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ABSTRACT

Graphite-epoxy composites are being widely usedany aerospace and
structural applications because of their propertidsch include lighter weight, higher
strength to weight ratio and a greater flexibilitydesign. However, the inherent
anisotropy of these composites makes it difficolirtachine them using conventional
methods. To overcome the major issues that deweithpconventional machining such
as fiber pull out, delamination, heat generatiod high tooling costs, an effort is herein
made to study abrasive waterjet machining of corntg®sAn abrasive waterjet is used to
cut 1” thick graphite epoxy composites based orlbas data obtained from the cutting
of %" thick material. The objective of this projestto study the surface roughness of the
cut surface with a focus on demonstrating the beneff using higher pressures for
cutting composites. The effects of major cuttingapaeters: jet pressure, traverse speed,
abrasive feed rate and cutting head size are stadidifferent levels. Statistical analysis
of the experimental data provides an understanafiige effect of the process
parameters on surface roughness. Additionallyetfext of these parameters on the taper
angle of the cut is studied. The data is analyaeabtain a set of process parameters that
optimize the cutting of 1” thick graphite-epoxy cpasite. The statistical analysis is used
to validate the experimental data. Costs involvethe cutting process are investigated in
term of abrasive consumed to better understandllastiate the practical benefits of
using higher pressures. It is demonstrated thaitessure increased, ultra-high pressure

waterjets produced a better surface quality astefdraverse rate with lower costs.
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1. INTRODUCTION

1.1.INTRODUCTION TO ABRASIVE WATERJET CUTTING

In waterjet cutting, the kinetic energy of the waseused to cut the material.
Water from a reservoir is pumped out through a bnuazle at high pressure and when
this jet of high pressure strikes a material sw@facaterial removal takes place. For
harder materials, adding abrasives to the watenjgtoves the ability to cut and the
surface quality produced. These latter waterjegkaown as abrasive waterjets(AWJ)
[54]. In all applications it is critical, for optiah performance, to select the best operating
parameters such as the fluid used, the size géththe operating pressure, and the size,
type and feed rate of the entrained abrasives.

The use of waterjets for various cutting operatibas increased over the past six
decades due to its inherent advantages. Thesa@alminimum amount of dust or toxic
fumes generated, no heat generation or deformafitre material surface, no thermal
stresses as water itself cools down the work pieeer tooling costs and no tool wear.
However because of higher noise levels, lower nme@temoval rates, the frequent
difficulty in machining blind holes and pockets,egtions of surface finish and the
formation of a tapered cut surface have limitedabeeptance of this non-conventional
cutting technique [7].

1.2.RESEARCH FOCUS AND OBJECTIVES

Conventional machining of composites generatesthahhas a negative effect
on the cutting tool as well as on the mechanicaperties of the work piece. Also,
conventional machining introduces problems thauihe thermal stresses, fiber pull out,
and has high tooling costs. The research is focasem/ercoming these common
problems by focusing on the application of an AWd anproving the quality of the cut
edges it produces. Both the benefits and the ltraita of abrasive waterjet application in

machining of composite will be examined.



Many new methods and techniques are being devekopetprove the cutting
performance of abrasive waterjets on composites.ddvelopment of high pressure
pumps that can continuously operate at 90,00(apgpiower levels of 125Hp has widened
the scope of this study of abrasive waterjet cgttihcomposites. Various cutting
parameters are studied to better understand thageapabilities of abrasive waterjet
cutting on composites. The experiments are camign Y2and 1" thick graphite epoxy
composites using baseline data generated for €K tomposite. This research is
focused in defining optimal cutting conditions #or acceptable surface roughness of 400
pin. Thus, the study involves investigating thesefffof different process parameters and
optimizing their levels of operation for a 1” thickmposite.

A systematic design of experiments is formulatedl @xperiments are carried out
to achieve this desired result. The results obthare analyzed using various statistical
methods. The effects of different process parameter investigated and an explanatory
mathematical model is developed to determine theance of each of the process
parameters. The experimental data is used to valitia explanatory model. From the
experimental data, optimal cutting conditions tetisfy this specific application are
suggested. To better identify these optimal cuttiogditions, the economics associated
with this process are studied and illustrates ts savings while simultaneously

achieving the required surface finish.

1.3. THESIS OUTLINE

This study is presented as a thesis consistingset&ons, of which this
Introduction is Section 1. Section 2 is a reviewpavious work on composites and their
applications, the machining of composites, non-emtional methods of machining,
AWJ machining, AWJ cutting performance on variousenials and AWJ machining of
composites. Section 3 is a discussion on the exgatial setup used, including the
measurement technique used to determine surfagbmess, an abrasive analysis and the
outline of the design matrix. Section 4 is an asigland discussion of the experimental
data and results. Section 5 presents the conckisioth recommendations as a result of
this research effort. Also, the scope of futureknisrdiscussed.



2. LITERATURE REVIEW

2.1.COMPOSITES AND THEIR APPLICATIONS

Composites are inhomogeneous combination of matrikreinforcement
material. Naturally found reinforcement materiaslude hemp, flaxmat, coir etc. The
matrix material supports and holds together thefeetement material. Mechanical and
physical properties of the composite, includingstith and stiffness are determined by
the reinforcement material. Composites may cortambinations of many types of
matrices and reinforcements. The selection of ffpeapriate constituent matrix and
reinforcement is based on the desired propertiéiseofesulting composite.

Composites are now widely used in many fields. Téseyreplacing metals and
alloys because of their light weight, a higherrsfita to weight ratio, a greater resistance
to corrosion and fire and because they providexaHility in design. Because of these
improved properties, composites are widely usetieraerospace industry, especially as
materials that make up the fuselage, wings, and sudi@structure components as
bridges, houses, and in the automotive industryrao recently for wind turbines. For
example Beardmore and Johnson [1] investigatedppécations of composites in the
structural automotive industry. Fiber reinforcednpmsites see a primary use in the
making of semi-structural parts. E glass fibehs ¢composite with the greatest potential
for use in the automobile industry and graphitefiteinforcement is the composite most
widely used in the aerospace industry. Compositi¥i$l fnany of the energy saving
requirements and fatigue resistance standards deedeese industries.

Another example of a specific application of comfassis described by Vasiliev,
Barynin and Razin [21]. In their paper they disadthe development and aerospace
application of anisogrid composites. These strastyrovide high bending stiffness and
resistance to buckling under compression and siésw, lattice structures demonstrate
shape stabilization under loading. Anisogrid cosifgolattice structure used as
spacecraft structures are of two types based olo#akeng conditions. One group of the
spacecraft bodies which are designed for minimurssni@ader strength and stiffness



constraints to take up loads during launchingativer group does not experience loads
during launching and operation.

A group of researchers Ramulu, Hashish, KunapodPaosinasetti [12]
conducted experiments on different aerospace radgefihey were using graphite/epoxy
laminate, 7065-T6 aluminum alloy and Ti-6Al-4V, Bailbmm thick. The variables in
their study of the effects on kerf taper and swafiagish were pressure, standoff distance,
traverse rate and abrasive grit size. The matemabved during cutting generates a
difference between the width of cut at the top #iredbottom, this difference is called the
kerf taper. They varied the pressure at 138MPaviPiand 207MPa, with standoff
distances of 4mm, 2.5mm and 1mm, and traverse sfaes of 0.7mm/s, 1.6mm/s and
2.4mm/s. Scanning electron microscopy was useduidace quality assessment. The
machined surface was examined and three distitithguzones were identified. These
are the initial damage region, the smooth cuttegian and the rough cutting region.
Surface waviness was observed to increase witthagmut. It was also observed that
higher pressure and lower standoff distances exbuita smaller kerf ratio.

To meet the rising demand for waterjet use in titeraotive industries, Knaupp
and Dr.Ing [29] discussed the flexibility of 3D weget cutting systems for cutting 3D
contours. Benefits such as easy programming, ingat@voductivity, and the ability to
quickly change the cutting head were also discusBeel cutting head can be designed
for use with a double head. One table with onedariand two separate cutting heads
means that for a small additional cost the cuftiogzer can be doubled. Between two
cutting cycles, the jet quality was measured. Highquality and reliability in
performance was achieved.

Composites are also used in high temperature apiolits. One such high
temperature application includes the manufactuggrips and molds. This application
was described by Song, Wang and Zhou [22]. Thegdtigated high temperature
applications for reinforced tungsten compositethdugh tungsten is a refractory
material with good high temperature mechanical progs, its strength decreases with an
increase in temperature. TiC is believed to prexadjood reinforcement for tungsten.
Particle reinforced tungsten based composites,(WEshowed excellent high

temperature strength and good thermophysical ptiegeExperimentally it is shown that



the elastic modulus and hardness of the productased when TiC is added. Also, an
increase in fracture toughness and flexural sttengis seen. The strength and toughness
gain with the composite is due to the fine graihtingsten. As the thermal expansion
coefficient of TiC is higher than tungsten, therthal expansion coefficient of the
composite increases. Increase in the thermal eigraneefficient and a decrease in
thermal conductivity and diffusivity are seen wath increase in TiC content. Thus, with
all these properties the TJ®V composite is more useful in high temperature

applications.

2.2. MACHINING OF COMPOSITES

Composites can be tailored to cater to the neetiseddpplication. The properties
of composites are dependent on the type of fibdmaatrix used. After fabrication of
composites with the required properties, the piéee® to be machined to shape them to
fit in real world applications. Aronson [6] has #en on the machining of composites.
Aronson describes the different kinds of composates the appropriate tooling and
cutting parameters when using conventional macgimethods.

To meet the increasing demand for the productidoetter quality cuts,
Palanikumar [49] investigated the effect of chamgeutting parameters (speed, feed and
depth of cut). Here, speed is the traverse ratleeotutting spindle, feed rate is the
amount of material that is removed during cuttimgsarface roughness in machining a
glass fibre reinforced polymer (GFRP) using a pojgtalline diamond cutting tool. He
determined the optimum cutting conditions to miraensurface roughness. Experiments
were carried according to Taguchi's orthogonalyamadel and he used the observed
data to create a second order expression [Equalithvat relates surface roughness with
cutting parameters using response surface methggloldis expression gives an
approximate surface roughness estimate for givémgiparameters without machining,
thereby saving cost and time It was observedféeat is dominant parameter that effects
the surface roughness followed by cutting spee@reds, depth of cut plays a minimal



role. To achieve a good surface finish on GFRBwafeed and high cutting speed and

shallow depth of cut are recommended.

Ra=1.9065 - 0.0103V + 11.1889f + 0.3283d + 0.0080017.1111f +

0.00220d"2 + 0.0340V- 0.0015Vd- 4.433fc (1)

Where, Ra is surface roughness, V is cutting s@éahin), f is feed (mm/rev) and d is
depth of cut (mm).

Conventional machining of composites can creat®mwuardefects in the parts.
Bhatnagar et al. [44] studied the damage inducatewiachining fiber reinforced
plastics. Composites are replacing metals andsalloynany engineering sectors. Thus it
is vital to be able to machine composites withierance limits. However the anisotropy
and inhomogeneity of composites make it difficaltmachine to those tolerances.
Defects such as fiber pullout, surface fragmentatiielamination of layers, burning of
the surface and other problems have been foundrd-B1.illustrates the problems of
cutting in the negative and positive fiber direnti&or positive fiber orientation, damage
due to delamination and out of plane displacemantaccur. For unidirectional GRFP
composite laminates minimum damage will occur wthenfiber orientation i$5(1 -

3001 to the plane of the cut.
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Figure 2.1. (a) Fibeorientation measured counter clockwise frc-axis to the fiber. (b
Negative fiber direction with respect to machindigectior

Drilling is one of the common machining processéscWcreate holes in the
piece Birhan and Erguin [47] performed drillitests on glass fibeeinforced polyme
(GFRP) using &NC machine and studied the relation between ttiaguparameters
tool parameters and the damage factor ( To quantitatively identify the impact «
drilling using different cutting parametersey used a MITUTOYO digital indicatc
microscope to measure the deformation at the hatarce and the hole exit. Dame
factor is calculated at the hole entrance andeaéXit, as the ratio of the maximt
deformation diameter to the hole diame Carhde drills of 8mm diameter with poil
angles (60°, 90°, and 120°) and flute numbers @)@4) were used for the experime
Cutting speeds (50, 70, and 90 m/min) and feed (@©6, 0.12, and 0.18 mm/re

combinations were used the test. The DF was evaluated at both tiae entrance and



hole exit. It was found that increasing the cutsipged decreases the DF at both the hole
entrance and exit, whereas, increasing the feeddetreases the DF at the hole entrance
and increases the DF at the hole exit. Also, irgingathe number of flutes on the drill
decreases the DF at the entrance and increasBs$-thethe exit, while increasing the
point angle increases the DF at both the entrandesait.

Ramkumar et al. [48] studied the effect of workegi@ibration on drilling
of glass fiber-reinforced polymer (GFRP) laminateaminates are subject to vibration
using a variable frequency generator and perforemgacameters including thrust, tool
wear, temperature and power were recorded. It Wwasrged that providing a small
amplitude low frequency vibration to the GFRP laat@s resulted in better drilling
performance, i.e. hole quality was improved ancuhehation reduced. Drilling was
performed using tipped WC, 2-flute solid carbide &Aflute solid carbide drills, of
which 3-flute solid carbide drill yielded betterstdts.

Machining composites includes processes such asteadgning, and drilling,
cutting, reaming within the parts. In the caseydindrical work pieces turning is a key
machining operation. Rajasekaran et al. [46] ingastd turning of carbon fiber
reinforced composites. In these experiments, theocefiber reinforced composite was
machined on a CNC lathe using polycrystalline diach@PCD) tools. Carbon fiber in the
form of a roving filamentwound at +/- 4507, and reinforced with a polyester resin was
used. The important cutting parameters of speed, &d depth of cut were varied at
three levels. A spindle power of 2.25 hp and atiaal speed of 54-1200 rpm were used
to turn the composite. It was found that the amafiféed had the greatest influence on

the cutting force.

2.3. NON-CONVENTIONAL METHODS OF MACHINING

As composites cannot be very easily machined vattventional machining
methods their increasing use requires the developofenew machining methods.
Komanduri [7] compared the advantages and disadgastof non-conventional and

conventional machining. In conventional machiniMg@mposites, quality depends on



many factors that include such properties of therfand matrix as fiber orientation, fiber
volume fraction and matrix volume fraction. Theaniogeneity and anisotropy of
composites makes conventional machining diffidgkues in conventional machining
such as rapid tool wear, high capital and operatogis, plastic deformation of parts,
heat generation during cutting and layer delamamatiall for development of non-
conventional methods such as laser machining, jgawrtting, electric discharge
machining and ultrasonic machining.

Jing et al. [50] studied the rotary ultrasonicpltial machining (RUEM) of
carbon fiber reinforced plastics (CRFP). In RUEMIiamond core drill is vibrated in an
elliptical mode during machining and the radialacbnce between the tool and work
piece is therefore greater during cutting than wiahventional methods. This leads to
advantages that include a better chip removal sateguction in cutting force and
reduced delamination at the hole exit, while prowgdbetter precision and higher surface
quality. Experiments were conducted on a CA614felamachine with CRFP panels.
Only minor burrs were observed after cutting, deteation was reduced drastically, and
there was an improvement in the internal surfadb@hole.

To address the excessive tool wear and high toclisg disadvantages of
conventional machining , Dandekar, and Shin [48¢stigated the effectiveness of laser
assisted machining of high volume fraction metatrm@omposites (MMCSs). Despite
the advantages of MMCs, conventionally machinirgyrtiaterial brings challenges such
as excessive tool wear and the risk of damageetonidterial subsurface. Laser assisted
machining experiments were conducted using a CM€ttlathe and a 1.5kW GO
Coherent Everlase S51 laser. During the experimdmscutting force, tool wear, depth
of cut and surface roughness were measured. Téet eff changes in the material
removal temperature and the cutting condition ahwear and the resulting surface
were studied. In comparison to conventional maciginit was found that there was a
reduction in specific cutting efficiency, a bettgrality surface was produced, and tool
wear and fiber pullout was reduced.

As an attempt to minimize the thermal effects sklamachining
Tangwarodomnukun, Wang, Huang, Zhu [40] developkghaid laser-waterjet ablation

technology. In this, the waterjet was used to stieasoftened work piece material and
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remove it by pressurized jet impingement. The expemnt was carried on a 700um thick
single crystalline silicon wafer. In the experimém¢ waterjet was positioned next to the
laser head and used to cool the work piece. Theepsoparameters examined included
laser pulse energy, pulse duration, pulse frequdncgl plane position and waterjet
pressure, waterjet offset distance, waterjet impagte, standoff distance and cutting
head traverse speed. Two sets of experimentsaoadicted. In regard to the waterjet
parameters, the offset was varied from O to 0.6mihe first set of experiment, and the
waterjet pressure and impact angle were varieddarseécond set of experiments from 5
MPa to 20MPa at angles ranging from 30° to 60%ek®es in laser pulse energy, pulse
overlap, water pressure and waterjet impact amgleased the groove width. Groove
width decreased with an increase in the offseadist between the laser beam and the
waterjet stream. Also, the size of the Heat AfdcZone (HAZ) decreased with

increases in offset distance and the position @ldker focal plane.

2.4. ABRASIVE WATERJET MACHINING

Abrasive waterjet machining is one of the most c@anmon-conventional
methods of machining. The concept of abrasive Jjeiterachining dates back to the
1980’s. Since then many investigators have caoigdelevant studies of abrasive
waterjet machining. Trieb and Zamazal [16] investiggl the difference between using a
pure waterjet and an abrasive waterjet at pressfif@30 MPa on specimens of AIMgSil
and stainless steel 1.4435. High pressure watrfghg showed an improved surface
finish and cutting depth and was described astiogé¢he power required while
increasing cutting speed and cut depth. High pressiorasive waterjet cutting gave a
much greater increase in cutting depth and cutipegd.

Ramulu, Jenkins and Guo [31] studied the effecthwhsive waterjet cutting and
drilling on continuous fiber reinforced ceramic qoosites. A 3.7 mm thick CFCC
material was used for their experiments. All dndliand cutting operations were
performed using a high pressure jet at velocities/a 900 m/s. A diamond grit saw was

also used to cut the specimen allowing comparisauidace roughness, and waviness
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compared with that achieved using an abrasive yeatdihey concluded that micro
mechanisms including bending, shearing, erosiomaictb machining were taking place
with the AWJ. Because of these, fiber pullout arthohination was found. Cleaner
surfaces were produced at the jet entrance thiaeaet exit. At the jet exit, fiber
bending, and removal of the matrix from betweenfitbers occurred. Overall, the AWJ
was a better rough cutting method than the uséluérea pure waterjet or a diamond grit
saw.

Over time the commercial use of waterjetting insezh Methods to improve the
guality of the cut were developed. Renato LomkiFi discussed the benefits of adding
polymers to the cutting fluid in non-abrasive uligh pressure jetting. The addition of
Super Water improved jet performance and reduceat efeconsumable parts. Benefits
included reduction in the striations along the amtjncrease in average cutting speed and
better collimation of the jet leaving the nozzle.

Hashish [23] investigated using AWJ in machiningm@ions that included
turning, drilling and milling. The precision of t#&VJ manipulator played a major role
in the resulting accuracy of the cutting path. Thesurface was found to have a
roughness due to the micro effects of each impggtarticle and a waviness due to jet
penetration and loss of stability as cut deptheased. The upper portion or shear zone
was found to have relatively few striations. A sitiocut could be obtained by extending
the shear zone through the entire thickness ofnmaateSurface waviness was reduced at
lower traverse speeds, but the lower traverse spigleabt improve taper and trailback. In
turning with an AWJ, the volume removal rate insesaas the depth of cut is increased.
To improve the volume removal rate, turning andicgtcan be combined. Experiments
were conducted on 51mm diameter magnesium siliadnide (20%) rod. Experiments
were also conducted on 16mm thick Inconel platecamdmic-coated metal. Holes with a
standard deviation below 0.025mm were achievedarable depth milling of pockets
was achieved using an AWJ varying the exposure titee AWJ over different areas.
An accuracy of 0.025mm was achieved in milling.

Zeng and Munoz [30] carried out tests to evaluagesurface finish in abrasive
waterjet cutting. The surface finish was found éosbmilar to that of a sand blasted

surface without thermal distortions. The cuttingeavas divided into three distinct
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zones; a primary cutting zone, a secondary cu#arge which featured step cutting, and a
pocket cutting zone. The surface roughness incdefasm the top to the bottom of the
cut. Striations were also noted towards the lowetign of the cut. Relations between
surface deviation, quality index and cutting speede found.

Researchers have developed various methods toweptdting performance and
surface quality. Lemma, Chen, Siores, Wang [42Hooted experiments on glass fiber
reinforced polymer (GRFP) using a cutting headladimn technique. They varied
oscillation angle, frequency of oscillation, wagnpressure, mass flow rate and nozzle
traverse speed. Experiments were carried out tgpaoathe surface roughness produced
by normal AWJ and AWJ with cutting head oscillatiGinom these experiments, they
concluded that for most combinations of oscillattmgle and frequency the surface
finish was improved over that cut with normal AWiitong. Improved surface quality
was better at higher values of frequency and @d@h angle.

Shanmugam, Wang, Liu [37] introduced the conceieof-taper compensation
by tilting the head to eliminate taper without caorpising traverse speed. The
experiment was carried out on an 87% alumina ceranth dimensions of 150 x 100 x
12.7mm. A high pressure waterjet was collimatedugh a 0.254mm diameter sapphire
orifice. Traverse speed, standoff distance, ané@m@essure were varied at four levels.
Abrasive flow rate and compensation angle wereedaait three and six levels
respectively. Kerf taper angle decreased with arease in compensation angle but the
elimination of taper on one kerf wall led to anrg&se in taper on the opposing wall.
when low traverse speed, high pressure of waten@tkerf-taper compensation
technique are combined a kerf taper angl-0.771 was achieved. . A mathematical
model used dimensional analysis to include jetticrenergy, properties of abrasive
particles and material properties in describingdiiing process.

Jet pressure has a major effect on cut surfacétygjaald Hashish [17] evaluated
the performance of high pressure waterjets at presaip to 690MPa. When commercial
waterjet systems appeared in 1972 the availabtersggsused 380MPa.This was followed
by the development of 414 MPa intensifier pumpshigher pressures are generated by
industry, the effects of higher pressure on cgtire becoming increasingly important to

know. Increasing pressure has been shown to greapipve surface quality and reduce



13

overall power requirements. Metals that includearahum, and steel were used in
Hashish’s study. He found that increases in presisuvered the consumption of
abrasives and reduced kerf width. He also carngdo in-depth study of AWJ
machining of composites.

Several researchers have looked into applicatipesific to ultra-high pressure
waterjetting. Richard Schmid [28] discussed thearsg advantages of ultra-high
pressure waterjetting for surface preparation aaltennative to abrasive blasting.
Abrasive blasting is used for many kinds of surfpaparation including coating
removal on bridges, storage tanks, ships and @vgelex shape steel structures. In
comparison to grit blasting where airborne dusgfeserated causing health problems,
ultra-high pressure waterjetting is accepted byrenmental regulators. Removal rates
are 80-100 sg. ft/hr for waterjetting compared @120 sq. ft/hr for abrasive blast.
Jetting also removes soluble salts. This methalidhce preparation is used in shipyards
and in the removal of lead based paints from steattures.

Louis, Mohamed and Pude [18] investigated the mgitthechanisms and cutting
efficiency of waterjets at pressures above 600 MIegting efficiency improved for both
pure waterjet and abrasive waterjet machining. AieoAWJ, there was a reduction in
the consumption of abrasives. Increased jet presaareased the depth of cut because of
an increase in the jet hydraulic power. These exyts were performed on two metals
with different crystalline structures, Aluminum agAphc.

H.T. Zhu et al. [33] analyzed the ductile-erosioaamanism of hard-brittle
materials when polished using an abrasive watérfet.erosion process under a waterjet
happens through impact of solid particles and tatevjet. For harder and brittle
materials, material removal happens through erosamsed by the solid particles.
Erosion can either be the direct impact of theiglad or by shear as the lateral flow of
the jet redirects the particles. A micromachiniggtem was used to study precision
surface machining by AWJ with silicate glass, 9@%mana and silicon nitride sample
materials. Jet pressures of 15MPa at a diamet@Baim were used. Both lapping and
abrasive waterjet polishing were performed onhakké materials using,B as the
abrasive. It was found that the resulting lappethse was coarse and contained some
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fractures. AWJ polishing produced a fine surfactwp fractures that had good surface
integrity.

Perec [39] studied the effect of abrasive partce and particle size distribution
on cutting efficiency. Abrasive particle fragmemtatoccurs when a jet passes through
an orifice into the mixing chamber and then outhef focusing tube. Tests measured the
abrasive particle size distribution of GMA80 and &MO0 abrasive, with three
combinations of orifice/focusing tube diameter @G02B5, 0.33/1.02 and 0.33/0.76 at five
abrasive concentrations 15%, 17.5%, 20%, 22.5%28&f6l To capture the abrasives
after exit a special receiver was built to previenther disintegration of abrasive
particles. The majority of the abrasive was fragteérelow 53 microns during
acceleration through the orifice and focusing tubéhe range tested the abrasive
concentration and the orifice to focusing tubeorétad only a very small effect on
fragmentation.

A computer program GRADISTAT was written by S JtiBknd K Pye [51] to
describe grain size statistics. The grain sizec&gfentrainment, transport and deposition
of sediment particles. Experiments to determinénggie included sieving,
sedimentation, and use of a laser granulator tegetith the principle of division in
sample analysis to describe the sample in sizéidrecdivided by weight or volume
percentage. The mean, standard deviation, skewke$gsis and range of cumulative
percentile formulae are calculated from the usputn

Measurements of the surface roughness of a wategehined surface may not
be accurate due to limitations of the measuremenihods. Peter and Axel [53] studied
roughness measurements using average roughnesan@Rayerage peak to valley height
(Rz). They concluded that as the traverse ratbejdt decreases, the jet cuts through the
surface and produces a better surface finish ddttem of the cut. The maximum
cutting depth was inversely proportional to thefawe quality Q. Experiments were
conducted over 2in thick aluminum samples and sarfaughness measurements were
taken using a PocketSurf® PS1 surface profilomsir measurements taken over an
inspection length of 0.6in. Striations started écdime apparent at a depth of 0.29in and
were prominent below 0.59in. They observed thaRhe&alues increased along the

depth with a maximum peak to valley measuremenfARthe depth increased the
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surface waviness increased, indicated by the napidteasing Rz values. Ra increased
gradually and smoothly over the depth of cut. Viitthecrease in particle size the values
of Ra and Rz decreased. Although both Ra and Rusa@ for surface measurements, Rz
provides a more accurate representation of thaseim/aviness than Ra. Rz
measurements capture the surface waviness ofrtaeasts in the cut surface. It was
concluded that the Ra values depend on the abrggieesize and the location of the
measurement and thus, Ra measurements were aysotifigr of the surface quality
whereas Rz values provide uniform, repeatable @ogéble methods of surface finish

measurement.

2.5. AWJ CUTTING PERFORMANCE ON VARIOUS MATERIALS

We have seen that pressure affects the surfacémesg and depth of cut. High
pressures have been used to achieve a betterestirfest. The effects of all the process
parameters including pressure on different mateaet discussed below. Hascalik,
Cayadas and Gurun [35] presented a study on thetedf traverse speed on Ti-6Al-4V.
The machined surfaces, kerf geometries and micuatstral features of the machined
surfaces were studied. A 4.87mm thick Ti-6Al-4V waachined at traverse speeds of 60,
80, 120, 150, 200 and 250 mm/min. All other paramseivere kept constant, pressure
was at 150MPa, jet impact angle 90°, the abrasove fate (AFR) was 0.005kg/s and
standoff distance 3mm. With an increase in travepeed, the number of particles
impinging on the exposed area decreased, redunengitith of the initial damage
region. Also, with an increase in speed, the dephenetration decreases in turn
reducing the width of the smooth cutting regioneThp of the taper was observed to be
wider than the bottom of the cut. The change i tegrer ratio with increase in traverse
speed was less than 0.54°. Also, as the traveesglspcreases, the cut had a narrower
width and a greater kerf taper ratio. Increaseawndrse speed decreased the size of the
smooth cutting region and increased overall surfaaghness.

Conner, Hashish and Ramulu [19] investigated tleeafisbrasive waterjet

machining in the aerospace and automotive indsstfiee experiments were carried on
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on materials used extensively in those industBesnple materials used were 1.6mm
thick Inconel-718, Titanium (Ti6Al4V), 4mm thick 76-T6 aluminum stock and 4-5mm
thick graphite/ epoxy composed of 3501-6 resin idh@ fibers. The experiments were
performed at 175-380 MPa, using a cutting head Qii228-0.457mm orifice diameters
and 0.79-1.69mm focusing tube diameters. They te@dhat the surface roughness and
kerf characteristics were affected by the propemiethe material being cut and the
parameters of the cutting jet. In the material$ thay tested, it was concluded slower
traverse rates and finer abrasive size gave smostin@ces.

Hard-brittle materials such as ceramics and glessvadely used in engineering
applications and must be precisely machined Chiene$Sand Wong [32] cut ceramic
materials using an abrasive waterjet and showtdaé more effective than conventional
means. Experiments were carried out on 87% alucenamics with thickness varying
from 12.7mm to 25.4mm. Design of experiments witbwa factor design, at eight levels
involving 64 runs to determine the effects of mgtvariables on kerf quality. Pressure,
traverse speed, abrasive flow rate and standdtirtie were varied from 138 to 345
MPa, 20 to 50mm/min, 0.575 to 0.910 kg/min and 8 tam respectively. The surface
finish was found to have three zones. The uppee baid a smooth surface, the middle
zone contained striations and the lower zone coetklots of pits and the zones were
defined as the cutting wear zone, the transitiorezand the deformation zone
respectively. Kerf curvature in the lower zonegéases due to a ballooning effect.
Increase in pressure or decrease in traverse spedétidouble the depth of penetration.
Kerf taper angle increased with an increase iretnse speed and decreased with an
increase in water pressure.

Wang and Liu [4] considered straight cutting anafipe cutting of alumina
ceramics using and AWJ. They developed performaradels for kerf taper and the
depth of cut, and found that kerf taper was greafiigcted by the radius of curvature of
the profile. Also, the depth of cut increased vathincrease in the radius of curvature.

Two researchers, Hocheng and Chang [36] studidddnation in ceramic
plates during AWJ cutting. Often, conventional cei@cutting/machining involves
higher tool wear and greater machining times bexatithe high strength and hardness

of the ceramic, resulting in higher machining co$ts overcome this, non-conventional
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machining techniques such as AWJ cutting were studdlot cutting experiments
examined the effect of changing machining paramsdfessure, traverse speed, abrasive
flow rate and abrasive size) on the quality of niaicly (kerf width, taper ratio, surface
roughness, material removal rate and through qualaéty). The results are summarized
in Table 2.1.

Table 2.1. Effect of different cutting parameters

Cutting Parameters
Cutting Reslts Traverse SpeefAbrasive Flow| Abrasive Size

Pressurel )

(T) Rate ) (1)
Kerf Width Increase Decrease Increase Increase
Taper Ratio Decrease Increase Not Obvious Decrease
Surface _
Roughness Not Obvious Increase Decrease Increase
Material
Removal Rate | "CTe3Se Increase Increase Increase
Through-Cut
Capability Increase Decrease Increase Increase
1 - Increase

Later, Gudimetla, Wang and Wong [34] investigated kormation in industrial

ceramics. 87% alumina plates 12.5mm and 25mm thére used as samples. Pressure,

abrasive flow rate and jet angle m@aried from 290MPa to 380MPa, 300 to 800 g/min

and 0[] to 90( ] respectively. Traverse speed was varied fromZDtonm/min and 60 to

140 mm/min. The kerf was wide at the entry and cedun width over the thickness.
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Higher abrasive flow rates produced a wider keapdr angle was proportional to
traverse speed and inversely proportional to watessure and AFR. In ceramics, surface
fracture and consequent crack propagation intstisurface cause material removal.
The kerf wall surface roughness increased withetrsay speed. The kerf surface quality
depended heavily on traverse speed and AFR.

When machining metallic coated sheet steels, nowational methods such as
laser cutting have been employed but because dfiginethermal conductivity of the
material, this method has not been successful. VdadgVong [38used an AWJ to cut
metallic coated sheet steels. They experimente2DOrx 300 mm test specimens of
Zincalume G300. An 80mm long slot 1mm thick wasusihg a high pressure jet at 380
MPa. Three levels of waterjet pressure, traversedpAFR and standoff distance were
tested. A three level four factor full factorialsign experiment was performed and 81
slots were cut. The kerf geometry was studied bhadj burrs and loose hairline burrs
were detected. Those burrs decreased in heightandtrease in traverse speed and
increased with an increase in standoff distancellSabrasive particles that are
embedded in the cut surface were readily removedyw®mpressed air. The summary of

the effect of different cutting parameters on thdace quality is shown in Table 2.2.
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Table 2.2. Effect of different process parametersurface quality

Water Pressure Standoff Abrasive flow| Traverse speed
distance rate
Kerf width Increase Increase Not significant Deeeea
Kerf taper Not significant Increase Not Significanihcrease
Surface With a| Increase Decrease Increase
roughness minimum
Burr height Decrease Increase Not Significant lasee

Thomas [11] studied the formability and fatiguefpanance of edges cut by an
abrasive waterjet in steel. The experiment was goted at 360MPa, with traverse
speeds varying from 250 mm/min to 2000mm/min. AgGin AFR with 80 mesh
Garnet was used during the experiment. The surtagghness was influenced by
traverse speed and abrasive patrticle size.

Cayadas, Hascalik [20] performed experiments tdysturface roughness using
artificial neural networks and regression analysesore this ther had been little effort
reported in using ANN for predicting surface rougbks. The back propagation method in
ANN was found to be successful for predicting stefeoughness. AA 7075 T6 wrought
alloy was used in the experimental studies. Fivarmpaters were varied at three levels to
create the design matrix. Taguchi’'s design of expants was carried out. ANOVA and
F-test were also used. Statistics showed that chgneaterjet pressure had the greatest
effect on surface roughness. Increase in pressaredsed surface striations and
waviness. Both ANN and regression analysis shoveed gorrelation with the
experimental results. Predictive models using regom analysis were however slightly
better than ANN.
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2.6. AWJ MACHINING OF COMPOSITES

Abrasive waterjet machining of composites overcosmse of the major
problems that include rapid tool wear, and therdedibrmation associated with
conventional machining of composites. Komanduriditijdied different forms of
machining of composites. Composites included bejoXy, graphite/epoxy,
aramid/epoxy and boron/polyester showed bettetteesnen machined using abrasive
waterjet. At reduced cutting rates, the ceramicrixaind metal-matrix can also be
machined using abrasive waterjet cutting. Abrasmerjet machining is a non-contact
form of machining. Hence, there is no effect of thaterial being cut on the tool used.
Ramulu and Arola [9] studied unidirectional graplaepoxy composites machined by
waterjet and abrasive waterjet cutting processks.slirface characteristics of the cuts in
graphite/epoxy were different when cut by abrasiagerjet compared to those produced
by a plain waterjet. The micromechanical behavrat material removal were strongly
dependent on the fiber orientation.

Later, Arola and Ramulu [8] experimented on gragikpoxy laminates 16mm
and 19mm thick with a stacking sequence (0/90/&)/-Along the cut depth, the surface
roughness was divided into three regions, initeahdge at jet entry, a smooth cutting
region and a rough cutting region. High qualityfarm cuts may be obtained by
minimizing initial damage at the jet entry and byemding the smooth cutting region
beyond the laminate thickness by selecting theqpjate choice of cutting parameters.

Geskin, Tisminetski, Verbitsky, Ossikou, Scotton &chmitt [25] also evaluated
the waterjet machining of composites. Waterjet nrang removes material by plastic
deformation and erosion and the energy transfevdsi the jet and the work piece is
low. They found that the addition of abrasiveshi® waterjet improves the energy
transfer efficiency and the flow diameter also @ages performance . This increase in
flow diameter increased the material removal ratbtae size of kerf. They concluded
that excessive kerf at the jet exit is caused dy fllistortion due to changing resistance
as the jet passed through the composite. They &t maximum jet distortion took
place in cutting through honeycomb structured casiips. Cutting was carried out at
340 MPa on 1.16mm and 18.3mm thick Kevlar, 22.4#@3mm and 3.45mm graphite
epoxy, 1.03mm fiberglass and 26.7mm Kevlar honeyrdfor the graphite based
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composite, the optimal cutting conditions were@@ ®Pa, 0.25mm nozzle diameter,
125mm/min cutting speed, 1.5mm standoff distaneangia defect free cut in both
longitudinal and traverse directions. The addibdmpolymer to the cutting fluid helped
reduce the kerf width.

Among different composites, graphite/epoxy is dreg has wide commercial
usage. Colligan, Ramulu and Arola [10] worked oapipite/epoxy laminates composed
of IM-6 fibers and 3501-6 resin and hand lamindtech pre-impregnated material with
AWJ incorporating various feedrate and abrasive flate. They performed tests on two
laminates one 4mm thick and the other 28.5mm thiskyg a 25HP pump at 310MPa
and a 100HP pump at 379MPa. Surface striationsvavthess patterns were found to
develop on the machined surface with combinatidrisve flow rate and high feedrate.
The ply delamination was observed to increase fegl rate and with a decreasing
abrasive flow rate.

Shanmugham and Masood [3] studied abrasive watarjeng of layered
composites. Kerf characteristics and the effectsutting parameters on pre-impregnated
graphite woven fabric and glass epoxy were studigtla predictive model was
developed.

Glass/epoxy (E-glass) is emerging as an increasingortant feed stock. Azmir,
Ahsan [43] investigated the effect of different AMdcess parameters on two types of
E-glass fibers, one with a woven TGF-800 and themmade with chopped strand mat
TGFM-450. 5mm and 10mm thick samples were teste2DiAm x 20mm square was cut
out of the samples during the tests. Among theeckfit process parameters, the
parameters that affected the surface roughnesadbkewere: the type of abrasive used,
hydraulic pressure and traverse speed.

Later, Azmir, Ahsan [41] further studied the sudaoughness and taper ratio of
glass/epoxy composite materials cut using AWJ regittE-glass fibers and thermosetting
epoxy resin matrix were combined to form the contpassing hand lay-up. 9 plies of
woven fibers were stacked to get a final thickrefg€s.4mm. DOE was carried out with
six different parameters. One two-level factor &wd three level factors were
considered. Aluminum oxide when used as the alwagve a better surface finish than

garnet. The type of abrasive material used angtbgsure were major factors affecting



22

the surface roughness. Also, the better quality wugre produced by increasing the
kinetic energy of the process.

Abrasive waterjets are taken a step further byyapgwaterjet technology to
drilling. Hashish and Craigen [24] developed a iea drilling process for composites.
In this process, the jet pressure is graduallyeiased during drilling. A relatively low
pressure at the start was employed so that no dedéion or fracture is caused. The
pressure was then increased continuously so teautiace of the material did not
fracture or delaminate. The continuous increaggegsure was to maintain a sufficient
drilling strength to penetrate the material.

Shaw and Tseng [26] analyzed composite plateedndlith an AWJ. The results
showed that the most probable site for delaminatiorear the exit of the waterjet. Two
mathematical models, a thin plate model and a doplaite model were proposed. The
paper described the formulation of the fracturemaes parameters, strain energy
release rate, different radii of delamination arftecent waterjet pressures using the two
mathematical models. It concluded that higher watessures have a higher strain
energy release rate and thus lower pressure mapwaphe quality of drilling. The
length of initial delamination may be constraingdusing clamps on the laminate and
improve the quality of drilling.

Another useful application of abrasive waterjetsamposites is in piercing. Scott
E. Krajca and M Ramulu [13] evaluated abrasive yvettenachining for piercing holes.
Experiments were carried out on laminates of T@t&y70-PW unidirectional tape,
Toray FGF-108 29M plain weave and a Toray 3900u@h@ned epoxy resin system.
Parameters tested included material thicknessgstadistance and abrasive flow rate
varied through three levels. The abrasive watgressure was varied at three different
levels, 69MPa, 207MPa and ramped pressures rangedoPMPa to 380MPa.

Delamination is one of the major defects in abmaswaterjet machined materials.
Shanmugham, Nguyen, Wang [2] used 6mm thick grafgpbxy composites made up of
graphite (GY70- carbon fibers) and epoxy (type 984tudy this and develop a
predictive model. Also, Kok, Kanca and Eyerciodhll developed a genetic expression
programming model to predict the average and tharman surface roughness in

abrasive waterjet machining of Aluminum alloy corapes. Size and weight fraction of
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reinforced particles and depth of cut were considexs variables in developing the
model.

AWJ trimming has evolved and is now proposed fionrming larger and smaller
parts of the Airbus 350 and Boeing 787. Data fag #pplication has been presented by
Hashish [52]. The use of CRFP parts in the aer@spatustry has become extensive over
the past few years. Starting from CRFP manufaaititerge parts like the plane fuselage
to cutting the smaller parts such as clips andWdarigc Conventional machining methods
and use of solid tools gave problems such as fibkout, fiber breakage, matrix
smearing and delamination. To overcome these prabtbee use of AWJ was proposed
for composite trimming. These systems are diviad gantry and pedestal robotic
systems. The end effector is designed to holdéheatup. Depending on the size of the
part being cut, either a moving AWJ and stationgast setup is used or a moving part
and stationary AWJ setup is used. Experiments w&need out on 5 different CRFP
materials provided by an aircraft manufacturer. #per angle and kerf width at the top
of the cut was measured at various cutting spedds, the surface finish and its effect
were measured at the top and bottom of the cuaserfThe effect of changing cutting
speed was found to be insignificant on the topasgrivhen compared to the effect on the
bottom surface of the cut. As a remedy to trailbac# jet deflection, a reduced cutting
speed was suggested with use of the appropriaeasid placement of the catcher cup.
Parts such as stringers and fan blades have beendd using this technology. It was
concluded that the AWJ is an ideal tool for trimgend robotic trimming is an
emerging effective system for cutting where paagehloose tolerances. Sidefire cutting
heads and smaller catcher cups have been devdimpadich more efficient and precise

trimming of composites using AWJ.
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3. EXPERIMENTATION METHODOLOGY

3.1INTRODUCTION
In this section, a detailed discussion on thertederial, equipment, instrumentation

and the data acquisition method used during theraxentation is presented.

3.2 EXPERIMENTAL SETUP

Cutting is performed using a PaR 5-axis system lealwith a 90,000psi/125Hp
intensifier provided by KMT Waterjet Systems, Iikegure 3.1. Control of the cutting, is
through AutoCAD 2011 which is used to generatergepeonfiguration consisting of the
required number of linear cuts and coupons for ¢éesthand SurfCAM 5.0 is used to
generate the G-code. This CNC is designed to wattk 5-axis milling systems and is
adapted to work with an abrasive waterjet systenusTthis system maintains a constant
cutting head traverse rate, which is beneficiahia application since it eliminates
cutting head acceleration and deceleration. Figu2eshows the constant cutting head
traverse rate achieved during cutting. The condtamerse rate allows use of linear cuts
for performance analysis instead of using test oagp Consequently, this allows more

rapid testing.
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Figure 3.1. The 5-axis PaR system coupled withL@&&Hp intensifier
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Figure 3.2. Screenshot showing constant cutting h@aerse rate
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Water is pressurized using the 125Hp intensifier supplied to the cutting head.
The piston is the pump traverses back and fortalily to pressurize water. During this
cycle, it is difficult to maintain a constant press throughout the test cutting period.
Every cycle of movement of the piston depressurazekre-pressurizes the water at the
end of each stroke. This in turn, introduces iasation into the flow. The jet pulsation
causes a pressure difference of - 10,000psi ta06pg. Because this fluctuation causes a
difference in the surface roughness along the samphsurements are taken at three

locations along the cut and an average of the tmesgessurements is used in the analysis.

The graphite-epoxy composites used for the tests smecially manufactured for
this program using an autoclave. The propertigh@fyraphite/epoxy composite are

given in Table 3.1.

No other properties other than those mentionedtrmoa/n. The geometry of the
cut path in the test coupon includes both inteamal external semicircles to simulate real
world applications and is shown in Figure 3.3. Tigare shows the dimensions, the
measurement locations and different curve diaméteeged along the coupon. The
measurements on the coupon are taken on the |waetrof the coupon only. As the
effect of acceleration and deceleration along thieéng head path were not found to be
significant, to simplify the experimentation, diettreatment combinations of the test

parameters are tested on a linear cut.
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Figure 3.3. Schematic of test coupon with all theasurement locations. All dimensions
are in inches.

Table 3.1. Composite Properties

No. Property
1 Fiber Orientation 0°,90°,+/- 45
2 Fiber Diameter 5-6microns in a tow oOf
0.007”
3 Resin Volume fraction 0.355(nomina)
4 Lamina Thickness 0.007”
5 Number of layers in each33
laminate
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3.3 SURFACE ROUGHNESS AND TAPER ANGLE MEASUREMENT

A Mitutoyo surface profilometer model SJ-201, ugmdsurface roughness
assessment, is shown in Figure 3.4. The stylusftipe profilometer is made of diamond
which exerts a measuring force of 4mN. The meaguange of the surface profilometer
along the X-axis and Z-axis are 0.5” and 13780rggpectively. In accordance with the
instrument requirements, a cut off length of 0.@ixused for both the ¥4” and 1” thick
composites. The instrument is calibrated using@vBr& Sharpe precision roughness
specimen. The surface roughness of the precisioghreess specimen is 126 pin with a

tolerance of £4 pin.

Figure 3.4. Surface Profilometer

On the ¥4 thick samples the surface roughness @&suared at three locations as indicated
in Figure 3.5. Measurements are taken on each saaphree different locations along

the length of the sample and a mean surface roggtofehe sample is obtained. Its
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standard deviation is also calculated. The measemesvare taken along the direction of
cut and perpendicular to the stream. All the mesments have a repeatability of +50 Ra.

Locaﬁon‘lw locaton2— = [ Location 3
|
|
|
|

!
0.25 J‘

A

i

6.00

Figure 3.5. Schematic of measurement locationd#rcomposite. All dimensions are
in inches.

For the 1” thick composite, the surface roughnesasurements are taken where the jet
entered the composite, where the jet exited theposite, and in the middle half-way
between the entrance and exit. The profilometeraviented along the thickness of the
composite. These measurements are repeated atlifiezent locations along the cut
direction. A schematic diagram of the measuremiectgion is shown in Figure 3.6. The
mean value of the surface roughness is calculagididually for the jet entrance, at the

middle of the sample and at the jet exit from tleze.
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* | | S| . Bl - Exit
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Figure 3.6. Schematic of measurement location&'faomposite. All dimensions are in
inches.

Taper is calculated using Mitutoyo digital caliperaper is the difference between the
sample width at the top and bottom surface, whrehtlze values measured. Figure 3.7
shows a schematic of taper angle measurements thwick’composite. The difference
between the top and bottom surface is used to leaéctihe taper angle using simple
trigonometry. The following equation holds true #ot” thick material.

e @

a = tan }(——E——
(thickness)

Here,a is the taper angle, t is the width of the top acefand b is the width of bottom

surface.
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_--——Bottom WidLh_—»‘.

Figure 3.7. Schematic of Taper Angle Measuremerit’ddomposit:

3.4 ABRASIVE ANALYSIS

Barton 80HPXgarne is used as the cutting abrasive. FiguresB®ws the 80HP
garnet includinghe batch numb for the material used. Thabrasive gradwas used
throughout the cuttingrogran. Two batches of garnet were usednfples of the garn
from each of the batchegere sieved to obtaitne particle size distribution. Tt
evaluation wa performed twicusingtwo trays of garnet each weighing approxima
11kgs. The average frothese test results wased to obtain the particle si
distribution. The test resulwerecompared to the manufacturing size distribu
provided by the Barto@ompan'. Figure 3.%5hows the particle size disution obtained

from sieve analysief the two sample batch



Figure 3.8. 80HPx abrasive with batch number
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Figure 3.9. Particle size distribution for 8O0HP Xzt
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3.5 DESIGN MATRIX

The literature review revealed that there are sdvactors that affect the surface
guality of composites that have been machined apeihising abrasive waterjet cutting.
To measure the impact of each factor on the regpeaisables, a design of experiments
(DOE) procedure was carried out. The object oDR¥E was to determine the role of the
most important factors and their optimal valuese @ifferent factors considered relevant
to this experiment are: pressure, traverse spéedsiae flow rate and cutting head
configuration. Throughout these experiments, thaduff distance was maintained at
1/8” and the abrasive type, Barton,grade 80HPX, kegis constant. The baseline data
which is achieved at an AFR of 1lb/min, with a 5Qipraverse speed under a jet at a
pressure of 50,000psi and cutting %" stock was Viesified, against an externally
supplied result. This baseline data is considesetth@ start point identifying the state of
the art in cutting this material, and the consetjegperiments were carried out to
determine how to improve on these surface chafrattsr

3.5.1 Variable Process Parameters for ¥4” CompositeTo verify the baseline
data provided, initial tests were carried on Ytkhtomposites. The cutting parameters
were selected in such a way that they would defimene of the different levels of that
process parameters that would generate acceptatdees roughness levels for this
application. The cutting parameters that were daai®e traverse speed, pressure, and
abrasive flow rate. The levels of the differentias are defined in Table 3.2. The
baseline traverse speed for 50,000psi was obtdéiogdthe OMAX Feed Rate Calculator
(OFRC) (which is used in conjunction with an OMA)&aterjet cutting machine in
another laboratory of the RMERC at Missouri S&Tislrecognized that different nozzle
designs require different optimal operating pararsgthowever the use of the OMAX
calculator, although it would give recognizablyfeient optimal for use of the OMAX
nozzles, rather than the KMT nozzles used in trogiam, did define the bounds of the

parameters within which optimal values are likayot found for both nozzle designs.

The AFR, orifice diameter, focusing tube diameteaterial machinability rating
and material thickness were input into the OFR@Grder to obtain the recommended

baseline traverse speed. The baseline AFR was $dbaninute, at a pressure of 50,000
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psi, and surface quality was set at Quality 5 enghogram.. Similarly, the baseline
traverse speed for 75,000psi and 90,000psi weredfaoging the OFRC. Figure 3.10
shows the recommended traverse speed as a funtgwassure for the conditions of
these tests. From the curve, the middle valueefrdverse speed for a given pressure
can be determined. The low and high traverse sp@medsbtained by subtracting and
adding 5ipm respectively to that middle value. Tleatment combinations used for the
tests that involve different process parameterpareided in

Table 3.3. The numbers 1,2, and 3 in the tableesgmt the levell, level2, level3
values of the respective process parameters ireTaBl Each treatment combination is
replicated three times and measurements are takbrea locations for each replication.
A total of 81 tests were run and for each treatneentbination nine surface roughness
measurements were averaged to obtain the mearsudaghness measurement of the

composite cut for each treatment combination.

OMAX Feed Rate Calculator

50
£ 40
o« y = 0.0219x1-8325
()
2 30 RZ=1
()
>
: ///‘///Of
~ 20
©
2 /
5 10 g
0 T T T T T T 1

0 10 20 30 40 50 60 70
Pressure (ksi)

Figure 3.10. Linear traverse rate vs. pressure



Table 3.2. Process parameters for 1/4" thick comgos
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Parameter Level 1 Level 2 Level 3
Composite thickness1/4” N/A N/A
Pressure 50,000 psi 75,000 psi 90,000 psi
Abrasive flow rate | 0.5Ib/min 0.75lb/min 1lb/min
Traverse speed Low Mid High
Table 3.3. Treatment combinations on 1/4" composite
Combinations # Pressure Traverse Speed Abrasive FtRate
1 1 1 1
2 1 1 2
3 1 1 3
4 1 2 1
5 1 2 2
6 1 2 3
7 1 3 1
8 1 3 2
9 1 3 3
10 2 1 1
11 2 1 2
12 2 1 3
13 2 2 1
14 2 2 2
15 2 2 3
16 2 3 1
17 2 3 2
18 2 3 3
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Table 3.3.Treatment combinations on ¥” composibat(g
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Additional experiments were carried out at 50,00@p$sraverse speeds up to 98ipm to
verify the function recommendations and and alsobtain the baseline traverse speed.
All the cutting parameters other than the travepssed were kept constant. At each
traverse speed, three replications were made bhadnéasurements taken as described
above.

3.5.2. Variable Process Parameters for 1” CompositeThe results obtained
from the experiments on ¥4 composites made it des$o estimate values for the process
parameters to effectively cut through 1” compoaitd a design of experiments was
formulated. Initially, linear cuts were performextéest all the parameters instead of using
the cutting pattern of the test coupon. The coypaitern was used once the optimal
setting for the different parameters had been deted.

The linear cuts were carried out at three diffepFessures using waterjet orifice
to focusing tube orifice diameters of 0.013"/0.040id 0.0167/0.043” in the cutting head.
An initial series of tests were carried out using ©.0137/0.040” configuration. At each
level of pressure, the traverse speed was varishatifferent levels starting at 5ipm,
8ipm and incrementing to 48ipm at intervals of 5igrable 3.4 shows the levels of all the
process parameters other than traverse speedastest tut the 1” thick composite. At
50,000psi the samples were cut using 1lb/min, b/&%h and 1.5Ib/min AFR only. It is
known that at the lower pressures of 50,000psieaming the abrasive feed rate beyond
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1.0lbs/min will not change the surface roughneshefspecimen significantly. The test
combinations for the 1” composite, using the 0.00.340” diameter ratio are given in
Table 3.5. The numbers 1,2,3, and 4 in the TalBlenglicate the levels of the pressure and
AFR given in Table 3.4. Traverse speeds 1-10 iridscthe ten different levels of the
traverse speed used during the experiment.

Two different cutting head configurations were enad to find the effect of
changing the orifice diameters in the cutting he@ile tests performed using the cutting
head with orifice ratio 0.0167/0.043” were similarthe tests performed with the earlier
head, Only three abrasive feed rates were usegthtgressure level. After the first
cutting head results were analyzed, it was fouatltthere was not much difference in cut
guality when the AFR was increased above 1.5lban#0,000psi. Thus, AFR levels of 1,
1.25, 1.5Ibs/min were used in the tests at 50,008p35,000psi AFR values of 1.25, 1.5,
1.75lbs/min were used, and at 90,000psi AFR lewel® 1.5, 1.75, 2Ibs/min. Table 3.6
shows the test parameter levels used to cut 1” ositgusing the 0.016"/0.043” cutting
head. The numbers 1, 2, and 3 indicate the le¥gisegssure and abrasive feed rate given
in Table 3.4. The traverse speed values of 3-tHder¢o the eight different traverse speeds
used to cut the 1” composite. The slower travepseds 5ipm and 8ipm gave a very
smooth surface finish throughout the depth of mespective of the other process
parameters used for cutting. Thus these sloweetsavspeeds were not tested further.

The design matrix formulated for 1” thick compoditeest the effect of process
parameters on the surface roughness using 0.003800and 0.016"/0.043” heads was
also used for taper angle analysis. Each treatomnbination was repeated twice creating
two parallel cuts so that each sample was cut thigrsame cutting conditions on both

sides making it feasible to take effective tapaglameasurements.



Table 3.4. Process parameters for 1" composite
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Parameter Level 1 Level 2 Level 3 Level 4 Level 5
Composite | 1” N/A N/A N/A N/A
thickness

Cutting 0.013"/0.040"| 0.0167"/0.043"| N/A N/A N/A
Head

Pressure 50,000 psi 75,000 psi 90,000(psi  N/A N/A
Abrasive 1lb/min 1.25Ilb/min 1.5lb/min| 1.75Ib/min 2lb/min
flow rate

Table 3.5. Treatment combinations on 1" compostegi0.0137/0.040” cutting head

Combinations # Pressure Abrasive Feed rate Traversgpeed
1-10 1 1-10
11-20 2 1-10
21-30 3 1-10
31-40 1 1-10
41-50 2 1-10
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Table 3.5. Treatment Combinations on 1” thick cosigousing 0.013"/0.040” cutting
head (cont.)

51-60 2 3 1-10
61-70 2 4 1-10
71-80 2 5 1-10
81-90 3 1 1-10
91-100 3 2 1-10
101-110 3 3 1-10
111-120 3 4 1-10
121-130 3 5 1-10

Table 3.6. Treatment combinations on 1" thick cosijgausing 0.016"/0.043" cutting

head
Combinations # Pressure Abrasive Feed Traverse Speed
rate
1-8 1 1 3-10

9-16 1 2 3-10
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Table 3.6. Treatment combination on 1" thick conmgoagsing 0.016"/0.043" cutting
head (cont.)

17-24 1 3 3-10
25-32 2 1 3-10
33-40 2 2 3-10
41-48 2 3 3-10
49-56 3 1 3-10
57-64 3 2 3-10
65-72 3 3 3-10

3.5.3. Variable Process Parameters for Underwater @ting. In an effort to
improve the surface quality when cutting 1”’compmsiinderwater cutting was tested.
The process parameters for underwater cutting deceled based on the optimal cutting
parameters for 1” composite in air. The experimerdee designed using only those
treatment combinations that were likely to impreuweface quality. Thus, two pressures:
75,000psi and 90,000psi were used and the abriesderate was varied from
1.25Ibs/min to 2lb/min. Table 3.7 shows the paramsetised for underwater cutting.
Table 3.8 shows the treatment combinations useérform underwater cutting on

1’composite.



Table 3.7. Process parameters for underwater guttin

Parameter Level 1 Level 2 Level 3 Level 4
Composite | 17 X X
thickness

Pressure 75,000 psi 90,000 psi X X
Abrasive 1.25lb/min 1.5Ib/min 1.75Ib/min 2lb/min
flow rate

Table 3.8. Treatment combinations for underwatéirg

41

Combinations # Pressure Abrasive Feed Traverse Speed
rate
1 1 1 1-10
11 1 2 1-10
21 1 3 1-10
31 1 4 1-10
41 2 1 1-10
51 2 2 1-10
61 2 3 1-10
71 2 4 1-10
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4. EXPERIMENTAL DESIGN AND DATA ANALYSIS

4.1.SURFACE FINISH OF THE MACHINED MATERIAL

4.1.1. Effect of Pressure on Surface Finisithe composite was cut at three
different pressures, 50,000psi, 75,000psi and 9p8iao find the effect of pressure on
surface quality. Although surface roughness deeeasth increase in pressure, the
effect is predominantly seen in cutting 1” compesdther than in cutting ¥4” composite.
The effect of changing pressure on ¥” composighavn in Figure 4.1. At 50,000psi
and with traverse speeds above 33ipm delaminatamfaund in the 1” thick composites
particularly towards the exit of the jet, as shawirigure 4.2. Most of the samples cut at
faster traverse speeds also showed prominentigtiGhs that increased the surface
roughness of the sample. In some cases, the ndtahlypeaks and low dips were so
disparate that the variation did not allow the acef profilometer to obtain measurements
of the surface. At very high speeds the abrasise pénetrated into the material
irregularly, leaving pits in the surface. Above all50,000psi and at the higher traverse
speeds of 43ipm and 48ipm, the jet could not patethrough the thickness of the
material, and only partial cuts were achieved. d@verall influence of pressure level on
the cut quality in 1” composite is shown in Figdr8. As mentioned earlier, three
abrasive feed rates were used at a jet press@@ @d0psi, so only three graphs are

presented to illustrate the difference in surfaxeghness.
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Figure 4.1. Comparison of surface roughness ondriposite cut at different pressures
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Surface Roughness vs Pressure
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Figure 4.1. Comparison of surface roughness ondriiposite cut at different pressures
(cont.)

Figure 4.2. Delamination of 1" composite cut al0®@psi (25x)
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Figure 43. Comparison ofurface roughness of 1bmposite cut at different presst
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Surface Roughness vs Pressure
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Figure 4.3. Comparison of surface roughness obiriposite cut at different pressures
(cont.)
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The failure to cut through the composite at 50,800@s overcome at higher pressures.
Figure 4.4 shows a comparison between a delamisat@gle cut at 50,000psi and a
sample cut at 90,000psi using otherwise the samtiegyparameters. It can be seen that,
a better surface quality is obtained at highersaness. But one of the problems noticed
when using higher pressures is that bottom side@@ra@an occur. Although not all the
samples showed this, a few samples were eroddueaumderside of the coupon. Figure
4.5 show the bottom side erosion of one of the $esnft was found that the slats and
support beams in the waterjet bed were causinglsflack that led to the erosion. Cuts
that happened to line up perfectly with the slatsxged erosion along the length of the
sample. Additionally, other samples showed regi@nasion in areas where the cutting
head crossed a slat perpendicularly. Thus, it wasladed that cut paths should be
arranged to ensure that the jet did not pass awenbthe support elements.

Figure 4.4.Comparison of Surface Quality at 90,800Qeft) and 50,000psi (right) cut at
33ipm, abrasive feed rate — 1.5lbs/min, cuttingdh€a013"/0.040”
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Figure 4.5. Bottom side erosion on a 1" thick coeifgosample

Further testing was performed on test coupond aredsures at a constant
abrasive feed rate of 1.5lbs/min and at a travgpsed of 23ipm.in order to see how well
the jets could follow the contour path of the eartests. As found when cutting the linear
samples, at 50,000psi the jet could not separatedbpon from the panel. Also, because
of jet lag the coupon did not separate along tliecex. Other problems included
delamination and fiber pull out of the compositd.tAese problems were eliminated
when testing at higher pressures and as a rebelter surface finish was obtained.
Figure 4.6 and Figure 4.7 shows a comparison betweest coupon cut at 50,000psi and
at 90,000psi.
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Figure 4.6. Coupon cut at 50,000psi, at a travexteeof 23ipm, AFR 1.5lbs/min, cutting
head 0.013"/0.040”, uniform perforations can bensedicating a constant traverse rate
regardless of coupon geometry
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Figure 4.7. Coupon cut at 90,000psi at a traveateaf 23ipm, AFR 1.51bs/min, cutting
head 0.013"/0.040"
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4.1.2. Effect of Abrasive Feed Rate on Surface Fsh. Abrasive selection has a
great impact on the surface roughness of a machnadrial. Adding abrasives to
waterjet increases the cutting efficiency, cuttilegpth and improves surface finish.
Figure 4.8 shows a sample cut with an AWJ comparedsample cut with plain water.
The abrasive size (grade) and the AFR are the tajomfactors affecting the surface
quality of the cut. Abrasive grade was constanti@a80HPX) throughout the tests and
AFR was varied to determine its effect on the sugfquality with varying pressure. AFR
was found to have a major effect on surface rouggrfeor the %" thick composites,

AFR was varied at three different levels, 0.5Ib/n@iry5Ib/min and 1lb/min. A change in
flow rate will change the optimal AFR, and so, @fher pressures that were used in
cutting 1” composites, higher AFR have been uséé. AFR was varied at five different
levels from 1lb/min to 2Ib/min at intervals of Ol@Bnin. Figure 4.9 and Figure 4.10
show the effect changing AFR in cutting ¥4” and Ifquosites respectively.

Three different traverse speeds were used at easbye, and the graph for AFR
vs. surface roughness was plotted. The graphsrdkesthe surface roughness changes at
the jet exit from the sample. The surface roughnesasurements show that the
roughness at the jet entrance and in the middléetter than the roughness at the jet exit
though this was always within the acceptable lohi400 micro inches. Thus, research
was focused on improving surface quality at theejet. Thus, surface roughness values
at the jet exit were chosen when plotting graptmsvaig factor effects since it was at this
location that large differences were measurederstirface roughness. Thus the effect of

changing parameters was more evident.
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Figure 4.8. Comparison of a sample cut with abeagiaterjet (left) and plain waterjet
(right)
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Figure 4.9. Effect of abrasive feed rate on surfacghness in 1/4" composite
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Surface Roughness vs Abrasive Feed
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Figure 4.9. Effect of abrasive feed rate on surfacghness of 1/4" composite (cont.)



Surface Roughness vs Abrasive Feed
Pressure =
Rate 50,000psi
500 Cutting Head-
S 0.013
g 400 "70.040"
o |
£ 300 | O
2 * o @ 18ipm
Tg 200 28ipm
“§ 100 W 23ipm
(7]
0
0 0.5 1 1.5 2
Abrasive Feed Rate, Ibs/min
(@)
Surface Roughness vs Abrasive Feed
Rate Pressure =
75,000psi
500 B Cutting Head-
8 0.013
g 100 o 2 2 "/0.040"
(] -
£ 300 ¢ =
E * o o ¢ M 33ipm
g 200 38ipm
"g 100 ¢ 18ipm
(7]
0
0 0.5 1 1.5 2 2.5
Abrasive Feed Rate, Ibs/min

Figure 4.10. Effect of abrasive feed rate on s@rfaughness of 1" composite

(b)

53



54

Surface Roughness vs Abrasive Feed
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Figure 4.10. Effect of abrasive feed rate on s@rfacighness of 1" composite (cont.)

4.1.3. Effect of Traverse Rate on Surface FinishBased on the design of
experiments, the ¥4 composite was cut at threedifft traverse rates. The effect of
varying the traverse rate is shown in Figure 4THe surface roughness increases with
increase in traverse speed. Similarly, following tiesign of experiments, cutting was
performed on 1” composite at eight traverse spemagng from 5ipm to 48ipm. For a
given pressure and AFR, a better surface quality eiiained using slower traverse
speeds. Figure 4.12, shows the effect of variaetse speeds in cutting the 1”
composite. Figurd.13shows that at higher speeds as the jet exitsaimpasites, large
striation marks became evident. The surface wadetivinto three different zones. The
upper zone is at the entrance of the jet whersuhface is very smooth. The middle zone
is where the roughness began to increase andigisis appear while the lower zone is

at the exit of the jet where the jet striations @est prominent.
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Figure 4.11. Effect of traverse speed on surfaoghness of 1/4" composite
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Figure 4.11 Effect of raverse speed on surface roughness of #ipositt (cont.)
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Traverse Speed vs Surface Roughness
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Figure 4.1ZEffect oftraverse speed on surfaceighness of 1"omposite
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Surface Roughness vs Traverse Speed
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Figure 4.12. Effect of traverse speed on surfaoghness of 1" composite (cont.)
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Surface Roughness vs Traverse Speed
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Figure 4.12. Effect of traverse speed on surfaoghness of 1" composite (cont.)
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Figure 4.13. Jet striations on a sample (15x)

4.1.4. Effect of Cutting Head Geometry on Surfaceikish. The 1” graphite-
epoxy panels were cut using two different cuttiegdh configurations: 0.013"/0.040” and
0.0167/0.043". The cutting head configuration givies diameter of the waterjet orifice
and the focusing tube inner diameter. The desiggxpériments was followed when
cutting with both cutting heads. As the diametethef cutting head increases the and the
jetis more coherent, this leads to poor mixinglmfasive with the waterjet.
Consequently, the jet is more diffuse without time focus of the smaller jet. Thus, the
surface roughness using a larger diameter cuttagl ivas greater than that of a smaller
diameter cutting head. Also, more work and enesgyeeded to maintain a high of
pressure on a cutting head with larger diametecaBge of the higher flow at the larger
diameter cutting head 0.016"/0.043" the intensi@ieuld not supply enough water to
maintain pressures above 80.000psi. Thus, a commasaudy of the cutting heads was
performed at 50,000psi and 75,000psi only. TheYalhg Figure 4.14 compares the
surface roughness of the sample cut by the twoshead
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Cutting Head vs Surface Roughness
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Figure 4.14. Effect of different cutting head cguifiation on the surface roughness of the
sample
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Figure 4.14. Effect of different cutting head cguifiation on the surface
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roughness of the sample (cont.)
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Cutting Head vs Surface Roughness
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Figure 4.14. Effect of different cutting head cguifiation on the surface roughness of the
sample (cont.)

During the tests, one focusing tube was accidetgipaged. This opportunity was
taken to analyze the effect of cutting using a dggdanozzle. Figure 4.15 shows the
damaged focusing tube. A summary of the resultgindtl using this damaged tube is
shown in Figure 4.16. Under similar conditions, skieface roughness of samples cut
using the damaged focusing tube was higher thamamtundamaged nozzle. It was also
noticed that the samples cut using the damageditngiube showed a slight burr along

the upper surface due to excessive spraying frenmézzle.



Figure 4.15. Damaged Focusing Tube
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4.1.5. In Air and Underwater Conditions. Underwater cutting was performed
in an attempt to improve the surface finish of dmposite. The graphite-epoxy panel
was completely submerged underwater to a depthbdf Tests were only carried out on
1” thick composite. Cutting parameters were vagediescribed in the design of
experiments for underwater cutting. The surfacghoess at the jet entrance was found
to be smoother when compared to the compositenait.i This technique improves
surface finish to a limited extent. Figure 4.17d &igure 4.18. show a comparison of
surface roughness both underwater and in air dongitit 75,000psi and 90,000psi
pressure and different AFR. Underwater cuttingfisotive in improving not only the
surface roughness of the upper zone but it alsacesdcutting noise significantly. One of
the major problems associated with this technigubat the operator cannot see the tool
path while the cutting is being performed. Althougts method proved beneficial in
improving surface finish at the jet entrance, thethnnd may not be very advantageous for
this application as the focus of this study remainstudying and optimizing cutting
conditions at the jet exit where the surface ro@glsmmust be maintained within the

specified limit of 40Qin.
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In air cutting vs Underwater cutting
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Figure 4.17. Effect of underwater cutting on thefate roughness at the jet entrance of
samples cut at 75,000psi
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In air cutting vs Underwater cutting
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Figure 4.17. Effect of underwater cutting on thefate roughness at the jet entrance of
samples cut at 75,000psi (cont.)
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In air cutting vs Underwater cutting
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Figure 4.18. Effect of underwater cutting on thefaee roughness at the jet entrance of
samples cut at 90,000psi
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In air cutting vs Underwater cutting
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Figure 4.18. Effect of underwater cutting on thefaee roughness at the jet entrance of
samples cut at 90,000psi (cont.)
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4.2. TAPER ANGLE ANALYSIS

Taper, the narrowing of the cut width with depthdefined by the difference
between the widths of the sample at the bottorrasarénd that at the top surface.
Vernier calipers were used to measure these lengitmple trigonometry was used to
calculate the taper angle using the differenc@é@widths. The DOE formulated for
surface roughness was also used for taper anglgsand o make the measurement more
accurate, two parallel cuts were made using theesaitting parameters and taper angle
was measured for the sample between these cuts. tRmexperimental results, it was
found that slower traverse speeds can lead toaagevaper angle while cutting faster
gives a positive taper. Figure 4.19 illustrateseree and positive taper. An increase in
traverse speed increases the taper angle. Figg@eshows a graph of the taper angle
measured for samples cut at 90,000psi, AFR 1.7#56ibsising the 0.0137/0.040” cutting
head. A similar trend was seen over all cuttingdittons. For graphs of all the test
cutting conditions, see Appendix C. The effectludege in pressure and AFR on taper
angle were not very clear. To eliminate taperedpeat which the taper transitions from
reverse to positive taper were noted. As an altersalution, the cutting head could be
tilted to compensate for edge taper angle andtthpsoduce a zero degree taper on one
side of the cut. Using this technique, the partlmarcut at faster traverse speeds.
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4.3.STATISTICAL DATA ANALYSIS

A statistical data analysis was performed to idgithie significance of the
different cutting parameters. The computer prog&&s 9.2 was used to perform the F-
test and determine the significant cutting paramsedea significance level of 0.05.
Surface roughness data was analyzed for both ¥21andmposites. Table 4.1 shows
results for the ¥” composite. The p-value of pres$0.0042) and traverse speed
(<0.0001) were below the significance level. Thhsye is significant difference in the
means of the surface roughness produced at diffpreasures and traverse speeds. Thus,
for the cutting parameters tested changing pressuddraverse speed had the greatest
impact on the surface roughness of a %" compdstethe ¥4” thick composites,
although there is a change in surface roughnesstigtchange in pressure and traverse
speeds, the surface roughness measurements weangsailithin the specified tolerance
of 400uin.

Tukey’s test was also carried out to analyze teergsults. This test controls the
experiment wise error rate. The Tukey grouping [les an estimate of the influence
levels of each factor. All the abrasive levels wgreuped into a single group indicating
that the mean roughness values were not significdiiferent at different AFR as seen
in the ANOVA table. The two higher pressure resuiése also grouped into the same
Tukey group indicating that the mean surface roeghmimeasurements for 50,000psi
were different to those at 75,000psi and 90,002 Appendix B for further test results
and Tukey’s analysis.

ANOVA was also performed on the results obtainetthwhe 1” thick composite.
Table 4.2 shows that the p-value for all procesarmpaters was below the significance
level. This means that the change in surface roegghis sensitive to the change in
abrasive feed rate, traverse speed and pressue.llTp-values for pressure were
greater than the significance level of 0.05 but&{p-values for pressure were lower
than the significance level of 0.05. Because, ssamples showed delamination and
others showed visually evident large jet striatitowslarge for the surface profilometer to
measure, the Type Il p-value was considered theeraocurate. Type Il takes into
account cases where results are missing and pdedep-value. Also, the p-value of

pressure is very close to the significance levee @ecision on the effect of pressure may
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change witlthe significance levebut it may have beedue to the effect of experimen
errors The experimental data also valicd this conclusion.

Tukey's test wa carried ouusing the results from cuttirlg thick composite tc
estimate the mean values and also identify therdifft levels of process parameter
which significant differences in the meare seen. For thesi@icker composites, the tes
results showed a sigreant difference in mean surface roughness wheprgsure i
varied from 50,000psi to 90,000pThere was lao significant difference ithe mean
surface roughness whearying the traverse speed and AFR. See Appendix B fc

further details.

Table4.1. ANOVA results for 1/4" composite

Dependent VYariable: roughness

Sum of

Source DF Squares  Mean Square F VYalue Pr ) F
Model 6 18703.01692 3117.16949 9.68  <¢.0001
Error 20 6443. 14876 322.15744
Corrected Total 26 25146.16568

R=5quare Coeff Var Root MSE  roughness Mean

0.743772 8.896192 17.94874 201.7576
Source DF Tvpe | 85  Mean Square F VYalue Pr > F
pressure 2 4706.21948 2353.10974 7.30  0.0042
abrasive 2 332.73450 166.36725 0.52  0.6044

speed 2 13664.06295 6832.03147 21.21  ¢.00m
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Table 4.2. ANOVA results for 1" composite

Additive Model
The GLM Procedure

Dependent VYariable: roughnezss

Sum of

Source DF Squares Mean Square F Value Pr » F
Model 15 1126451 .307 75096.754 49,94 <.0001
Error 100 150365.343 1503.653
Corrected Total 115 1276816.650

R=Square Coeff VYar Root HMSE roughness Mean

0.882234 12.78639 38.77697 303.2676
Source DF Tvpe | 55 Hean Square F Value Pr » F
pressure 2 9320.301 4660.150 3.10 0.0494
abrasive 4 30605, 247 7651.312 5.09 0.0009
speed 9 1086525.760 120725084 80.29 <.0001
Source DF Type 111 55 Mean Square F Value Pr > F
pressure 2 6889.292 3444 _ 646 2.29 0.1065
abrasive 4 52380.691 13095.173 8.71 <.0001
speed 9 1086525.760 120725.084 80.29 <.0001

4.4.COST ANALYSIS

The economics involved in the process was studidzbtter identify the optimal
cutting conditions. The cost of the process wassoeal in terms of the cost per unit area
of material cut and was limited to an analysis dase abrasive consumption only, since
abrasive forms the largest part of the cost of eorables. Later studies beyond this one
may include the other overall costs including matty costs, power and other
consumable costs and overhead costs.

The cost of abrasive was calculated as the abrasiveumed per unit area per
minute. The area cut per minute is given as thdymof the contour length cut in one
minute and the thickness of the material. Thusatiea cut per minute is a product of
traverse speed and thickness and is given bel@guation (3). To calculate the cost
involved, a new term called specific abrasive fesd is introduced. Specific abrasive

feed rate is defined as the amount of abrasiveurnad per unit area per minute. Specific
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abrasive feed rate is mathematically defined asrgim equation (5). Here, it is
considered that the cost is directly proportionahie specific abrasive feed rate. As the

specific abrasive feed rate increases, the costiad increases.

A= sxt (3)
A=s for 1" thick 4)
SAFR= AFR/A (5)

Here,

A =Area cut per minute

s= Traverse speed

t= Thickness of the material

SAFR=Abrasive consumption per unit area per minute

The cutting costs play a vital role in the selactod the optimal cutting parameters. As an
example Table 4.3 gives a summary of the costcaged with the the tests of samples
cut using 0.0137/0.040” cutting head configuratadriL.25Ibs/min abrasive feed rate. See
appendix for tables giving a summary of cost inedlin cutting using other AFR. From
the table it can be seen that the specific AFRa®llraverse speeds increased, indicating
a lower cost. Figure 4.21 shows the SAFR for tis¢efst traverse rate at each pressure.
From both the table and the figure, it is cleat Htaa constant AFR, cutting at higher

pressures involves less cost and provides a fasti@ng ability.
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Figure 4.21. SAFR vs. Surface Roughness
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Table 4.3. Cost Analysis at Abrasive Feed Rate 2Blbhs/min

Traverse Speed 13 18 23 28 33 38 43 48
(ipm)

A (in‘/min) 13 18 23 28 33 38 43 48
SATR 0056 0065 | 0034 0.044 [ 0.037 | 0.032 [ 0.02% | 0.026
(Ib-in?/min)

Surface roughness | 223.8 24543 | 303.1 466.7 | Error | NA NA NA
at 50,000ps1

726 | 33056 | 2917 [ 3725841043 | 44155 308.63

fa

Surface roughness | 217.6
at 73,000psi
Surface roughness | 204.07 | 24837 | 26223 | 27963 | 3338 | 383554 | 378 4351
at 90.000psi

4.5.REGRESSION ANALYSIS

Regression analysis is a statistical data analgsisconsisting of fitting a
response variable dependent on one or more indepeudriables. An explanatory
model is fit to explain the trend of the responagable (surface roughness) in terms of
the independent variables. Experimental data obdidlny following the DOE was used to
build this model. A multilinear regression was penfied using the SAS 9.2 program. To
generate the best possible regression model westsperformed to find the highest R-
square value, adjusted R-square value and for L£ilowalue. After reviewing all the
tests and examining the significance level of gzerfameter, an 8 variable model was
chosen to best explain this data. The regressiatehtteveloped is as follows:

Ra=Po + P1X1 + PoX2 + PaXat+ BaX12 + PsX13 + BeXoz + PrXoo + PeXaz +&  (6)

Here, Ra is the surface roughnggss the intercept;’s are the coefficient of the
effect caused due to different process parametets; denotes the error at thb i
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observation. Here, i =1, 2, 3, 4....n, where n &stthtal number of experimental
observations. ¥s are the variables: pressure, abrasive feedtraterse speed.j» are
the product of Xand X.

The hypotheses that some of the variables werarlyeclated to the surface
roughness were tested. The F-value of the tesisaites that there could be at least one
process parameter that varies linearly with thparse variable. Also, including all the
process parameters improves the fit of the modeébycing the error. The multilinear

regression model obtained was as follows:

Ra =207.8 —22.3 %= 71.8 % + 59.3 %+ 10.9% 3X13 2.1Xos+ 7.6Xo5 -
0.9%s3+ & (7)

Table 4.4 shows the variables and their coeffisielhittan be seen that the p-values for
traverse speed and AFR are almost zero, which @ piat both traverse speed and AFR
have a significant effect on surface roughness.Risguarevalue and the adjusted R-
square values are 87.07% and 86.1% respectively.ifiplies that this model well
represents the experimental data and the experandatt fits the model well. To

identify the outliers in the experimental datapanparison between the experimental
data and the results fit using the model was dhwig using the program MINITAB 16.
Five values were identified as outliers. These eslwvere included in the analysis of the
results. Thus any variation in the results fromua imodel could be caused by the
presence of these outliers as well as through expetal error.
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Table 4.4. Coefficients of independent variables

Minimum R=-Square Improvement: Step 55

finaly=sis of Variance

Sum of Mean
Source DF Sguares Sguare F Yalue Pr > F
Hode 1 8 1111705 138963 90.05 < 0001
Error 107 165111 1543.09693
Corrected Total 115 1276817
Parameter Standard
Variable E=t imate Error Type 11 55 F VYalue Pr > F
Intercept 207 . 80658 36.51964 49964 32.38 <.0001
X1 -22.29463 14.412971 3692 . 24667 2.39 0.1249
Xz =71.85574 15.48405 33231 21.54 ({.0001
X3 £9.30426 7.14174 106404 68.95% <.0001
X12 10.93917 4.27585 10100 6.55 ©0.0119
X13 -3.01369 2.10637 3158.80764 2.05 0.1554
X23 =2._.15070 1.00081 7126.08434 4.62 0.0339
X2z 7.63692 2.23144 18074 11.71 0.0009
X33 =0.96210 0.53074 LO70.80685 3.29 0.0727

Bounds on condition number: 34.036, 1371.1

The above model is the bezt 8-variable model found.

4.6.0OPTIMAL CUTTING CONDITIONS

For each pressure, the fastest traverse speeddt thie surface roughness was
below 400uin is considered to be the optimal cgttiandition for that application. Taper
angle compensation technique was used to obtdap8? at those speeds. The taper
angle compensation used under these optimal condits the negative taper angle
obtained from the experimental results. To validagse conclusions, a final test was
carried out using these defined optimal conditiang the surface quality and lack of
taper were verified. Table 4.5. gives the summarthese test results and Figure 4.22

shows the sample cut under the optimal conditions.
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Table 4.5. Optimal Cutting Conditions for 1” ThiGcaphite-Composite

Pressure| Traverse AFR SAFR Taper Angle | Surface
(psi) Speed (ipm)| (Ibs/min) | (Ibs-in/min) | Compensation Roughness
(degrees) (Ra)
50,000 28 1 0.03571 0.264991 374.766[7
75,000 43 15 0.034884 0.508487 386.7
90,000 48 15 0.03125 0.608745 383.3
Optimal Cutting Conditions
388
386 Cutting Head-
., 384 0.013"/0.040"
o 382
]
£ 380  50,000psi - 1lb/min
:°: 378 M 75,000psi - 1.5lb/min
o 376
e ™ 90,000psi-1.5Ibs/min
T 374 -
? 372 -
370 -
368 -
28 48
Traverse Speed, ipm

Figure 4.22. Optimal Cutting Conditions
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5. CONCLUSIONS

The objective of this research, to study the bémafid limitations of cutting
composites at ultra-high pressure up to 90,000psi successfully accomplished. The
objective of determining the parameters controlBngface roughness and their effects on
surface roughness was successfully achieved. Tidg sbnsisted of identifying the
problems in cutting composites using abrasive Wettand optimizing the process
parameters to eliminate these problems. The pracesklved in waterjet cutting and the
techniques to improve the surface quality usin@silie waterjets were studied. An in-
depth literature review was carried out to undectine pre-existing technology.
Composites and their uses in different fields watuelied. Depending on usage, the
machining process that best cuts the compositeatattcan be used for a specified
application was identified. The machining processeslved in processing composites
were studied. The problems involved in conventiomachining were identified and in
an effort to eliminate these problems, non-conwerati machining methods were
reviewed. To understand the advantages and distayes of cutting composites using
existing non-conventional machining methods, addpth study was made, leading to an
additional study focusing on the abrasive watexngting of composites.

This research focused on machining graphite-eporyposites using high
pressure waterjets. Graphite-epoxy composites atelywsed in the aerospace
industries. These composites must be cut to afsgesurface roughness with high
surface quality. Experiments were carried out tuec this specified surface roughness
of 40Quin. To perform the experiments, a DOE was formulaféne available equipment
and the instrumentation were then used to theirlbesls to achieve the required results.

The experimental results were analyzed and thetedfeeach process parameter
on surface roughness was successfully found. Rrsbiecluded delamination and fiber
pull out, and the inability of the waterjet to parh through cuts at 50,000psi were
eliminated when cutting was carried out at the argiressures of 75,000psi and
90,000psi. The effects of other process paramedbrasive feed rate, traverse speed, and
cutting head configuration (water flow rate) welgoassuccessfully studied. In an effort to



82

improve the surface quality of the cut compositeglerwater cutting was tested.
Although underwater cutting improved the surfacalify at the jet entrance to the cut,
surface finish at the jet exit was not significgrdffected. Thus, the use of underwater
cutting for this application may not be beneficiBhper angle of the cut slot was also
reviewed. The effect of the process parametersper tangle was successfully
determined. It was found that an increase in tisa/gpeed increased taper angle. To
eliminate this taper, cutting head could be tilieé compensating angle that eliminated
taper on the useful side of the cut.

Statistical data analysis was carried out usingstagstical program SAS 9.2 both
to validate the experimental data and to deterrtiaesffects of each of the parameters.
The surface roughness of the %" composite was aftestted by changes in pressure and
traverse speed. Increasing the pressure and dexyelas traverse speed produced a
better surface quality. In case of the 1” thicknpmsite, changes in abrasive feed rate,
and traverse speed had the greatest affect aaceugliality. Although a tremendous
improvement in surface quality was seen when pressas increased from 50,000psi to
90,000psi, the surface quality of cuts producetbad00psi and 90,000psi were not very
different.

Use of ultra-high pressure to cut thicker compassitkows a great increase in
traverse speed, improved surface quality and alepwstting ability to greater depth.
Faster traverse speeds improve the productivith@tutting process. At the ultra-high
pressures of 90,000psi, the composite can be ch¥baster than at lower pressures.
Furthermore, a better surface quality at fasteteise speeds was achieved at the highest
pressure. Although the traverse speed at highsspres increases, the abrasive
consumed with higher flow rates is also highersialy the benefits of using higher
pressures in real time situation, a cost analysis performed defining the abrasive
consumed for a given pressure and traverse spéedcdkt involved in the process of
cutting at higher pressure, higher abrasive fet] eand at faster traverse speeds is much
lower than the costs involved in cutting at lowezgsures, lower abrasive feed rates, and
at slower traverse speeds. Thus, the real timefiteonéusing higher pressures to cut
composites were successfully demonstrated. Thenaptiutting conditions for the

process parameters of jet pressure, traverse spieedive feed rate, taper compensation
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angle, cutting head configuration were successfigfyned and validated for conditions
which maintained the surface roughness below#0D@hen cutting through 1” thick

graphite-epoxy composites.
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SAS INPUT PROGRAM FOR %" COMPOSITES

optionsls=78;

data waterjet;
input pressure abrasive speed roughness;
datalines;
1113034111111
11 2198.4444444
11 3165.8222222
121252.9222222
122221.0111111
1231919

131 240.9222222
132 210.3888889
133195.7111111
2 11 209.9555556
212175.8777778
21 3 148.2555556
221 210.9666667
2 2 2 183.4555556
2 2 3188.9444444
231217.5888889
232201.6888889
233167.9222222
311 225.2222222
312181.7888889
313167.4444444
3212133
322209.9777778
32 3181.0666667
331207.1111111



332193.0666667

333183.2888889

procglm data=waterjet;

class pressure abrasive speed;

titlel 'Interactive model’;

model roughness = pressure|abrasive|speed;
[*Ismeans a*c / pdiff;*/

run;

procglm;

class pressure abrasive speed;

title3 'Additive Model’;

model roughness = pressure abrasive speed /sglution
means pressure abrasive speed /Isdtukey;

run;

SAS OUTPUT
Additive Model
The GLM Procedure

Class Level Information

Class Levels Values
pressure 3 123
abrasive 3 123
speed 3 123

Number of Observations Read 27

Number of Observations Used 27



The GLM Procedure
Dependent Variable: roughness

Sum of
Source DF Squares mMBquare F Value Pr>F
Model 6 18703.01692 1816949 9.68 <.0001
Error 20 6443.14876 2235744
Corrected Total 26 25146.16568

R-Square CoeffVar Root MSEbughness Mean
0.743772  8.896192  17.94874 201.7576

Source DF TypelSS NKi&quare F Value Pr>F
pressure 2 4706.21948 53280974  7.30 0.0042
abrasive 2 332.73450 66.36725 0.52 0.6044
speed 2 13664.06295 32683147 21.21 <.0001
Source DF TypelllSS Meaquare F Value Pr>F
pressure 2 4706.21948 53280974  7.30 0.0042
abrasive 2 332.73450 66.36725 0.52 0.6044
speed 2 13664.06295 32683147 21.21 <.0001

The GLM Procedure

Tukey'sStudentized Range (HSD) Test for roughness
NOTE: This test controls the Type | experiment waser rate, but it

generally has a higher Type Il error rate than REGW

Alpha 0.05
Error Degrees of Freedom 20
Error Mean Square 322.1574

Critical Value of StudentizedRang&7793
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Minimum Significant Difference 21.406

Means with the same letter are not sigaiitly different.

Tukey Grouping Mean N pressure

A 220.059 9
B 195.807
B
B

189.406 9 2
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The GLM Procedure
Tukey'sStudentized Range (HSD) Test for roughness
NOTE: This test controls the Type | experiment waser rate, but it

generally has a higher Type Il error rate than REEW

Alpha 0.05
Error Degrees of Freedom 20
Error Mean Square 322.1574

Critical Value of StudentizedRang&7793
Minimum Significant Difference 21.406

Means with the same letter are not sigaiitly different.

Tukey Grouping Mean N abrasive
A 205.949 9 2

A
A 201965 9 3
A

A 197358 9 1

The GLM Procedure
Tukey'sStudentized Range (HSD) Test for roughness
NOTE: This test controls the Type | experimentengsror rate, but it

generally has a higher Type Il error rate than REGEW

Alpha 0.05
Error Degrees of Freedom 20
Error Mean Square 322.1574

Critical Value of StudentizedRang&7793
Minimum Significant Difference 21.406



Means with the same letter are not sigaiftly different.
Tukey Grouping Mean N speed
A 231.267

9 1
B 197.300 9 2
B 176.706 9 3
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SAS INPUT PROGRAM FOR 1" THICK COMPOSITE

optionsls=78;
datawaterjet;
input pressure abrasive speed roughness;
datalines;
111197.7
112201.23
11 3238.27
114341.67
115 344.67
116 358.567
117 550.767
118.

119.

1110.
121176.1
122198
1232238
124246.43
125303.1
126466.7
127.

128.

129.

1210.
1311387
132164.33
13 3215.9667
134 233.3667
1 35 280.9667



136418.925
137401.75
138.

139.

1310.
211184.133
212212.733
213267.34
214 330.3667
215354.933
2163816
217 475.5667
218.

219.

2110.
221158.7667
2221926
2232176
2242726
225376.58
226291.7
227372.275
228410.4333
229441.95
2210 506.65
231 160.0667
232169.3
233189

2 34 235.4667
235349.9
236349.2
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237 325.933
238 346.233
239424.08
23103754
241 158.667
242 166.667
243191.633
24 4242.4667
245 264.1667
246 255.22
2474258
248370.8
249383.22
2410441.15
251144.433
252172.2667
253213.9
254 263.2667
255 283.1333
256 341.08
257 349.68
258 359.0333
259415.9
2510439.35
311 189.8667
312 186.4667
313227.7333
314 286.6667
315337.7
316 346.3333
317 419.6667
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3184446

3 19508.05
3110533.1
321 155.3667
322181.4333
323 204.0667
324 248.5667
325262.2333
326 279.6333
3273358

3 2 8 409.5333
329378
32104551
331 149.2667
332184.3333
333188
334 224.1667
335339.98
336341.78
337 328.56
338316.32
339 385.56
3310391.85
341 159.9333
342 159.9333
343 187.3333
34 4 256.0333
345 328.1333
346492.94
3474183
34 8 488.22
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3494335

3410.

351173.8

352203.233

3531925

354278.433

3553287

3562717

357 369.5667

358441.2

359397.45

3510 402.05

procglm data=waterjet;

class pressure abrasive speed,;

titlel 'Interactive model’;

model roughness = pressure|abrasive|speed;
run;

procgim;

class pressure abrasive speed;

title3 'Additive Model’;

model roughness = pressure abrasive speed /sglution
means pressure abrasive speed /Isdtukey;

run;

SAS OUTPUT FILE
The GLM Procedure
Class Level Information

Class Levels Values
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pressure 3 123
abrasive 5 12345
speed 10 12345678910

Number of Observations Read 130
Number of Observations Used 116

Additive Model
The GLM Procedure

Dependent Variable: roughness

Sum of
Source DF Squares mMBquare F Value Pr>F
Model 15 1126451.307 5096.754 49.94 <.0001
Error 100 150365.343 1503.653
Corrected Total 115 1276816.650

R-Square Coeff Var Root MSEbughness Mean

0.882234 12.78639  38.77697 303.2676

Source DF TypelSS NK&mguare F Value Pr>F
pressure 2 9320.3014660.150  3.10 0.0494
abrasive 4  30605.2477651.312 5.09 0.0009
Speed 9 1086525.760 0725.084 80.29 <.0001
Source DF TypelllSS Meaquare F Value Pr>F
pressure 6889.2923444.646  2.29 0.1065

2
abrasive 4  52380.691 3095.173 8.71 <.0001
speed 9 1086525.760 0725.084 80.29 <.0001

The GLM Procedure
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100

Tukey'sStudentized Range (HSD) Test for roughness

NOTE: This test controls the Type | experiment wes®r rate.

Alpha 0.05
Error Degrees of Freedom 100
Error Mean Square 1528.925

Critical Value of StudentizedRangs6457

Comparisons significant at the 0.05 leveliadicated by ***.

Difference
pressure Between  Simultaneous 95%

Comparison  Means Confidenteils

3-2 8.398 -10.59%.391
3-1 25.617 0.9&D.301 ***
2-3 -8.398  -27.3910.595
2-1 17.219 -7.642.055
1-3 -25.617 -50.300.933 ***

1-2 -17.219 -42.05%.617
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The GLM Procedure

Tukey'sStudentized Range (HSD) Test for roughness
NOTE: This test controls the Type | experiment wes®r rate.

Alpha 0.05
Error Degrees of Freedom 100
Error Mean Square 1528.925

Critical Value of StudentizedRang®2894

Comparisons significant at the 0.05 leveliadicated by ***.

Difference Sinarleous

abrasive Between 95% Confidence
Comparison Means iit$sm

1-4 23.46  -9.%6.81
1-5 27.95 -4.99.84
1-2 31.33 0.5®.08 ***
1-3 49.22  18.77.69 ***
4-1 -23.46  -56.89.90
4-5 450 -30.%9.30
4-2 7.88 -24.910.66
4-3 25.76  -6.748.29
5-1 -27.95 -60.84.93

5-4 -4.50 -39.380.30



5-2 3.38
5-3 21.26
2-1 -31.33
2-4 -7.88
2-5 -3.38
2-3 17.88
3-1 -49.22
3-4 -25.76
3-5 -21.26
3-2 -17.88

The GLM Procedure

-28.985.69
-10.48.31
-62.08.58 ***
-40.654.91
-35.628.93
-11.9%7.73
-79.688.74 ***
-58.28.77
-53.310.79
-47.781.97

Tukey'sStudentized Range (HSD) Test for roughness

NOTE: This test controls the Type | experiment wesr rate.

Alpha 0.05
Error Degrees of Freedom 100
Error Mean Square 1528.925

Critical Value of StudentizedRang&7678

Comparisons significant at the 0.05 leveliadicated by ***.

Difference

speed Between Simultaneous 95%

Comparison Means Confidgehitnits

10-9 29.73
10-8 44.60

-31.761.22
-16.8196.08
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10-7 45.28 -12.483.03
10-6 89.59 32.7316.45 ***
10-5 123.53 66.4630.39 ***
10-4 176.97  120.133.83 ***
10-3 230.99 174.287.86 ***
10-2 259.04 202.135.90 ***
10-1 27794  221.38384.81 ***

-29.73  -91.22 31.76
14.86 -44.79 74.51
1554 -40.26 71.34
59.86 498 114.73 ***
93.79 38.92 148.67 ***
147.23 92.36 202.11 ***
201.26  146.39 256.13 ***
229.31 174.43 284.18 ***
248.21 193.34 303.08 ***
-44.60 -106.08 16.89
-14.86  -74.51 44.79
0.68 -55.12 56.48
45.00 -9.88 99.87
78.93 24.06 133.81 ***
132.37 77.50 187.24 ***
186.40 131.53 241.27 ***
214.45  159.57 269.32 ***
233.35 178.47 288.22 ***
-45.28 -103.03 12.48
-15.54  -71.34 40.26
-0.68  -56.48 55.12
4431 -6.34 94.97
78.25 27.59 128.91 ***
131.69 81.03 182.35 ***
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185.72
213.76
232.67
-89.59
-59.86
-45.00
-44.31
33.94
87.38
141.40
169.45
188.35
-123.53
-93.79
-78.93
-78.25
-33.94
53.44
107.47
135.51
154.42
-176.97
-147.23
-132.37
-131.69
-87.38
-53.44
54.03
82.07
100.98
-230.99

135.06 236.38 ***
163.11 264.42 ***
182.01 283.32 ***
-146.45 -32.73 ***
-114.73  -4.98 ***

-99.87 9.88
-94.97 6.34
-15.70 83.57

37.74 137.01 ***
91.77 191.04 ***
119.82 219.08 ***
138.72 237.99 ***
-180.39 -66.66 ***
-148.67 -38.92 ***
-133.81 -24.06 ***
-128.91 -27.59 ***
-83.57 15.70
3.80 103.07 ***
57.83 157.10 ***
85.88 185.15 ***
104.78 204.05 ***
-233.83 -120.10 ***
-202.11 -92.36 ***
-187.24 -77.50 ***
-182.35 -81.03 ***
-137.01 -37.74 ***
-103.07 -3.80 ***
4.39 103.66 ***
32.44 131.71 ***
51.34 150.61 ***
-287.86 -174.13 ***
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-201.26
-186.40
-185.72
-141.40
-107.47
-54.03
28.05
46.95
-259.04
-229.31
-214.45
-213.76
-169.45
-135.51
-82.07
-28.05
18.90
-277.94
-248.21
-233.35
-232.67
-188.35
-154.42
-100.98
-46.95
-18.90

-256.13
-241.27
-236.38
-191.04
-157.10

-103.66

-21.59

-146.39 ***
-131.53 ***
-135.06 ***
-91.77 ***
-57.83 ***
-4.39 ***
77.68

-2.68 96.58
-315.90 -202.18 ***

-284.18
-269.32
-264.42
-219.08
-185.15

-131.71

-77.68
-30.73

-174.43 ***
-159.57 ***
-163.11 ***
-119.82 ***
-85.88 ***
-32.44 ***
21.59

68.54

-334.81 -221.08 ***

-303.08
-288.22
-283.32
-237.99
-204.05
-150.61
-96.58

-68.54

-193.34 ***
-178.47 ***
-182.01 ***
-138.72 ***
-104.78 ***
-51.34 ***
2.68

30.73
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