminate.

Fig. 6.3 Theoretical and
experimental stress
distributions for tensile
specimen

Fig. 6.4 Variation of
ultimate tensile strength for
notched specimen
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Figure 6.5 shows the schematic view of the compressive specimen prepared for
testing. Thirty two specimens were prepared and holes were drilled at the center of
the specimens with different spindle speeds (1,000, 2,000, 3,000 and 4,000 rpm)
and feed rates (0.02, 0.06, 0.10 and 0.2 mm/rev). The compressive strength of the
notched laminate is estimated using the Eq. 6.3.

where, r ¼ R
Rþdo
¼ 3

3þ4:9 ¼ 0:38 and do = 4.9 mm (Found experimentally)

KT is the stress concentration factor for an orthotropic plate of finite width

KT ¼ K1T
2þ 1� 2R

W

� �3

3 1� 2R
W

� � ð6:7Þ

where,

K1T = Stress concentration factor for an orthotropic plate of infinite width
estimated using Eq. (6.4)

W = Width of the orthotropic composite laminate (mm).

The values of K1T and KT are 4.451 and 4.576 respectively.
Compressive strength of the laminate without hole �rf

o ¼ 96:924 MPa, is found
experimentally. The compressive strength of the notched laminate is rf

a ¼
96:924 � 0:92 ¼ 89:17 MPa. Figure 6.6 shows the theoretical and experimental
stress distribution near the hole and at regular intervals for the compressively
loaded coupons drilled at different spindle speeds and feeds.

The hole drilled at lower feed rate generated lower stress values when com-
pared with the holes drilled at higher feed rates. The compressive strength of the
specimens tested is shown in Fig. 6.7 and the co-efficient of variation for the
specimens drilled at different spindle speeds is 0.4506. Moreover, the failure load
of the laminate drilled at spindle speed of 3,000 rpm and 0.02 mm/rev is found to
be higher.

1.5”
(38mm)

Gauge Length
0.5” (12.7mm)2.5” (63mm) 2.5” (63mm)

5.5” (140mm)

Aluminium 
Tab

Aluminium 
Tab

Strain gauges

4

1 2 3)

)

Fig. 6.5 Experimental specimen for compressive test

90 6 Effects of Drilling Parameters on Mechanical Strength



6.5 Failure Strength of Notched Laminate in Shear

Woven fabric laminate is cut into ± 450 direction and fixed with aluminum end
tabs for proper load transfer. Figure 6.8 shows the schematic view of the shear test
specimen prepared for testing.

Thirty two specimens were prepared and holes were drilled at the center of the
specimens with different spindle speed and feed.

Fig. 6.6 Theoretical and
experimental stress
distributions

Fig. 6.7 Variation of
ultimate compressive strength
for notched specimen
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Fig. 6.8 Shear test specimen
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Elastic properties of angle-ply Laminate are found experimentally and are given
by E11 ¼ 7:784 GPa, E12 ¼ 7:784 GPa, m12 ¼ 0:6863.
E11 = Tensile modulus of (unnotched) laminate in X-direction
E12 = Tensile modulus of (unnotched) laminate in Y-direction
m12 = Major Poisson’s ratio.

Orthotropic stress concentration factors KT and K1T were calculated using
Eqs. 7.4 and 7.7 and the values are KT ¼ 2:219, and K1T ¼ 2:159 respectively.
where, do ¼ 4:895 mm

r ¼ R

Rþ do
¼ 3

3þ 4:895
¼ 0:38

Shear strength of laminate without hole �rf
o ¼ 68:82 MPa, is found experimen-

tally. The shear strength of the notched laminate is rf
a ¼ �rf

o � 0:9134 ¼
68:82� 0:9134 ¼ 62:86 MPa. The testing procedure followed for tensile test is
also applicable for shear test. Some selected results are discussed here to show the
variation of stress concentration as a function of feed Vt, for cutting speeds Vr.

It can be seen from Fig. 6.9 for the Vr/Vt ratio 50, [4,000 rpm, 80 mm/min
(0.02 mm/rev)] the stress concentration produced is comparatively lesser than the
other Vr/Vt ratios. This was the trend in tensile test and compressive specimens
also.

As can be seen in Fig. 6.10 comparing the ultimate shear strength values for all
the specimens, the maximum coefficient of strength variation is 3.1943.

Machining parameters have considerable amount of influence on the shear
strength of notched composite laminates. Moreover, the failure load of the lami-
nate drilled at spindle speed of 3,000 rpm and 0.02 is found to be higher.

Fig. 6.9 Theoretical and
experimental stress
distributions for shear
specimen
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6.6 Failure Strength of Notched Laminate in Bearing

The purpose of this test is to determine static bearing strength of the composite
laminate and to show the bearing stress versus deformation of the hole. Higher
strength materials will generally give higher bearing strengths. Bearing strength
test is applied where the rivets, bolts, or similar fastenings are to be used in joining
members of sections. Bearing load is applied by means of a pin of circular cross-
section, which pierces the laminate perpendicular to the surface.

A woven fabric laminate is cut as per the specified dimensions and the aluminum
end tabs are fixed at one end (Fig 6.11).

Thirty two specimens were prepared and holes were drilled at the other end
with different spindle speed and feed. A fixture and a pin are used to apply the
bearing load on the through hole of the specimen. The specimen is placed in
between the grips of the machine and tensile load is applied. The readings are
taken at the intervals of 1 kN. The bearing stress rb is directly calculated from the
applied axial load using Eq. 6.8.

rb ¼
Pb

td
ð6:8Þ

1.5”
(38mm)

Strain gauges
( 1, 2, 3)

Gauge Length
7.5” (190mm)2. 5” (63mm)

10” (254mm)

Aluminium 
Tab

(20mm)

Fig. 6.11 Bearing test specimen [ASTM D953]

Fig. 6.10 Variation of
ultimate shear strength for
notched specimen
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where,
Pb Bearing load (N)
d Bearing hole diameter (m)
t Specimen thickness (m)

The bearing strength (Sb), which is the stress at which the first failure load
occurs and can be identified on the load value in the load-indicating dial.

It is seen from Fig. 6.12 that for the ratio of Vr/Vt = 50, [4,000 rpm, 80 mm/min
(0.02 mm/rev)] the stress concentration produced is comparatively less than the
other Vr/Vt ratios. This was the trend in the earlier tests also. By comparing the
ultimate bearing strength values for all the specimens (Fig. 6.13), the hole drilled
with 3,000 rpm, 0.02 mm/rev gives highest strength, which is also having the same
Vr/Vt ratio of 50 (i.e. 3,000 rpm/60 mm/min).

Fig. 6.12 Theoretical and experimental stress distributions of bearing specimen

Fig. 6.13 Variation of ultimate bearing strength for notched specimen
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The maximum coefficient of strength variation is 7.76. From the experimental
results, it is concluded that the machining parameters have influence on the bearing
strength of composite laminates.

6.7 Summary

Drilling parameters cause change in cutting forces, which lead to difference in
quality of the holes in terms of surface finish, circularity, delamination, fibre pull
out, matrix cratering, etc. It is observed from the literatures that the damage
increases with both cutting parameters (Spindle speed and feed), which means that
the composite damage is bigger for higher cutting speed and for higher feed
whereas, at lower spindle speed and lower feed rate, cutting action may not be
steady. While drilling if thrust force increased above its critical value delamination
is initiated which decreases the strength of the structure.

At spindle speed of 3,000 rpm and feed rate of 0.02 mm/rev, the thrust force
generated was less, when compared to all the other speed and feed rates. Even at
4,000 rpm and 0.02 mm/rev the thrust force generated was slightly higher. This
could be due to ploughing action at high spindle speed, and higher impact forces of
fibres at high spindle speed. The strain distribution measured for the specimens
drilled at lower feed rate was less compared to the specimens drilled at higher feed
rate.

The specimens drilled at different speed and feed rates showed (Fig. 6.14)
variation in tensile strength, compressive strength, shear strength and bearing
strength.

The specimens drilled at higher feed rates failed at less load compared to
specimens drilled at lower feed rates. So it is concluded that at a spindle speed of
3,000 rpm and feed rate of 0.02 mm/rev, the mechanical strength is high compared
to other spindle speeds and feeds [6]. To reduce the problem of machining it is also

Fig. 6.14 a Failed tensile specimen. b Compressive test specimen. c Failed sear specimen.
d Bearing test specimen
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possible to produce holes during the process of manufacturing composite parts. In
the following section behavior of composite plates with drilled and moulded holes
are detailed.
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Chapter 7
Behavior of Composite Laminates
with Drilled and Moulded Hole Under
Tensile Load

7.1 Introduction

Nowadays, composite materials are used within primary load carrying aircraft
structures. Recent examples are Boeing 787 and Airbus A350XWB where the
composite weight content has increased to 50–60 % [22]. However, joining of a
composite part on a structure often requires manufacturing holes in order to place
bolts or rivets. To obtain these holes, different processes can be implemented such
as drilling or moulding. Drilling process concerns a conventional machining
procedure where the composite materials are machined to produce hole. None-
theless, it implies destruction of fibre continuity, large stress concentration and
delamination at the hole entry and the hole exit [16, 7, 32]. Such result of damages
can cause significant reduction in both tensile and compressive strength of com-
posite structure [26, 27].

The destruction of the fibre continuity leads to the damage on the surface wall
of the hole. According to the works of [32, 2, 30], this damage is affected by the
interaction between the principal cutting edges of the drill and fibres orientation of
the material machined. The results indicate that the machining quality of the wall
of the hole is affected partly by the choice of cutting depth (feed rate of the tool)
and the angle (h) measured between the direction of fibres and the direction of
cutting speed. For values of h between -45� and 90�, important damages are
observed. These damages are mainly related to the rupture of fibres that is made by
bending and shearing of the fibres of the composite part.

Several works have been published on the analysis of delamination at the entry
and the exit of the hole. A number of works show that this damage is influenced by
the choice of the machining parameters, the geometry of the cutting tool tip, and
the nature of its material. All these authors are in agreement for that, the delam-
ination located at the hole exit is caused mainly by the thrust force of the drill
[1, 6, 8–11, 17, 18, 24, 29, 33]. For that various authors have been interested to the
prediction of the thrust force analytically and numerically. The first analytical
model based on the linear fracture mechanics is proposed by Hocheng and Dharan
[14]. A 3D finite element analysis, based on fracture mechanics allowing to predict
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the critical thrust force (for a two lip twist drill) responsible for this damage have
been developed. In this modelling, the drill point geometry, the thrust force pro-
duced by the main cutting edges and the thrust force generated by the web of the
drill are taken into account. The critical thrust forces obtained using this model is
compared with those given by the analytical models developed by Hocheng [14].
The results show that the analytical model underestimates the critical thrust forces.
Another numerical model has been developed by Zitoune [34]. This modelling is
based on the damage mechanics with consideration for the various criteria for
damage initiation.

As discussed by Torres et al. [27], conventional drilling leads to a reduction on
the mechanical properties of composites structures. This reduction can be quan-
tified by Residual Strength Diagrams which plot the strength of structure as a
function of the hole diameter. They found that strength can be represented as an
exponential function of hole’s size and the orthotropic strength factor which
involves the material properties. On the other hand, moulding consists of placing a
pointed steel punch to spread out the fibres during the composite lay-up with an
aim to leave a hole after polymerization. This process distributes locally the fibre
placement at the edge of the hole.

The stress field around the hole in a composite plate under tension has been
widely studied in the literature. Several analytical criteria for drilled and notched
composites have been developed to predict failure modes. The principal
assumption is that there is a stress concentration in damage vicinity which is a
function of the material properties, specimen geometry and service loads. How-
ever, many of these criteria idealize the model by simplifying the material and
geometry heterogeneities that can be observed near the edge of the hole. One of
the most used failure criterion for drilled composites is the Point Stress Criterion
(PSC) proposed in [25, 31]. This criterion defines a zone of stress intensification in
the hole’s surroundings as a function of the hole’s radius. A similar approach was
published by Tercan 2007 to determine the critical crack length at the edge of the
hole. Additionally, a modification of PSC, called PWG and published in [5, 23],
which assumes an exponential sensitivity of stress when a hole exists. With the
same basis, the Damage Zone Criterion (DZC), which involves a maximum stress
region around the hole was proposed by [12]. For non-local criterion, an approach
called Fracture Characteristic Volume (FCV) was developed to take into account
the stress gradient effect on the fracture of the composite laminate [13]. All these
criteria and other several fracture models for composites with circular holes and
cracks have been reviewed [4] to establish the more influent variables for this
problem. Finally, the experimental technique of interferometry was applied by
Toubal et al. [28] to determine the strain field and the stress concentration in
woven fabric composites with circular hole under a longitudinal tensile load.

Few works concern specimens with moulded holes made of woven fabric,
moreover, no literature is available on specimens made of unidirectional carbon
fibres. Although the moulded holes require a specific mould for manufacture, the
final outcome is comparable to the solution with drilled holes, and the cost of the

98 7 Behavior of Composite Laminates with Drilled and Moulded Hole



mould can be amortised over a period of time. Experimental works were carried
out by Ng et al. [21], Lin et al. [20], Lin and Tsai [19], Hufenbach et al. [15] on the
behaviour of composite panels and assembly with moulded hole under tensile load.
In these studies a numerical procedure is used to predict the notched strength of the
specimens with moulded hole. The results showed a strength dependency to the
hole’s diameter. For the same hole size, the predicted failure strength of specimens
with moulded holes using numerical analysis have a higher value which are
slightly higher than the experimental ones. On the other hand, the experimental
study proposed by [20] leads to larger failure strength, smaller the initial stiffness
and larger the failure strain of [0�/90�]s laminates with a moulded hole compared
to those with a drilled hole. Lin et al. [19] uses experimental and numerical
methods to study the failure of bolted joints of glass woven composites with drilled
and moulded holes. Failure tests are conducted with the sequence [0�/90�]s and
[±45�]s of woven glass/polyester roving specimens with different hole sizes
and ratios E/D (distance from the hole centre to the edge on the hole diameter).
For E/D = 1, the results exhibit the fracture strength of the moulded specimens of
about 30–50 % higher than those with drilled specimens. The same order of
magnitude between them exits when the ratio is E/D [ 2.

In this section, a comparison between two categories of perforated specimens
loaded in tension has been presented. The holes of the first category are obtained
by drilling and by moulding for the second category. The studied specimens are
quasi isotropic made of unidirectional prepreg materials. In order to analyze the
behaviour of the specimens in the vicinity of the hole, the strain field measurement
with the three-dimensional Digital Image Correlation (DIC) technique is carried
out. The results obtained with 3D DIC technique are compared with the strain
gauge measurements. The pictures obtained by a CCD-camera are used to describe
the damage mechanisms of the plates with drilled and moulded holes. In order to
understand better the causes of damages produced near the moulded holes during
the tensile tests, the void content and fibre content has been quantified using
normalized and no normalized methods (image processing).

7.2 Experimental Procedure

Unidirectional prepregs of 0.25 mm made of carbon/epoxy composite are used for
preparing CFRP specimen. The raw materials of laminated structures are provided
by Hexcel composites and are referenced as UD HexPly� T300-M10 with 56 %
fibre content. The Table 7.1 presents the mechanical properties of the UD CFRP
prepreg obtained following the mechanical standard ASN-A 4102. The stacking
sequence of the composite parts is quasi-isotropic. The UD prepreg used for
manufacturing is contained between two rigid moulds. On these two rigid moulds,
holes were machined and fitted with pointed steel punch which has been used to
spread the fibres during the manufacture process of the composite plate and getting
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a circular space after polymerization (Fig. 7.1a). The displacement of the pointed
steel are activate when the resin reach the viscous phase. Vacuum and pressure are
applied and maintained during the period of solidification.

In order to reduce the variability due to the manufacturing process all the
specimens tested are obtained from the same mother plate. Two sets of specimens
were tested (Fig. 7.1a). The first set concerns the specimens with moulded holes
with diameter values of 6.35 and 7.94 mm. The second set includes the drilled hole
specimens with the diameter values of the moulded holes. The diameter values used
in this study are usually employed in the aeronautical field. For all specimens tested

(a)        
w = 50 mm

d = 6.35 mm 
moulded hole

d = 7.94 mm 
moulded hole

w = 40

Axial 

Hole diameter 

“2d” 
Shifted axial Gauge 

(b) (c)

Fig. 7.1 Specimens for the tensile tests related to a mother plate from the mould, b Experimental
device with DIC, c Scheme of the gauges position

Table 7.1 Mechanical properties of (T300/M10) carbon/epoxy unidirectional composites

Young’s modulus
(GPa)

Shear modulus (GPa) Compressive
modulus (GPa)

Poisson’s ratio

E11 = 125, E22 = 7 G12 = 3.2 115 m12 = 0.3, m21 = 0.016,
m13 = 0.3

Tensile strength
(MPa)

In plane sheat
strength (MPa)

Compressive
strength (MPa)

Fiber content (%)

r11 = 1,600
r22 = 80

s12 = 90 1,400 56
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the ratio between the hole diameter and the part width (d/w) is equal to 0.15 mm
(Fig. 7.1a). The drilling is performed with a tungsten carbide drill (Twist drill).

A randomly distributed pattern is painted on the surface of the specimen for the
strain field measurements thanks to Digital Image Correlation (DIC) technique
(Fig. 7.1b). Moreover, on the same surface, two strain gauges (Fig. 7.1c) are
pasted in the loading axis and located at a distance D (hole diameter) from the
hole, which allows the axial strain measurement at two different places. Tensile
tests were performed by means of an (Instron) UTM with a load capacity of
100 kN (Fig. 7.1b) at a speed of (2 mm/min). In order to better understand the
different damage modes observed between drilled and moulded holes, the void
content and fibre content analysis have been carried out using two methods. The
first is normalized ASTM D3171 based on the dissolution of the specimen in
sulphuric acid [3]. The second method is based on the image processing technique.

In order to quantify the variability of the void content as well as the fibre
content in the vicinity of the moulded hole inducted by the manufacturing process,
because of the need of the local information, here it is proposed the use of a
method based on the technique of image processing. With the normalized method
a mean value can be measured relative to the analysed material volume.

The technique of image processing principle consist of taking several SEM
pictures of the plan ‘‘Pi’’ (i = number of plan). For this, specimens must firstly be
prepared by polishing (See Fig. 7.2). Thanks to image processing the fibre content
and the void content can be calculated statistically. In the SEM picture, voids,
fibres and resin appear at different colours: white for fibres, grey for resin and
black marks for voids. Using image processing software, it is simple to make only
voids appear. The main idea here is to modify pictures in a binary form, which in
fibres and matrix are associated with a white colour, and voids with black. In
practice, it consists in setting a threshold to dissociate voids from the rest of the
picture. Using this technique, voids surface content is equal to the ratio between
black surface and the whole surface of the picture. The same principle is used to
obtain the fibre ratio from all coupons.

Fibres

Resin

Voids

12X

Fig. 7.2 SEM observation of
the specimen thickness with
12X magnification
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7.3 Results

7.3.1 Behaviour Analysis

Figure 7.3a shows the evolution of load versus measurements by the axial gauge
for the drilled and moulded hole specimens with a 7.94 mm diameter (D). Failure
strength for moulded hole is 30 % higher than the drilled hole. In addition, the
axial gauge allows a local rigidity detection of the material in the moulded hole
specimen which is smaller than the one detected on the drilled plate. After a
detailed analysis, presence of a resin rich zone in the vicinity of the axial gauge is
detected. The presence of the resin rich zone is related to the manufacturing
process of the specimen with moulded hole which spreads the fibre around the
hole. This analysis is verified by the X-Ray images obtained from specimens with
moulded holes manufactured from textile structure [15].

Load versus strain curves given by the shifted axial gauge revealed that the
local rigidity for moulded holes is higher than that of drilled holes (Fig. 7.3b). This
difference can be explained by the fact that, in the area where the shifted axial
gauges are pasted, the fibres are higher because of the stretched fibres o produce
moulded hole. All the tested plates present the same results as presented in
Fig. 7.3. Table 7.2 lists the average values of the failure strength for different
studied specimens. It is found that the moulded hole specimens have higher
residual strength compared with the drilled hole specimens. This gain is around
33 % for all specimens tested with 6.34 and 7.94 mm diameters.

The strain field, measured using the DIC technique, is confronted with strain
gauges data. For the drilled hole, it is observed a good agreement between the two
measuring techniques, with the maximum difference being about 5 %. With regard
to the moulded hole specimens, the strain measurements are in good agreement
with those obtained by the strain gauges when the applied load is lower than 28 kN
(Figs. 7.4, 7.5). When the load reached 28 kN, damaged zones on the surface of
the specimen are observed. This damage can be observed by the delamination of

Fig. 7.3 Load versus gauges strains for specimens with moulded hole and drilled hole with
7.94 mm of diameter related to a axial gauge, b shifted axial gauge
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the above ply. This delamination affects the measurements taken, resulting into
difficulties to achieve an accurate image correlation.

Image analysis provided by CCD camera shows a difference between the
damage mode observed for the specimen with moulded hole and drilled hole for
7.94 mm diameter. Figure 7.5 shows a first damage occurrence for the specimen
with moulded hole with the appearance of a crack oriented in the same direction as
the 0� ply (or loading axis (OY)). This crack, observed at a given load value of
28 kN, is located at 1 mm at the edge of the hole (Fig. 7.6a). As the applied load
increase, it is observed a second crack initiation (second damage) on the second
edge of the moulded hole (at the right edge) and then a propagation of these two
cracks in a parallel direction with regards to the fibre axis (Fig. 7.6a). With a load

Table 7.2 Average failure stress values for the different studied specimens

Diameters: d
(mm)

Failure stress with drilled hole: r
(MPa)

Failure stress with moulded hole: r
(MPa)

6.34 349 ± 16 459 ± 35
7.93 386 ± 35 514 ± 40

Fig. 7.4 Load versus strains,
measurement comparison
between DIC technique and
strain shifted gauge related to
drilled specimen with a
7.94 mm drill diameter

First damage

Fig. 7.5 Load versus strains,
measurement comparison
between DIC technique and
strain shifted gauge related to
moulded specimen with a
7.94 mm hole diameter
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value of 64 kN, the damage increase appears as a separation of the higher ply
(Fig. 7.6b).

The CCD recorded sequences during the tensile test related to the drilled hole
specimen show a different failure mode from that observed with a moulded hole.
For a loading force lower than 42.5 kN, no damage is noticed. From 42.5 kN, a
first damage (as a crack shape) oriented at 45� to the loading axis (OY) is observed
(Fig. 7.7a). This crack remains stable until an amplitude of 48 kN (no propagation
is observed). Moreover, when the loading reached 49 kN, a sudden failure of
specimen is noted (Fig. 7.7b). All tested specimens present the same failure
mechanisms. This mode of damage is similar to the drilled plates under tensile
load [26].

It is noticed that, the damage mode versus the applied load for our moulded
holes specimens (quasi-isotropic stacking sequence) made of UD prepreg is dif-
ferent compared to drilled holes, similarly the damaged are different for the
moulded holes using woven fabrics with the same stacking sequence [21, 20, 15].

(b)

7.94 mm

(a)

Second damage

First damage
7.94 mm

oX

oY

Fig. 7.6 Damage progression for different loading levels with 7.94 mm moulded hole related
to a 47 kN loading, b 64 kN loading

(a)

First damage

7.94 mm

(b)

7.94 mm

oX 
oY 

Fig. 7.7 Damage progression for different loading levels with 7.94 mm drilled hole related
to a 42.5 kN loading, b 49 kN loading
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This difference can be explained due to the fibres trajectory near the hole as well as
the amount of void content and fibre content in the vicinity of the hole.

Figure 7.8 shows the strain field distribution on the surface of a drilled hole
specimen for a loading amplitude corresponding to 25 kN. These images are
obtained with a 33-pixel size. In Fig. 7.8a, it is observed a positive strain along
(OY) axis everywhere and a maximum value located at the edge of hole. For the
strain field cartography along the transverse axis (OX), we notice the negative
measured values (Fig. 7.8b). These strain results are caused by the Poisson
modulus effect. However, for the same loading level, the strain amplitudes
recorded on a drilled hole specimen are higher compared with those recorded on

OX

OY

0.011316

0.00380423

0.001

-0.0025

(a)

(b)

7.94 mm

7.94 mm

Fig. 7.8 Strain field
distribution by the DIC
technique for a 7.94 mm
drilled hole specimen and a
25 kN loading amplitude
related to a strain along the
OY axis (eyy), b strain along
the OX axis (exx) (correlation
carried out with 33-pixel of
ZOI)
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moulded hole specimens (Figs. 7.8, 7.9). For a load of 25 kN, the axial strain eyy

measured by the DIC for a plate with drilled hole is around 11,356 ldef. For the
same test conditions and similar correlation parameters (DIC), the strain measured
on specimen with moulded hole is around 6,000 ldef. For moulded holes, the fibre
content is more important in the vicinity of the hole. This discrepancy can be
linked to the difference in the local mechanical proprieties.

With the test conditions of the DIC image analysis carried out on the moulded
hole specimens presented on the Fig. 7.9 (ZOI of 33 pixels), it is noticed that the
transverse strain (along OX axis) presents a negative sign on all the structure.
However, the crack opening phenomenon is observed around the hole thanks to the
images provided by CCD camera. It results into a stress field with a positive sign

0.006

0.004

OX

OY

(a)

(b)

7.94 mm

Negative deformation(≈ -650 µdef)

OX

OY

7.94 mm

-0.00065

-0.0029

Fig. 7.9 Strain field
distribution by the DIC
technique for a 7.94 mm
moulded hole specimen and a
25 kN loading amplitude
related to a strain along the
OY axis (eyy), b strain along
the OX axis (exx) (correlation
carried out with 33-pixel of
ZOI)
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along the OX axis. For this reason, additional correlation is carried out by means
of a 19 pixels numerical gauge (ZOI). With this conditions, the result shows that,
on one hand a positive transverse strain (along OX axis) near the hole is measured
and it is in agreement with the opening crack phenomenon observed during the
tensile test (Fig. 7.10); on the other hand the physical information is lost and this
can be induced by the measurement noise or the quality of the specimens random
pattern.

7.3.2 Fibre and Void Content Analysis Near the Moulded
Hole

The use of the normalized method and no normalized method on five specimens
cut far from holes give almost identical results. In this case, the mean values are
respectively 4 and 56 % for the void content and the fibres content. The values of
relative deviation are 0.5 % for the void content and 1 % for the fibres content. It
can be assumed that this non-standardized method gives accurate results.

As shown in Figs. 7.11, 7.12, the results of this optical technique are presented
for four positions (5, 6, 9 and 10) located respectively at 11.5, 9, 3.7 and 1.2 mm
from the moulded hole centre in the Ox direction. From the Fig. 7.11 there is a
small increasing of the fibre content and the void content measured in the plane 6
compared to these measured in the plane 5. At this step, it can be noted here that
fibre ratio increase when the measurement comes near the hole, in both x and y
directions. The maximal fibre content found is 57 % and it is measured close to the

Positive deformation
( 2000 µdef)

OX

OY

7.94 mm

0.002

-0.0029

≈

Fig. 7.10 Strain field distribution (exx) by the DIC technique for a 7.94 mm moulded hole
specimen and a 25 kN loading amplitude with the condition of correlation of 19 pixel of ZOI
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hole. At this location, picture analysis show that voids content is about 7 %.
Modifications of void and fibre content can explain the onset of cracks during
loading and fibre spread due to a lake of matrix.

7.4 Summary

This paper presents experimental results of drilled holes and moulded holes of
composite specimens with quasi-isotropic stacking sequence made from UD
prepreg and subjected to tensile loading. Based on the experimental analysis, the
following conclusions were drawn.

1. The fracture strength for moulded hole specimens is higher than those obtained
for drilled hole specimens. This difference is greater than 30 %. Although the
fibre content around the moulded hole is higher than the drilled hole, it has been
noted from strain gauge data that the local rigidity in tension for drilled
specimens is higher than moulded specimens.
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Fig. 7.11 Evolution of the fibre content and the void content along the loading direction (oY) in
plane 5 and 6, a fibre content, b void content. Moulded plate with diameter of 6.35 mm
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Fig. 7.12 Evolution of the fibre content and the void content along the loading direction (oY) in
plane 9 and 10, a fibre content, b void content. Moulded plate with diameter of 6.35 mm
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2. Moreover, the digital images obtained by the CCD Camera show different
damage mechanisms between drilled holes and moulded holes specimens. For a
plate with drilled hole, a sudden fracture is noticed and for the plate with
moulded hole a progressive fracture is observed.

3. The strain fields measured by the DIC have shown that the maximum defor-
mation (eyy) of drilled hole is twice higher compared to those of moulded hole.
Also, the strain field cartography obtained from the test data leads to the strain
along the transverse direction (OX) influenced by the size of the numerical
correlation gauge. All the results obtained with the numerical correlation gauge
corresponding to the 19-pixel size are in good agreement with the damage
mechanisms observed by means of the CCD Camera.

4. The difference of the mechanical behaviour observed as well as the difference
of the damage mode illustrated between the specimens with drilled and
moulded hole were explained by the local measurement of the fibres content
and void content carried out by the optical technique. In the plates with
moulded holes, the void content in the vicinity of the hole is 8 % higher
compared the void content far the hole.
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