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ABSTRACT 

One of the most important group of advanced materials in Engineering is the 

polymer composite such as Carbon Fiber Reinforce Polymer (CFRPC) or Glass Fiber 

Reinforce Polymer (GFRP) which have been used in different industries including 

aerospace, shipbuilding and automotive. The mechanical manufacturing processes 

are not appropriate for shaping of Polymer Composites because these cause material 

damage. 

In this work, two advanced of manufacturing processes named as Water-jet 

machining and Laser machining were employed with an objective to find the most 

useful one in reducing processing damages. To do so, samples of two materials 

(CFRPC and GFRPC) were cut employing both of the processes and then Scanning 

Electron Microscopy and Open Hole Tensile Test were performed on each sample. 

The Scanning Electron Microscopy showed that the Laser-machined work pieces 

underwent melting of resin in the composite and caused delamination in the 

surrounding areas of cut surface. From the results of Open Hole Tensile Test, it was 

found that the Laser machining caused reduction in strength of GFRPC, however no 

such an effect was noticed for CFRPC. Water-jet machining did not pose any adverse 

effect on strength of either material.  

In conclusion, Water-jet machining process is the most suitable method to process 

considered composites from perspectives of surface quality, delamination, 

productivity and cost. 
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ÖZ 

Mühendislikte ileri malzemelerin en önemli gruplarından biri de Karbon lifli armatür 

polimeri (CFRPC) veya Cam Elyaf armetür polimerdir (GFRPC). Bu malzeler 

havacılık, gemi inşa ve otomotiv olmak üzere farklı sektörlerde kullanılmaktadır 

Mekanik üretim süreçleri Polimer Kompozitlerin şekillendirilmesi için uygun 

olmadığı için maliyetlidir. 

Bu çalışmada, Su-jet işleme ve Lazer işleme olarak adlandırılan iki gelişmiş üretim 

süreçleri işleme zararlarının azaltılmasında en yararlı olanı bulmak için 

kullanılmıştır. Bunu yapmak için, iki malzemeden (CFRPC ve GFRPC) numuneler 

üzerinde her iki işlemi uygulanarak kesilmiş, numuneler daha sonra Taramalı 

Elektron Mikroskobu ile incelenmiş, açık delik Çekme Testi ile test edilmiştir.  

Taramalı Elektron Mikroskobu ile yapılan incelemeler sonucunda Laser ile işlenmiş 

numunelerin bileşenlerinde bileşik reçine erime olduğu ve kesilen yüzeylerinde 

katmanlarının ayrılmasına neden olduğunu tespit edildi. Açık delik Çekme Testinin 

incelemeleri sonuçlarından, lazer işlemede GFRPC kuvvetindeki azalmaya neden 

olduğu bulunmuştur ancak böyle bir etki CFRPC için saptanmadı. Su jeti işlemesinin 

malzemeye gücü üzerinde herhangi bir olumsuz etkisi saptanmadı. 

Sonuç olarak, su-jeti işleme işlemi yüzey kalitesi, yüzeyin yıpranması, verimlilik ve 

maliyet açısından değerlendirildiğinde en uygun yöntemdir. 

Anahtar Kelimeler: Karbon Elyaf güçlendirmek Polimer kompozit; Cam Elyaf 

güçlendirmek Polimer kompozit; katman ayrılmasDEDICATIONS 
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Chapter 1 

1. 1INTRODUCTION 

The importance of the composite materials in different industries such as aerospace, 

shipbuilding and automotive industries has encouraged me to use them in this 

research. These composite materials are divided into three groups including metal, 

polymer and ceramic, which are widely used in industries; the reason is their low 

weight against the high strength. CFRPC
1
 and GFRP

2
 are two functional samples of 

composite materials [1] 

Most of the materials need forming and machining for industrial usages and 

composites are not exception of this rule. But traditional machining can result lots of 

damages and problems during the process. [2] [3] [4] [5] 

Advanced machining technology is able to improve the quality and lead to the most 

feasible statement. Considering the target materials, best ways for cutting with low 

damage are Laser machining and Water-jet machining. These machines can 

reduce damage to the minimum level. 

1.1 Thesis contribution 

In this research a comparative examination between Laser machining and Water-jet 

machining of CFRPC and GFRPC has been carried out, and the results are compared 

in terms of surface quality after machining. 

                                                 
1
Carbon Fiber Reinforced Polymer Composite 

2
 Glass Fiber Reinforced Polymer Composite 
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1.2 Thesis Overview 

Following a brief introduction in the first Chapter, Chapter 2 provides a 

comprehensive literature review of Laser machining and composites materials. 

Chapter 3 and 4 discusses about the materials and machines that used in this project. 

Experimental phase explain in Chapter 5 and results and discussion have been 

explain in Chapter 6. Finally the conclusion has been prepare in Chapter 7. 
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Chapter 2 

2. LITERATURE REVIEW 

Researchers have done many different experiences and analyzes in the field of 

traditional machining on polymers materials. Although now a days, with the 

advances in technology and the subject of high accuracy the reduction of error after 

machining becomes very important. One of the solutions for this requirement is the 

usage of advanced machining on polymers which has been discussed in this thesis. 

2.1 Laser and Water-jet Processes  

By today, many authors have carried out several studies on Laser processing of 

CFRPCs. Tagliaferri et al. [6] could demonstrate that in comparison to Aramid fiber 

composites (AFRP) and glass (GFRP) it is much harder to obtain high quality cuts in 

carbon fiber composites. The reason is that there is a huge difference between the 

thermal properties of the matrix and the fibers in CFRPC. Furthermore, it has been 

found that high speed cutting can improve the cut quality.  Subsequently a new 

thermal model with one parameter was presented by Caprino and Tagliafferi [7]. 

This model is able to calculate the maximum cutting speed as a function of the 

thickness and the energy density for AFRP, CFRPC and GFRP in continuous wave 

(CW) mode. There have also been some efforts to present a criterion to arrange the 

cut qualities. Davim et al. has studied several material composites and polymers in 

terms of cut quality, including cotton fibers, glass fiber, epoxy resin and phenolic 

resin while cutting with CO2 Laser [8]. In pulse mode, low energy input during 

cutting resulted cut edges with a large HAZ and burnout. Further studies abut Laser 

https://www.google.com.cy/search?noj=1&site=webhp&q=define+subsequently&sa=X&ei=DL-SU4D-KOK47Qbdu4GABg&ved=0CCQQ_SowAA
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cutting in pulsed mode was carried out by Lau et al. [9]. They evaluated a 2.5 mm 

thick CFRPC sheet and succeeded to find the optimum pulse duration. Although the 

optimum pulse duration will maximize the Laser beam penetration depth but the 

HAZ is directly proportional to this parameter. Hocheng and Pan [10]discovered the 

direct proportion of HAZ to the duty cycle of the pulse and to the peak of Laser 

power and its inverse proportion to the speed of cutting.  

Further researches by Caprino et al. [11] indicated that it is the nature of fibers and 

their volumetric fraction into the composite who determines the appropriate Laser 

power for cutting a composite material. The dependence of the kerf size to the Laser 

power has been investigated by Al-Sulaiman et al. [12]. They illustrated that 

increasing the Laser power as well as appropriate fiber orientation will increase kerf 

width. As a comprehensive study Cenna et al. [13] has reviewed the Laser cutting of 

composites and different aspects of the process. They also suggested simulating the 

cutting process which will improve the cut quality because of reduction of heat-

affected zone. As in previous works CO2 Laser had been mainly used and the 

polymeric matrix and fibers and the amount of absorption to the radiation emitted by 

this Laser had been nearly constant, several researchers decided to use different 

Laser sources with the purpose of reducing the HAZ. In order to improve cut quality 

in Laser cutting by Nd:YAG pulse Mathew et al. [14] made an effort to recognize the 

most effect parameters and regulate them optimally by a response surface 

methodology. A comparative study on cutting process using CO2 Laser and excimer 

Laser was also carried out by Dell‘Erbaetal. Theexcimer Laser providing UV 

radiation resulted the best cut quality however the productivity was too low. The 

quality of CFRPCs composites processed by use of a third-harmonic Q-switched 

Nd:YVO4 Laser has also been investigated by Li et al. where they set the emitted 
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UV radiation at 355 nm. They discovered that it is possible to achieve cuts with 

minimum HAZ by a very time consuming process [15]. In another comparative 

study, Herzog et al. [16] focused on the relation between Processing conditions and 

the HAZ extension as well as the static strength. In this experiment a disk Laser, a 

pulsed Nd:YAG Laser and a CO2 Laser were used to cut a CFRPC specimens of 1.5 

mm thickness. Results showed that the HAZ extension is lower in Laser cut by 

Nd:YAG. Some kind of correlation between the static strength and the HAZ 

extension was also discovered. ; Work pieces with less HAZ extension processed by 

Nd:YAG Laser had larger values of bending strength and static tensile. Further 

efforts by Chryssolouris et al. [17] to reduce the HAZ extension introduced the use of 

a non-coaxial Water-jet during Laser grooving. In another CO2 Laser cutting 

experiment on CFRPC plates, Jaeschke et al. [18] introduced a new method to fill the 

voids caused by the vaporized matrix. They succeeded to achieve a maximum degree 

of sealing about 85%. They suggested using an extra polyamide powder (PA 6 

powder) to ‗‗heal‘‘ the structure after Laser cutting. 

All these studied introduced CO2 Lasers as the best candidate to process CFRPC 

composites. Nowadays, high output power and high-quality beam of CO2 Lasers has 

allowed them to be used in more than 40,000 cutting machines all around the world. 

These Lasers are widely in charge to cut several sorts of materials such as ceramics 

[19], metals [20] [21] or polymers [22] [23]. Unlike other wavelengths of Laser 

radiation, the CFRPC fibers composites and the polymeric matrix highly absorb the 

 k = 10.6 lm Laser radiations.  

Water-jet machining on composite materials has also been the objective of many 

researches. J. Wang has crried out two researches titled " Abrasive Waterjet 
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Machining of Polymer Matrix Composites‖ and " Predictive depth of jet penetration 

models for abrasive waterjet cutting of aluminia ceramics‖ [24] [25] , Hashish M, has 

also studied the " Status and potential of waterjet machining of composites" [26], 

Momber A.W, presented " Principles Of Abrasive Water-jet Machining" [27], 

Mahesh Haldankar, has worked on "Experimental and FEA of particle impact 

erosion for polymer composites" [28], A Alberdi, has researched about " Composite 

cutting with abrasive Water-jet‖ [29], E Leema, publishd a paper titled ―Study of 

Cutting Fiber-Reinforced Composites by Using Abrasive Waterjet with Cutting head 

Oscillation‖ [30]. 

2.2 Thesis Statement 

According to the geometric shape of the instruments and traditional machines, as we 

have mentioned in literature review, amount of damages in traditional machines are 

much higher compared to advanced machines. The reason is the high cutting 

precision in advanced machines. 

Due to adoption of polymer materials, machines used in this project are Laser and 

Water-jet. This project targets to optimize the surface quality after machining which 

can be achieved by using advanced machines. 

The goal of this research is comparing the surface quality of material after Laser and 

Water-jet Machining. 
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Chapter 3 

3. COMPOSITE MATERIALS  

The new generation of composites materials which are known as a class of advanced 

materials, contain some simple materials to provide some superior mechanical and 

physical properties. Parts keep their own features and will not be solved or mixed. 

Using these kinds of materials has also been popular in the past. As an example 

ancient people used composites in building construction and they utilized fiber as 

reinforcement. When resin and fiber are mixed together and form a baked brick they 

are more stable than when they are apart. Nowadays in numerous industries such as 

space, reactor building, electronic and etc. usual and known materials cannot supply 

all the needs, but composites can be really helpful for these cases. 

3.1 Definition of composites 

Usually composites are defined as a microscopic physical mixture of several 

substances which keep their own features and boundaries. This mixture provides 

more desirable properties compared to each of the components. In composites there 

are generally two distinct areas as following. [1] 

1. Continues phase (Matrix) 

2. Discontinuous phase (reinforcement) 

In a composite material, fiber is the important section for load while the matrix is the 

factor to transfer the force to the whole area equally besides it will save the 
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composite against the high temperature and humidity [1]. Composite materials can 

be classified in three groups as described in figure 3.1. 

 

 

 

Figure 3.1: Classification of composite materials 

3.1.1 Polymer Matrix Composites (PMC) 

Polymer matrix composites are made up of a polymer resin as the matrix and 

reinforcement strings. Different features of PMC materials including perfect 

properties in room temperature ease of construction and low cost have made them to 

be used in a wide variety of applications. These composites are classified based on 

their reinforcement in three groups as Glass, Carbon and Aramid. In the future 

Carbon will be more popular than glass for the reinforcement strings. The reason is 

its highest strength among all other materials.  

Composites 

Ceramic matrix composites (CMC) 

Metal matrix composites (MMC) 

Polymer matrix composites (PMC) 
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3.1.2 Metal Matrix Composites (MMC) 

In metal matrix composites, the matrix is made up of a flexible metal. The 

advantages of these composites compared to polymer composites are the better 

performance in higher temperatures, non flammability and the more resistance 

against fluid. However they are more expensive and also their usage is more limited 

than polymers. 

Aluminum-Magnesium alloys and Titanium-Copper alloys are two different sorts of 

super alloys which can be used as the matrix. The reinforcements can be used as 

particles, continuous or non-continuous fibers or whisker which make up 10 to 60 

percent of the weight of components. As an example some components have been 

made by Aluminum alloys. 

Recently, automakers have used some metal matrix composites in their motor‘s 

matrix with Alumina and Carbon strings which has resulted lighter weight and more 

resistance against fraction and high temperature. Besides metal matrix composites 

have found their way into aerospace industries such as the construction of Hubble 

space Telescope. 

3.1.3 Ceramic Matrix Composites (CMC) 

The excellent resistance to oxidation of Ceramic Matrix Composites has introduced 

them as the best candidates for high temperature and intense tension applications. 

However they have a possibility of brittle failure. By these features they can be very 

helpful in motor components of vehicles and gas turbines for aircrafts. The toughness 

of new generation of ceramic matrix composites has been increased and reached at 

six ( MPa .  
 

  ). If a crack is created in the matrix not only it will not spread, but 



 

10 

 

also particles or fibers will prevent the progress of the crack. Ceramic composites are 

created by hot press and ISO static press. C and Si whisker-reinforced alumina are 

utilized as the cutting tools in machining for hardware steel alloys. 

3.2 Cabon Fiber Reinforce Polymer Composite 

Carbon fiber is a fiber containing at least 90% Carbon and controlled paralyzing. The 

phrase ―graphite fiber‖ is used when the composite has more than 99% Carbon. 

There are several types of fibers used as matrix and each type has some exclusive 

features. The most commonly used matrix fibers are Poly acrylonitrile fibers (PAN), 

Cellulosic fibers, coal tar pitch and an exclusive type of phenolic fibers [31]. Figure 

3.1 depicts CFRPC texture. 

 

 

 

 

 

Carbon fiber has been made by paralyzing the organic matrixes similar to fiber.  In 

fact thermal operations removes oxygen and hydrogen thus Carbon fibers remain. 

Researches on Carbon [32] [15] [33] shows that the mechanical properties of Carbon 

will improve by increasing the crystallinity temperature and the degree of Carbon‘s 

fibers orientation. The best solution to produce arbon fibers with adequate properties 

Figure 3.2: Cabon Fiber Reinforce Polymer Composite 
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is to use the matrix fibers with the best degree of orientation and protecting them by 

applying tension during the Carbonization and stabilization processes. 

3.2.1 Carbon fiber with Poly acrylonitrile matrix production 

The production steps of high quality Carbon fiber with Poly acrylonitrile matrix, are 

as following. 

3.2.1.1 Oxide stabilization phase 

In this phase by applying tension PAN fiber goes under the oxide thermal operation 

with the temperatures of 200
○ 

-300
○ 

C . This operation changes PAN to ladder or ring 

structure. 

3.2.1.2 Carbonization phase 

After oxidization, Carbon fibers will be put under the 1000
○
 C in the Neutral 

environment (usually nitrogen) without applying any tension for a couple of hours. 

During this process the non-Carbon elements will be  released and carbon fiber will 

achieve form the PAN over 50% than the start. [34] 

3.2.1.3 Graphitization phase 

Graphitization phase depends on the Carbon fiber in terms of elastic modulus. 

Applying the temperature range between 1500
○
- 3000

○
 C it will result the 

improvement of the Carbon crystallites orientation degree in the direction of fiber 

and then the improvement of features. 

In some way Carbon fiber production with other matrixes has the same steps as 

mentioned. 

CFRPC used in this experiment has the following conditions as presented in Table 

3.1 and 3.2 :  
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Table 3.1: Mechanical Properties of Carbon Fiber 

Weight Meshing Young modulus 

200 (gr) 200 30 (GPa) 

 

Table 3.2: Resin Properties 

Resin epoxy Weight Hardener 

5052 100 (gr) 25 (gr) 

Cold bake in room 

temperature 

Time for resin to become 

inundated 
Sell time 

Until 28
o
C 3-25 hours 30-45 min 

 

Note that carbon fibers are non-woven. 

3.2.2 Carbon fiber structure  

Structure properties of Carbon fiber are mostly analyzed by electron-microscopes 

and X-ray diffractions. Unlike graphite, the Structure of carbon has no three-

dimensional order. In PAN matrix carbon fiber the Structure of fiber will change 

from chain to layer Structure during the oxide stabilization, carbonization and 

graphitization processes. Thus, at the end of the carbonization, the main layers will 

be placed in the direction of the long axis of the fiber. Long angle X-ray studies 

suggest that by increasing the carbonization process temperature, accumulation 

height and orientation degree of the main layer will be increased too. The diameter of 

the filaments menu has a major influence on the penetration of carbonization in the 

carbon fiber. For this reason, changes in shall and core Crystallographic of each 

filaments menu, which is completely stabilized, are so clear. Shall has high long axis 

orientation with highcrystallites accumulation, however, the core shows low 

orientation with low crystallites accumulation. [35] 
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Generally, it has been observeded that as the tensile strength of matrix fiber is 

increased, tensile strength of the Carbon fiber will also be increased. If the 

stabilization phase is done properly, the tensile strength and elastic modulus will 

progress greatly in the final product. Observations by microscopes and X-ray 

diffraction machines, show that in Carbon fiber with high elastic modulus, the 

crystallites are located on the longitudinal axis, while the layers are settled with the 

most common orientation parallel to the fiber axis. In sum, Carbon fiber strength 

depends on the type of matrix, process condition, thermal properties temperature and 

Carbon fiber structural flaws. In Carbon fiber with PAN matrix, the increase of 

temperature until 1300  will increase the strength, but after 1300  the strength will 

decrease slightly.  This matter is the same for elastic modulus. 

Carbon fibers are so brittle.  Fiber layers are attached to each other by the weak Wan 

Der Waals connections. Scaly accumulation of layers easily causes the crack growth 

in perpendicular direction to the fiber axis. In bending, fibers will break in very low 

strain. Despite all of these disadvantages, Carbon fibers in terms of total mechanical, 

chemical and physical properties has no competitors in many fields of engineering 

and science of these two recent decades. [32] 

3.2.3 Applications of Carbon fibers 

Carbon fibers are used in various industries. we mention some of them in this 

section. 

3.2.3.1 Transportation industry 

LPG tangs for cars, engine components, shock absorber, transmission shafts, brake 

pads, bodies of racing cars and ship hulls are some examples of Carbon fibers usage 

in transportation. 
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3.2.3.2 Building and construction industries 

As examples of using Carbon fibers in building and construction industries we can 

mention Structural materials for bridges, bridges folding mechanism, high-strength 

reinforced concrete,dividing walls, using for repair the building being destroyed, 

using for Tunnel lining to prevent the shedding and using in the ramps for avoiding 

soil shedding. [34] 

3.2.3.3 Aerospace and aircraft industries 

Passenger cabin structures including panels of chairs and tables, covers, satellites 

structural components, Fighter aircraft flaps, the tip of supersonic aircrafts, long-

range missiles nozzles and Critical parts of aircraft engines can include Carbon fiber 

[32]. 

3.2.3.4 Medical industries 

Carbon fiber has been used in the construction of artificial bone, components of X-

ray equipment, wheelchairs, Types of prosthetic body parts for disabilities and even 

heart valve. 

3.2.3.5  Energy sector 

Carbon fibers are used in fuel batteries, Turbine blades and wind mills blades to 

generate electricity from wind energy. 

3.2.3.6 Electronics, electrical equipment, and machine building 

Applications of Carbon fibers in electronics include laptop frames, computer 

hardware components, Industrial robot arms, gears, rollers, high speed gears, self-

lubricating parts,Antennas, Electrical insulating materials, Pressure Vessels, printer 

rollers and mobile frames. [32] 
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3.3 Glass Fiber Reinforce Polymer Composite 

The fiber used in this composite is the production of SC-Interglas with E92125 

business code. This carbon fiber woven fabrics can be classified in two groups 

namely sleave fiber and textured fiber. These fibers are plain weaven roving with 

0.25 millimeters approximate thickness. Fabric used in composite layers is shown in 

Figure 3.2 . 

 
Figure 3.3: Glass Fiber Reinforce Polymer Composite 

Mechanical properties of E92125 fiber are presented in Table 3.3. 

Table 3.3: Mechanical properties of E92125 fiber 

Type of 

materials 
density 

Young 

modulus 

(GPa) 

tensile 

strength 

(GPa) 

ultimate 

strain 

(%) 

Fiber 

diagonal 

(µm) 

Cost  

$/kg 

E92125 2.5 80 3.2 4 10-16 3 
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Th second main part of a composite is resin. Resin means the polymer used as matrix 

or Continuous phase of composite. One of the important heat polymers is epoxy 

resin. Resin used in this research is epoxy ―made by Huntsman Company with 

Araldite LY5052 business name‖ with amine hardener. This resin is one of the high 

performance epoxies often used for construction of component with high mechanical 

properties such as airplane components, sport tools, automotive and maritime 

industries. [34] 

Resin is a clear liquid, with density of 1.16-1.18 (g/cm3) at 25ºC. Other physical 

properties of LY5052 resin are mentioned in Table 3.4. 

Table 3.4: Physical properties of LY5052 resin  

    Properties                                                

 

Sintering 

condition 

Tensile 

strength 

(GPa) 

Elongation 

(%) 

Tensile 

modulus 

(GPa) 

Bending 

strength 

(GPa) 

Bending 

modulus 

(GPa) 

Coefficient 

Poisson 

Fracktion 

energy 

(J/m
2
) 

15 hours 

in 50ºC 
82-86 3.5-5.5 

3450-

3650 
126-128 

2950-

3000 
0.35 202+10 

7 days in 

room 

temperature 

49-71 1.5-2.5 
3350-

3550 
128< 3000< 0.3 ----- 

Amine hardener HY5052 is a clear liquid, with density of 0.93-0.95 (g/cm3) in 25ºC, 

40-60 (mPa/s) Viscosity with the amine-rate of 9.6-9.8 (Eq/kg). 

The process of composites forming is classified by different methods. Some of them 

classifies them in two groups of manual and machining procedures, but most of the 

methods divide the processes into open mold and close mold. Manual padding is the 

most suitable process for limmited productions and it includes polishing the male and 

female part of the mold, applying the separator film, putting the fiber layer and 
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putting resin. To produce this composite useing some continual separator materials; 

there is no needs to put separator film for molding.  

3.3.1 Steps of composite production 

62% of resin epoxy LY5052 with 38% of stiffener must be admixed and then 

become completely homogen. Clean male and female of the mold should not have 

any offal and corrosion. All surfaces must be soft sanded. The female mold is placed 

on the table and all internal surfaces and edges are covered by white separator wax. 

The thickness of the layer must be between 0.4-0.5 millimeters. After putting a 

separator, the mold will be covered by a layer of mixed resin and hardener. Then a 

layer of fiber, which has been cut through the certain dominations, is carefully posed 

in to the female mold and then it is covered by a mixed layer of resin and hardener. 

Afterwards the second layer of fiber is added. This process continues until the tenth 

layer. Subsequently the resin and hardener layers are weared and then the male mold 

is added on top of it. In the manual method fiber constitutes 29-33 percent of the 

composites weight. After these steps the mold should be placed in 22ºC for 24 hours 

until the baking become complete. These ten layers will achieve 2.5±0.2 millimeters. 

[32] [34] 

Extraction of components from the mold can be easily done. Handle abrades the 

surfaces of the components by soft sand paper. The tensile modulus in the direction 

of the fibers is achieved based on the materials standard methods test (ASTM3039). 

This standard and its samples, are shown on Figure 3.3. The average tensile modulus 

is about 51 (GPa). [31] 

https://www.google.com.cy/search?noj=1&site=webhp&q=define+subsequently&sa=X&ei=wX6iU-TDGqKe0QXZzoGYBw&ved=0CCEQ_SowAA
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Figure 3.4: Tensile modulus in the direction of the fibers achieved based on the 

materials standard methods 
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Chapter 4 

4. LASER AND WATER-JET MACHINES 

4.1 Laser machine 

What top manufacturers need in a Laser machine to remain competitive is to afford 

the finest Laser cutting system for every manufacturing requirement with the ability 

to manufacture high-quality components efficiently and cost successfully. 

Amada created the LC-F1 NT after carefully analyzing this need. Founded on a 

complete knowledge of manufacturers‘ requirements, Amada has developed the new 

generation of advanced Laser cutting systems – the user-friendly and applications-

oriented LC-F1 NT. Figure 4.1 illustrates the five inovations attend through front-

loading developments. 

 

 

 

 

 

 

 

 

 

1. 3-axis (X,Y,Z) linear motor 
drive system:  

is exceedingly fast and 
extremly precise 

2.  Amada-tuned oscillator:  
for quality cutting 

3.  New AMNC/PC:  
with high-speed processor 

4.  Twin-Adaptive optics: eliminate 
lens changes 

5.  Cut-process monitoring: 
 provides edge quality repeatability 

with auto-plasma detection 

Figure 4.1: Five innovations attained through front-loading developments 
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4.1.1 Advantages of the F1  

In this section we mention some advantages of the F1 which has changed the consept 

of Laser machine. 

 Extremely Fast Piercing and Cutting by 3-axis Linear Motor Drive System. 

Faster processing time speeds up NC processing which results an impressive 

decrease in piercing time. The joint speed of the AMNC control and the faster 

processing speed of the F1 significantly reduces the general processing time. 

Processing time for the nested area shown in Figure 4.2 is decreased approximately 

twice (1.89) compared to traditional machines. The effectiveness of the AMNC 

control has decreased the costs over 56 percent.  

 

 

 

  Laser machines can process in a shorter time in an equal cut command speed. A 

faster travel speed plus a faster axial acceleration/ deceleration can reduce 

significantly the production process. [35] 

 

 

Figure 4.2: Nested area 
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 Minimizing the beam fluctuation.  

Minimizing the light fluctuation unique to a very fast axial flow improves the Laser 

beam quality. Furthermore the cut surface will be smoother and  burn free corners 

and edges can be achieved [29]. 

Table 4.1: Comparison of cut surface quality with conventional machine. Processing 

speed (ipm) comparison of cut surface roughness: Ra value (µm) 0.04'' top of face 

sheet (µm) 

Processing 4kW oscillator (AF4000E) 

on conventional machine 

4kW oscillator (AF4000I-

B)  on   

LC-FI NT 

Material 

thickness 

Assist Gas Cut surface thickness Cut surface thickness 

Stainless 

steel 

Nitrogen 315''/min 

Ra=2.1 

334.6''/min 

Ra=1.4 

Stainless 

steel 

Nitrogen 118.1''/min 

Ra=1.9 

118.1''/min 

Ra=1.2 

Stainless 

steel 

Nitrogen 78.7''/min 

Ra=2.5 

78.7/min 

Ra=1.4 

Mild steel Oxygen 118.1''/min 

Ra=2.2 

118.1''/min 

Ra=1.1 

 

Figure 4.3: Cutting command speed, acceleration and cycle time (The time from the 

beginning to end of a series of operations in a single process.) 
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Output 

response 

Output responsiveness of 

conventional machine 

 

Output responsiveness of 

LC-FI NT:0.125mSec 

 

Conventional 

Machine: 

8mSec 

     

      64 times                                                                                                  

      faster 

 

 

0.125mSec 

Figure 4.4: High-output sensitivity of 0.125msec with LC-F1 NT oscillator allows 

thorough control of Laser power 

 

 Extraordinarily Precise. 

Gaining high-accuracy and high-speed cutting is another excellence of this machine. 

A key factor in the LC-F1 NT‘s design is a 3-axis linear motor drive system, which 

allows a remarkable high precision – enabled by factual closed-loop feedback of the 

head site straight to the NC control. [35] 

 

 

 

 

There is a linear drive system to supply high-speed processing and reliable precision 

cutting. A 3-axis linear motor drive system achieves high circularity without axial 

wear and tear. Figure 4.6 depicts the Trajectory data of D300 (11.8˝) uniform circular 

motion (comparison with conventional machine).  

Figure 4.5: Laser Machine structure 
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 Needlessness of lense replacement. 

There are two adaptive optics which manage the beam diameter for the best possible 

cutting performance. A single 7.5˝ lens handles thin to thick layers, decreasing the 

costly time of replacing the lens.  

 

 

 

 

 

 

 

Figure 4.6: Measurement trajectoriesat 787˝/min 

Figure 4.7: Different lens sorts and their effects on cut thickness  
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Figure 4.8: Beam control system 

 Repetitive Production on Mixed Variant Material and Thickness. 

The best nozzle changer supports in promotes continuous, unattended operation. An 

8-station changer force automatically change, clean and calibrate both nozzle and 

head, based on the needs specified for the objects to be processed. This qualityraises 

machine utilization, while dropping overall process time. [35] 

 

 

 

 

 

 

Figure 4.9: Automatic nozzle changer 
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 Cut-process Monitoring Automatic nozzle changers 

Receiving feedback from the machine,    Laser monitors the cut status and also 

displays simultaneusly cut error factors including gouging, plasma and piercing. [35] 

 

 

 

 

4.1.2 Machine Specifications 

Table 4.2 contains the specifications of the Laser machine. 

Table 4.2: Laser machine specifications 

Model LC-3015F1 NT 

Max. axis travel 120.9'' × 61'' × 3.9'' 

Max. mass of load 2.028 lbs 

Rapid traverse X,Y,Z: 4.724''/min 

Max. cutting speed 2.362''/min 

Acceleration X,Y:1.5G Z:3G 

Cutting lead Cartridge-type cutting head 

Z-axis sensor HS-2007 (Anti-plasma, noise resistant) 

NC AMNC/PC 

Oscillator model AF-4000I-B (4kW) 

Power requirement Machine:51 kVA/ Oscillator: 55 kVA /Chiller: 27 kVA 

Machine weight 28.660 lbs (including oscillator) 

Standard equipment Full opening enclosure, CNC assist gas control (2.0MPa), 

CNC focus control, Oil shot, Cut process monitoring, Nozzlr 

cleaner 

 

Figure 4.10: Cut status detection function 
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4.2 Water-jet machine  

Water-jet machine is a device for cutting metals, rocks and some kinds of ceramics. 

A really thin flow of high pressure and fast water (for example 400 MPa) or water 

and some abrasive substances like aluminum oxide or garnet this device enables the 

machine to cut a wide range of materials.  

  
 

Figure 4.11: Water-jet nozzle 

 

This machine is specially suitable for the conditions that the low temperature is 

necessary. Soft materials such as ladder or foam can be cut just by water. 

 Changing the nozzle components and type or amount of the abrasive substances, we 

can change the width or kerf of cutting. In normal cutting with abrasive substances, 

the width of cutting is between 1.016-1.27 millimeters and it can be reduced to 0.508 

millimeter. But without any abrasive substances, kerf is between 0.187-0.33 

millimeters. Although it can be reduced even less than 0.076 millimeters which 

means as thin as human‘s hair. 
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4.2.1 Advantages of Water-jet machine 

The most remarkable advantage of waterget machine is the ability of cutting without 

any damage in mechanical properties of materials. This machine prevents the 

workpieces to tolerate the high temperature process of machining. Another advantage 

of this machine is its capability to cut the complicate shapes with higher quality and 

in lower time. This can be done by three-dimension levers and softwares. 

Considering the size of  nozzles, Water-jet has a low intake of water (0.5-1 Gallon 

per minutes). This amount of water is also recyclable. Abrasive substances are 

natural and recyclable too. They are also non-poisonous. The machine also will not 

produce dust from the machining operation. It is also important to mention that 

materials like tempered glasses, diamond and special ceramics can not be cut by 

Water-jet. 

4.2.2 Main cutting specifications  

 Usage of high speed flow of abrasive substances in the water with a very high 

pressure (30000-90000 Psi or 207-621 MPa) 

 Cutting a wide range of different materials such as soft, hard or sensitive to the 

temperature 

 No thermal damages in the surface or edge of the workpiece 

 Nozzles are usually made from Sintered Boride 

 Resulting a less than 1 degree cutting angle in most cuts which can also be 

avoided by decreasing the speed of process 

 Space between nozzle and workpiece can affect the width and rate of cutting. It 

usually must be 3.175 millimeters.[30] 
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4.2.3 Quality of surfaces or edges 

Reducing the speed of cutting process the quality of the surface will improve. 

According to Figure 4.12, the speed of thin workpieces to reach Q1 is three time 

faster than Q5 and for thicker workpieces it will reach to six times faster. For 

example for 4 inch thick aluminum and the Q5 quality, the speed is equal to 18 

millimeter per minutes and for Q1 quality the speed is 107 millimeter per minutes. 

[36] 

 

 

 

Figure 4.12: 1-Water 2-Diamond 3-Abrasive substances 4-Fixture 5-Water exit  

6-Workpiece 7-Holder foundations of work piece 8-The accumulated water  

9-Cut area 10-conducting pipe of water 11-Abrasive substances 

Figure 4.13: Surface quality 
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Chapter 5 

5. EXPERIMENTAL WORK 

In previous chapters machining techniques and composite materials have been 

explained. This chapter provides details about the effect of Water-jet and Laser 

machining on the mentioned materials. 

At first target materials have been machined by Water-jet and Laser to become 

standard samples for testing. The standard for open hole tensile test is ASTM D5766 

/ D5766M. Figure 5.1 depicts the Dominions of samples:  

 

 

 

 

 

 

 

Figure 5.1: Sample of Open Hole Tensile Test (OHTT)
1
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Figure 5.2 illustrates the classified preview of the experiments done on samples. 

 

 

 

 

 

 

 

Figure 5.2:  Project review 

 

In this project CFRPC and GFRP materials are processed by Water-jet and Laser 

machines and the results are evaluated under two different tests namely Open Hole 

Tensile Test (OHTT) and Scanning Electron Microscope (SEM). 

5.1 Machining conditions for CFRPC 

5.1.1 Laser machine 

Laser machine used in this project is Amada brand with LC.FT NT series and is 

made in Japan. [35] [36]
 

Machining conditions for cutting the CFRPC samples by CO2  Laser are provided in 

Table 5.1. 

 

 

 

Project 

Water-jet Laser 

CFRPC GFRP GFRP CFRPC 

OHTT SEM1 OHTT SEM OHTT SEM SEM OHTT 
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Table 5.1: CO2 Laser machine conditions 

Laser power 1000 W Lenz 5 inch 

Frequency 1500 HZ Nozzle diameter 2 mm 

Cutting speed 2000 mm/min Air pressure 3bar 

Assist gas Air Gap 
(between nozzle and surface) 

1mm  
 

Focal length 10.5 mm Duty 50  

5.1.2 Water-jet machine 

Water-jet machine used in this project is Bohler brand and is made in Germany. 

Machining conditions for cutting the CFRPC samples by Water-jet are provided in 

Table 5.2. 

Table 5.2: Bohler Water-jet machine conditions 

Water pressure Abrasive substance 

4000 bar Garnet powder 

Flow 

Initial start Average 

135 Ampere 35-45 mpere 

 

5.2  Machining conditions for GFRP 

5.2.1  Laser machine 

As CFRPC materials are more strength and robust than GFRP, more power must be 

use for machining. We can also see from Table 4.1 that 1000 (W) has been used for 

CFRPC. So for making the GFRP samples, 70 (W) is enough.  
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If we use more power than 70 (W) on GFRPs they will easily melt. However there 

are some damages after machining even with this power which will be explained 

later. [35] 

It should be noted that different machine powers have been tested on the materials 

and the best quality in the microscopic view has been chose. 

5.2.2 Water-jet machine 

Conditions of machining on GFRP are similar to CFRPC which is already mentioned 

on Table 4.2. 

5.3 Tests 

After machining, effects of Laser and Water-jet machines on samples should be 

studieded by two different sorts of test. Since the purpose of the tests were to 

measure the strength and quality surface of the materials after machining, Open Hole 

Tensile Test (OHTT) has been adopted to evaluate thr strength of the samples and 

furthermore Scanning Electron Microscope (SEM) has been adopted to evaluate the 

quality surface of the three spots on the machined surface samples. 

In this section we discuss what happened during the tests. 

  

 

Figure 5.3: Different tests applied on samples 

5.3.1 Open Hole Tensile Test (OHTT) 

As previously discussed samples should have standard dimensions. Then we put the 

samples in the tensile machine to take the test. 

Tests 

Open Hole Tensile Test (OHTT) Scanning Electron Microscope (SEM) 
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Tensile machine used in this test is INSTRON 4208 made in Britain with capacity of 

300 (KN). It must be mentioned that this machine is connected to a server to evaluate 

diagrams and concludes the output simultaneously, quickly and accurately. It is also 

important to note that the machine is surely calibrated.  

 

 

 

 

 

 

 

Before taking the test, samples need to be ready. In the gripping areas we must use 

other materials to avoid failure during the test. According to the type of materials 

which are polymers, the surfaces are slippery and it can result samples separation 

from clamps during the test. Wood would be a good choice to intercept these kinds 

of errors. The resin which has been used to attach the woods to the samples on the 

gripping area is more viscous than resin which has been used on the samples. Figure 

5.5 demonstrates the samples ready for tensile test. 

 

Figure 5.4: Tensile machine 
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Figure 5.5: Ready samples for tensile test 

When prepared samples are fixed in the tensile machine the machine will start 

working. Meanwhile server records all the conditions including stress-strain curve 

diagram, ultimate strength and etc. When samples reach to fracture level, the 

machine work is done and the server will show the outputs.  

5.3.1.1 GFRP samples after OHTT 

Reaching the fracture point the outputs for GFRP samples will be reviewed. Figure 

5.6 and 5.7 depicts GFRP samples at fraction point, machined by Laser and Water-jet 

machines. 
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Figure 5.6: Fracture point after Laser machining 

 

Figure 5.7: Fracture point after Water-jet 

machining  
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In this section the mechanical properties of GFRP machined samples are presented. 

5.3.1.1.1 Sample of GFRP under Water-jet machining by OHTT 

Table 4.3 shows the mechanical properties of the GFRP sample under Water-jet 

machining achieved by OHTT: 

Table 5.3: Mechanical properties of GFRP sample under Water-jet machining 

Thickness*width 

A*b 

(mm*mm) 

Cross section 

S0 

(mm
2
) 

Ultimate strength 

Rm 

(MPa) 

37.84*1.92 72.65 124 

 

 

Figure 5.8: Stress-strain curve diagram of the GFRP sample under Water-jet 

machining by OHTT 
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5.3.1.1.2 Sample of GFRP under Laser machining by OHTT: 

Table 4.4 shows the mechanical properties of the GFRP sample under Laser 

machining achieved by OHTT. 

Table 5.4: Mechanical properties of GFRP sample under Laser machining 

Thickness*width 

A*b 

(mm*mm) 

Cross section 

S0 

(mm
2
) 

Ultimate strength 

Rm 

(MPa) 

36.84*1.86 68.52 83 

 

 

Figure 5.9: The stress-strain curve diagram of the GFRP sample under  Laser 

machining by OHTT 
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5.3.1.2 CFRPC samples after OHTT 

Reaching fracture point the outputs for CFRPC samples will be reviewed. Figure 

5.10 and 5.11 depict CFRPC samples machined by Laser and Water-jet machines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: Fracture point after 

Laser machining  

Figure 5.11: Fracture point after 

Water-jet machining 
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In this section the mechanical properties of CFRPC machined samples are presented. 

5.3.1.2.1 Sample of CFRPC under Water-jet machining by OHTT: 

Table 5.5 shows mechanical properties of the CFRPC sample under Water-jet 

machining achived by OHTT. 

Table 5.5: Mechanical properties of CFRPC sample under Water-jet machining 

Thickness*width 

A*b 

(mm*mm) 

Cross section 

S0 

(mm
2
) 

Ultimate strength 

Rm 

(MPa) 

37.96*1.40 53.14 279 

 

 

Figure 5.12: Stress-strain curve diagram of the sample Sample of CFRPC from 

Water-jet machine for OHTT 
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5.3.1.2.2 Sample of CFRPC under Laser machining by OHTT: 

Table 5.6 shows mechanical properties CFRPC sample under Laser machining by 

OHTT. 

Table 5.6: Mechanical properties of CFRPC sample under Laser Machining 

Thickness*width 

A*b 

(mm*mm) 

Cross section 

S0 

(mm
2
) 

Ultimate strength 

Rm 

(MPa) 

37.18*1.41 52.42 279 

  

 

Figure 5.13: Stress-strain curve diagram of the Sample of CFRPC from Laser 

machine for OHTT 
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5.3.2 Scanning Electron Microscope test (SEM) 

TESCAN device, VEGA ІІ model, made in Czech, is the device used on this test. 

 

 

 

 

 

 

 

 

Samples need to be prepared before the test. As the machining samples have 250 

millimeter of length, and also because the device has the maximum length of 130 

millimeters, samples must reach to 130 millimeter length to fix on the fixture of 

device. To provide this condition, cutting must be done on the samples. Another 

preparation of the test names gold coat which is so expensive. A golden coverage on 

samples is reuired to transmit the electrons on the surface of samples which will 

provide a better and closer test results. 

 

 

Figure 5.14: TESCAN microscope 
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As illustrated in Figure 5.15 for each sample two areas have been photographed by 

the microscope. 

Figure 5.15: Spots for microscope photography  

5.3.2.1 The GFRP samples after Machining observed by SEM 

In this section machined GFRP samples observed by SEM are presented. 

5.3.2.1.1 Sample of GFRP under Water-jet machining 

Figure 5.16 illustrates the GFRP sample under Water-jet machining observed by 

SEM. 

  

Figure 5.16: SEM picture of GFRP sample under Water-jet machining with 2mm 

thichness 

Region 1                                                           Region 2 
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5.3.2.1.2 Sample of GFRP under Laser machining  

Figure 5.18 illustrates the GFRP sample under Laser machining observed by SEM. 

 

  

Figure 5.17: SEM picture of GFRP samples under Laser machining with 2mm 

thichness 

 

5.3.2.2 The CFRPC samples after Machining observed by SEM 

In this section machined CFRPC samples observed by SEM are presented. 

5.3.2.2.1 Sample of CFRPC under Water-jet machining  

Figure 5.18 illustrates the CFRPC sample under Water-jet machining observed by 

SEM. 

Region 1                                                           Region 2 
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Figure 5.18: SEM picture for CFRPC samples under Water-jet machining with 2mm 

thichness 

 

5.3.2.2.2 Sample of CFRPC under Laser machining 

Figure 5.19 illustrates the CFRPC sample under Laser machining observed by SEM. 

  

 

Figure 5.19: SEM picture for Sample of CFRPC under Laser machining with 2mm 

thickness 

 

Region 1                                                           Region 2 

Region 1                                                           Region 2 
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Chapter 6 

6. RESULTS AND DISCUSSION 

6.1 Surface finish 

According to the microscopic part of the experiment and the thesis topic which 

targets to compare Laser and Water-jet machining, this chapter provides a 

differential analysis of results based on SEM pictures. 

Figure 6.1 depicts different factors to analyze.  

 

 

Figure 6.1: Analysis Factors of SEM Pictures 

6.1.1 Defining the colored lines 

To simplify the analysis on the pictures, three colored lines are used for each of the 

three damages. 

 Red line represents the delamination 

 Yellow line shows the melting 

 Blue line defines the roughness 

 

Analysis 

3- Delamination 2- Roughness 1- Melting 
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6.1.2 Comparison between Water-jet and Laser machining on GFRP  

Figure 6.1 compares the SEM photo of GFRP sample under Laser and Water-jet 

machining in region 1. 

 

Figure 6.2: a) SEM picture of GFRP sample machine by  Water-jet   

             b) SEM picture of GFRP sample machines by Laser 

 

According to Figure 6.1.b the GFRP sample machined by Laser, has too 

delamination damage to specify the roughness. As demonstrated in Figure 6.1.b the 

Laser machining process produces a Heat affect zone (HAZ). Absence of melting in 

this figure is for the reason of using 70 W machine power on the sample due to the 

GFRP material specifications.   

On the other hand as illustrated in Figure 6.1.a the GFRP sample machined by 

Water-jet, has no delamination therefore there is only the possibility of 

demonstrating the roughness of the machined area.  

a)                                                                            b)                             
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Figure 6.2 compares the SEM photo of GFRP sample under Laser and Water-jet  

machining in region 2.  

 

Figure 6.3: a) SEM picture of GFRP sample machine by  Water-jet   

             b) SEM picture of GFRP sample machines by Laser 

 

In one hand according to Figure 6.2.a the GFRP sample which has been machined by 

Laser, has all the three sorts of damages in this area. The cause of melting around the 

circle is that the thermal effect during the machining process has been too long which 

means that even if the optic of Laser machine were on the other side of the hole, the 

heat would still affecting the yellow zone. 

On the other hand the GFRP sample which has been machined by Water-jet as 

depicted in Figure 6.2.a only has the roughness of the machining on the cutting area. 

6.1.3  Comparison between Water-jet and Laser machining on CFRPC 

Figure 6.3 compares the SEM photo of CFRPC sample under Laser and Water-jet  

machining in region 1. 

a)                                                                            b)                             
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Figure 6.4: a) SEM picture for sample of CFRPC from Water-jet machine   

                   b)  SEM picture for sample of CFRPC from Laser machine 

 

In Figure 6.3.b the CFRPC sample which has been machined by Laser has been cut 

well, however there exist some delamination in the cutting area because of the 

thermal effects of the Laser machine. 

In the CFRPC sample which has been machined by Water-jet (left figure), only has 

roughness in the machining area. 

Figure 6.4 compares the SEM photo of CFRPC sample under Laser and Water-jet  

machining in region 2. 

 

a)                                                                            b)                             
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Figure 6.5: a) SEM picture for sample of CFRPC from Water-jet machine   

               b)  SEM picture for sample of CFRPC from Laser machine 

 

As illustrated in Figure 6.4.b the CFRPC sample which has been machined by Laser, 

has a very low range of roughness which can be neglected, however the delamination 

is clearly recognizable. On the other hand the only damage appeared on Figure 6.4.a 

1
 is the roughness. 

  

  

a)                                                                            b)                             
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6.2 Calculation of roughness 

In this project, roughness is calculated from both Clemex and Excel software 

combine together. Roughness component indicates the surface quality. Many 

different roughness parameters have been introduced in the literature but    and    

are two of the most common ones which are studied in this work. 

   representes the arithmetic mean surface roughness which is calculated as the 

arithmetical mean of the sums of all profile values.   

   represents the surface roughness depth which can be calculated as the mean value 

of the five   I values from the five sampling length over the total measured length. 

Equation 6.1 describes    where y is the roughness height and n is the number of 

heights. 

    (6.1) 

In this section we represent diagrams describing roughness parameters    and   . 

Red dots demonstrate the means of highest heights (  ). 

6.2.1 Region 1 of GFRP material with Water-jet machine 

The diagram in Figure 6.6 demonstrates the roughness in region 1 of GFRP sample 

machined by Water-jet. 

 

 

 

n

yyyyy
Rz n


...4321
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Figure 6.6: Roughness diagram of GFRP with waterjet machining in region 1 

The obtained heights to calculate    of the mentioned sample are provided in Table 

6.1. 

Table 6.1: Heights to determine    in GFRP sample machined by Water-jet 

0 0 0 -40 +20 +20 +20 +40 Ra 

+20 -20 0 -50 +40 0 +40 +40 2.97 

µm 0 -40 -20 -20 +40 0 +40 +20 

0 -40 -40 0 +40 0 +40  

0 -20 -60 0 +20 0 +40  

Table 6.2 contains the five highest heights to estimate    in GFRP sample machined 

by Water-jet.  

Table 6.2: Heights to determine    in GFRP sample machined by Water-jet 

 Y1  Y2 Y3     Y4 Y5 Rz 

Height (µm) 20 40 60    60 40 44 
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6.2.2 Region 1 of GFRP material with Laser machine 

Figure 6.7 illustrates the roughness diagram in region 1 of GFRP sample under Laser 

machining. 

Figure 6.7: Roughness diagram of GFRP with Laser machining in region 1 

The diagram of GFRP with both machining shows that the Ra of Laser machine is 

less than waterjet but we consider both of them zero because the unit for each picture 

of SEM is 20 µm and the numbers should be rounded. The Rz of Laser machine is 

less  than waterjet. 

Table 6.3 provides heights to compute the average roughness in region 1 of GFRP 

sample machined by Laser.   

Table 6.3: Heights to determine    in GFRP sample machined by Laser in region 1 

0 -20 -40 40 0 20 20 0 Ra 

0 -20 -60 40 20 20 20 0 

0.52 

µm 

0 -40 -60 20 40 40 20 0 

-20 -40 -60 20 20 40 20  

-20 -40 -20 0 20 40 0  

The five highest heights to estimate    in region 1 of GFRP sample under Laser 

machining are presented in Table 6.4. 
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Table 6.4: Heights to determine    in region 1 of GFRP sample machined by Laser 

 Y1 Y2 Y3 Y4 Y5 Rz 

Height (µm) 60 40 40 20 40 40 

 

6.2.3 Region 2 of GFRP with Water-jet machine 

Figure 6.8 provides the diagram of roughness in region 2 of GFRP sample with 

Water-jet machining. 

Figure 6.8: Roughness diagram of GFRP with Water-jet machining in region 2 

Heights in use to determine the average roughness of GFRP sample in region 2 

machined by Water- jet are provided in Table 6.5. 

Table 6.5: Heights to determine    in GFRP sample machined by Water-jet in region 

2 

0 -60 -20 -100 -20 -60 0 0 40 Ra 

-40 -40 -20 -80 -20 -60 0 0 40 22.66 

µm -60 -20 -20 -60 -20 -40 0 0 -20 

-60 -20 -20 -40 -40 -20 0 20 -20 

-60 -20 0 -20 -60 0 0 40 -20 
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Table 6.6 containes the five highest heights to compute    in region 2 of GFRP 

sample machined by Water-jet. 

Table 6.6: Heights to determine    in GFRP sample machined by Water-jet in region 

2 

 Y1  Y2 Y3 Y4 Y5 Rz 

Height 

(µm) 

60 100 60 20 20 52 

 

6.2.4 Region 2 of GFRP material with Laser machine 

Figure 6.9 depicts the roughness diagram of GFRP sample with Laser machining in 

region 2. 

Figure 6.9: Roughness diagram of GFRP with Laser machining in region 2 

 

In region 2 the diagram shows that both  Ra and Rz of Laser machine are less than 

the Water-jet. Table 6.7 containes the heights used to determine the average 

roughness of GFRP sample by Laser in region 2. 
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Table 6.7: Heights to determine    in GFRP sample machined by Laser in region 2 

0 20 0 0 0 0 0 Ra 

-20 20 0 -20 0 0 20 

0.62 

µm 

0 20 0 -20 0 0  

0 20 0 -20 0 0  

0 0 0 0 0 0  

The five highest heights and the resulted    are presented in Table 6.8.  

 

Table 6.8: Heights to determine    in GFRP sample machined by Laser in region 2 

 Y1  Y2 Y3 Y4 Y5 Rz 

Height 

(µm) 

20 20 20 20 20 20 

 

6.2.5 Region 1 of CFRPC with Water-jet machine 

Figure 6.10 illustrates the surface roughness of CFRP sample with Water-jet 

machining in region 1. 

Figure 6.10: Roughness diagram of CFRPC with Water-jet machining in region 1  

The average surface roughness is calculated using the heights presented in Table 6.9. 
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Table 6.9: Heights to determine    in CFRPC sample machined by Water-jet 

0 60 0 -40 80 -20 40 -20 Ra 

-20 40 -20 -40 80 0 0 0 

16.31 

µm 

0 40 -20 -20 80 40 0 20 

20 20 -20 20 80 40 20 0 

40 20 -40 60 20 40 20  

Table 6.10 contains the five highest heights to calculate the parameter   . 

Table 6.10: Heights to determine    in CFRPC sample machined by Water-jet 

 Y1  Y2 Y3 Y4 Y5 Rz 

Height 

(µm) 

20 60 60 80 40 52 

 

6.2.6 Region 1 of CFRPC with Laser machine 

Roughness diagram of CFRPC with Laser machining in region 1 is depicted in 

Figure 6.11. 

Figure 6.11: Roughness diagram of CFRPC with Laser machining in region 1 
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It has been observed that in CFRPC the Ra and Rz parameters of Laser machine are 

less than waterjet machine. Table 6.11 provides the heights to determine the 

parameter    in region 1 of CFRPC sample machined by Laser. 

Table 6.11: Heights to determine    in CFRPC sample machined by Laser in region 

1 

0 0 -20 -20 0 -20 0 Ra 

0 0 0 -20 -20 -20 -20 
7.05 

µm 

 

0 0 0 -20 0 -20 -20 

0 0 -20 0 0 0 -20 

+20 0 -20 0 0 0  

 

Selected heights to estimate the    are presented in Table 6.12. 

Table 6.12: Heights to determine    in CFRPC sample machined by Laser 

 Y1  Y2 Y3 Y4 Y5 Rz 

Height 

(µm) 

20 20 20 20 20 20 

 

6.2.7 Region 2 of CFRPC with Water-jet machine 

Figure 6.12 demonstrates the roughness diagram of region 2 of CFRPC with Water-

jet machining.  
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Figure 6.12: Roughness diagram of CFRPC with Water-jet machining in region 2 

Heights to determine    in CFRPC sample machined by Water-jet in region 2 are 

provided in Table 6.13. 

Table 6.13: Heights to determine    in CFRPC sample machined by Water-jet in 

region 2 

0 0 0 0 0 20 20 60 Ra 

-20 0 -20 0 0 20 0 40 7.17 

µm -40 -60 -40 0 0 20 0 0 

-80 -60 -60 0 0 20 20 40  

-80 -60 -60 0 0 20 20   

The five highest heights resulting the parameter    are provided in Table 6.14. 

Table 6.14: Heights to determine    in CFRPC sample machined by Water-jet in 

region 2 

 Y1 Y2 Y3 Y4 Y5 Rz 

Height 

(µm) 

80 60 40 20 40 48 

 

 



 

59 

 

6.2.8 Region 2 of CFRPC with Laser machine 

The roughness diagram of CFRPC with Laser machining in region 2 is illustrated in 

Figure 6.13. 

Figure 6.13: Roughness diagram of CFRPC with Laser machining in region 2 

 

It has been concluded that in region 2 of CFRPC the Ra and Rz parameters of Laser 

machine is less than waterjet. Table 6.15 presents the heights to estimate the average 

roughness in region 2 of CFRPC machined by Laser.  

Table 6.15: Heights to determine    in CFRPC sample machined by Laser in region 

2 

    0 0 0 0 0 0 0 0 0 Ra 

0 0 0 0 0 0 0 0 0 0 

µm 

 

0 0 0 0 0 0 0 0  

0 0 0 0 0 0 0 0  

0 0 0 0 0 0 0 0  

Table 6.16 contains the five selected highest heights used to calculate the   . 
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Table 6.16: Heights to determine    in CFRPC sample machined by Laser in region 

2 

Rz Y1  Y2 Y3 Y4 

Height (µm) 0 0 0 0 

As the roughness curve in Figure 6.13 nearly tangents to the horizontal axis all the 

selected heights ,    and    are considered zero. 

6.3 Comparison between the tensile strength of the materials after 

machining 

After machining the CFRPC and GFRP materials, samples evaluated by the Open 

Hole Tensile Test have been discussed in the Experimental phase. In this section the 

the graphs and data obtained from the test will be compared and subsequently the 

two kinds of machining will be analysed. 

6.3.1 Tensile strength between the Laser and Water-jet machining on GFRP 

  

 

Figure 6.14: a) OHTT sample for GFRP from Laser machining 

b) OHTT sample for GFRP from Water-jet machining 
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As Figure 6.12.a shows, the GFRP sample machined by Laser has a significant 

difference in ultimate strength tcompared to the GFRP sample machined by Water-

jet which is illustratd in Figure 6.12.b. The ultimate strength of Water-jet sample is 

124 (MPa), while the ultimate strength of Laser sample is 83MPa.  

In both graphs, the ultimate tensile strength is exactly fracture point. This means that 

both materials have not been necking so they do not have an elastic region and 

finally both materials are brittle. But the GFRP sample which has been machined by 

Water-jet has a highest strength after machining because of the surface quality. 

6.3.2 Tensile strength between Laser and Water-jet machining on CFRPC 

composite 

  

 Figure 6.15: a) OHTT sample for CFRPC from Laser machining 

    b) OHTT sample for CFRPC from Water-jet machining 

As depicted in Figure 6.13 the ultimate strength of the CFRPC samples which has 

been machined by Laser (Figure 6.13.a) and Water-jet  (Figure 6.13.b) are both equal 

which is very interesting. The ultimate strength in both cases was equal to 279 MPa. 
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a)                                                                        b)                             
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6.4 Surface quality, time and costs 

6.4.1 Surface quality  

For the surface quality we have represented three indexes namely: roughness, 

melting and delamination. For each index the points of penalty have been assigned 

from 0 to 2 where the highest point shows the worst situation. After summation of 

the points, total number shows the surface quality of the sample. 

As you can see in Tables 6.17 and 6.18, the range of the penalty points are from 1 to 

4. So we categorize the points as following: 

1-  Very good 

2-  Good 

3-  Average 

4-  Weak  

Table 6.17: surface quality pointing for CFRPC 

 

CFRPC 

Water-jet Laser 

roughness melting delamination roughness melting delamination 

0       

1       

2       

total 2 3 
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Table 6.18: surface quality pointing for GFRP 

 

GFRP 

Water-jet Laser 

roughness melting delamination roughness melting delamination 

0       

1       

2       

total 2 4 

 

6.4.2 Timing and costs 

Time has been calculated by the technique of stop watch. For more information each 

plat of materials can accommodate 7 samples. During the machining of each plat by 

Water-jet and Laser time of the machining has been calculated and the average time 

of the six samples of one plat is considered as the process time of machining of one 

sample. 

As the speed of the Laser machining has been equal for both GFRP and CFRPC 

materials and the only thing which was changed for each material was the machine 

power, the timing was similar and it was equal to 128 seconds per sample. This 

timing was also about 35 seconds per sample in Water-jet machining for both GFRP 

and CFRPC materials but the power in this process was also the same and it was 

equal to 4000 bar pressure. 
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Costs of Water-jet machining for polymer materials were about 30$ per hours or 0.5$ 

per minutes. The exact cost of Laser machining was twice more than Water-jet which 

is equal to 60$ per hour or 0.5$ per second.  

Cost per samples has been calculated by equation 6.2 and finally these calculations 

have been getting together in Table 6.19.  

               

  
                                                                       

      
 

(6.2) 

 

 

Table 6.19: Comparison between Surface quality, time and costs 

machine material 
Surface 

quality 

Ultimate 

strength 

(MPa) 

Time per 

sample 

(S) 

Cost per 

sample 

($) 

Water-jet 
CFRPC Good 279 35 0.29 

GFRP Good 124 35 0.29 

Laser 
CFRPC Average 279 128 2.13 

GFRP Weak 83 128 2.13 
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Chapter 7 

7. CONCLUSION 

In this study, the effect of two advnace machining, namely Water-jet and Laser, were 

investigated on machining of CFRPC and GFRP. The following conclusions are 

drawn from the study:   

1.Melting of ploymer phase is the consequence of thermal effects of Laser machining 

which has occurred only in the second region (around the hole) of the samples and 

that is because of greater temperature focus on the small area. Also delamination is 

another thermal effect, because the heat will destroy the resin of the cutting area and 

then will cause the delamination around this area. 

2.The remarkable point of the project is that not only Water-jet machining has the 

better surface quality, but also financially it is more affordable than Laser 

machine.The cost of Laser machining is twice more than Water-jet and further more 

it wastes more time in comparison to Water-jet. 

According to all the points during the experiment and also points below, Water-jet 

machine is more advantageous than Laser machine. 

 More surface quality 

 Lower Delamination and no Melting 

 Shorter machining time 
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 Less cost 
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