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Implementation of an Integrated High Energy
Beam Workcell

Varadaraj V. Souda,
M.S. in Manufacturing Engineering, 1991

ABSTRACT

This study is an effort to advance the technology of machining by High
energy beams. Investigation of the Waterjet, Plasma and the Oxyfuel beams was
carried out to explore novel machining techniques. The study was focussed on
three major objectives.

One of the major objectives was to set up an Integrated beam workcell
consisting of the three beams. A hydroabrasive waterjet workcell was modified to
install the three cutting tools to be along the same line of traverse. An integrated
beam consisting of the thermal and the waterjet beams was produced because of this
arrangement. The feasibility of using the integrated beam for machining of steel
samples was investigated by various methods.

The thermal beams were used for heating a focussed spot on the metal.
Piercing experiments by impinging the high pressure waterjet on the heated steel
samples resulted in a 3-4 fold increase in the material removal volume when
compared to the impingement on the non-heated surface of steel. Results indicate
that the depth of beam penetration increases significantly when the metal surface is
heated, when compared to the impingement of the waterjet without any heating.
The results also suggest the feasibility of practical implementation of the
integration of the thermal and the waterjet beams.

Linear cutting experiments were carried out by moving the heat beam and
the high pressure waterjet beam simultaneously along the metal surface. The results
indicate that the process parameters concerned with the heating process such as
temperature of beam and intensity of heat need to be optimized during the cutting
process.

The improvement of the surface finish by Abrasive-Waterjet (AWJ)
machining was another major objective of this study. The AWJ beam was used as a
finishing tool for machining of Stainless steel SS 304 metal. The machining was
performed by using the beam to strike the surface at a 90° tangent. The
experimental results obtained clearly demonstrate that AWJ can be used as a
finishing tool for producing precision surfaces with Roughness Average (Ra) value
of less than 1 micron. The particle size was an important factor affecting the
Roughness of the surface.

The third major objective of this study was to investigate the cutting of
fiber-composites by AWI. The feasibility of using AW] to prevent the composite
delamination during the cutting of various types of composites is demonstrated as
a result of this work.
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I. INTRODUCTION

This study is an effort to advance the technology of
machining by high energy beams. The Waterjet, Plasma and the
Oxyfuel beams, included into this category constitute the
main focus of this study. The investigations to improve the
machining technologies is conducted in three major avenues.

These are desribed briefly in the following paragraphs.

A major objective identified for this study was to set
up an Integrated beam workcell consisting of the three beams
mentioned above. A hydroabrasive CNC Waterjet workcell was
modified to install the three cutting tools. The three tools
were arranged so as to be along the same 1line of traverse
along one axis of traverse and one behind the other (Fig 1).
Experiments were carried out on steel samples by separately
integrating the high pressure (50 ksi) waterjet beam with
the plasma and the Oxyfuel beams. The schematic is
illustrated in Fig 1. Various experimental studies were
carried out to investigate the cutting by the integrated
beams under such an arrangement as shown in Fig 3 and Fig 1.

A brief summary of the experiments carried out follows:



1.1 Summary of ExXperiments to improve high energy beam

machining :

1.1.1 Experiment I

The effect of heating the metal close to melting point
and simultaneous cutting with pure water jet was studied.
The two beams were focussed at the same point. The surface
was heated initially for a fixed time period and then
subjected to impingement by the waterjet. Linear cutting
experiments with steel used as test material was also
investigated under different conditions of heating and
traverse speeds. The effects of various process parameters

on the cutting results was investigated.

1.1.2 Experiment II

Another major objective of the study is concerned with
the improvement of the surface finish by Abrasive-Waterjet
(AWJ) . The AWJ beam was used solely for the purpose of
finish machining rather than actual cutting. Stainless steel
was used as the sample material. The machining process was
performed by using the AWJ beam to strike the surface at a
90° tangent (Fig 2). The lateral depth of cut was kept very
low and AWJ was used as a surface finishing tool rather than
a cutting tool. Multiple passes were performed to study the

improvement in surface finish. At certain conditions AWJ



cutting produces surface finish with an Ra value of 1 micron
or less. The results are tabulated elsewhere in this report.
The principal parameters affecting surface finish were found

to be grit size, traverse speed, and the number of passes.

1.1.3 Experiment III

The third major objective of this study was to
investigate the AWJ cutting of fiber-composites. The
objective was to determine the conditions under which the
delamination of the different types of fiber composites is
avoided during the AWJ machining. Experimental results show
that the operational conditions for cutting the composites
without delamination depend upon the property of the
composite and needs to be studied experimentally for each
type of composite. In this study we have described two
instances wherein AWJ cutting was used successfully for
cutting two different types of composite materials. One was
a type G-10 composite material 1.25 mm. thick and the other
a kevlar composite 1/2" thick. The details of machining of
both materials are provided in 1later chapter. The major
objective of this study was to avoid delamination of the
composites entirely. The results demonstrate the
feasibility of AWJ machining of composites without de-

lamination.



1.2 Background

High energy beam machining processes have been in focus
since the 1last decade for a variety of reasons. The
important ones being that they offer a scope for high
material removal rates in the machining of hard to machine
materials such as stainless steel [1], glass [2], composites
[3], etc., where other methods have failed. Also high energy
beam machining processes have proved to be cost effective
and can be easily automated [4]. All high energy bean
machining techniques operate more or less in the same mode
although the mechanism of material removal varies. The
cutting medium is expelled through a small orifice of a
fraction of an inch diameter and impinges upon the workpiece
material. This results in removal of material by heating
(as in the case of laser or plasma cutting) [1], by heating
and oxidation (as in flame cutting) [1], or by particle
erosion (as in abrasive waterjet cutting) [6]. The most
usable high energy beam machining techniques are Water jet
and Abrasive waterjet cutting, Plasma cutting, Laser beam
cutting and Oxyfuel «cutting. Water Jjet cutting was
introduced in the early seventies and AWJ cutting was put
into practise in the last decade. Plasma cutting was
invented in 1955 whereas flame cutting has been known since

the World wWar I.



The present study is concerned with the development of
an integrated technology comprising different types of high
energy beams. Although water jet cutting and AWJ cutting
offer great flexibility and advantages in some instances the
material removal rates are substantially lower than desired
for certain types of material. For example for machining of
titanium above 12.5 mm thick , cutting speeds for Plasma arc
cutting are generally 3-4 times higher than for AWJ cutting,
(Table 1IV). A 12.5 mm. thick stainless steel can be cut
using waterjet at a maximum speed of 2 ipm whereas Plasma
arc cutting can machine the material at well above 20 ipm.
It was therefore a major objective of the study to
investigate the possibility of increasing the material

removal rate by integration.

1.3 Advantages due to Beam Integration:

1. Material removal rate can be improved since the

shear stress of the material is reduced.

2. Heating the material reduces its shear stress. Hence

less jet energy is needed to deform the material.

3. The objective is to use pure waterjet instead of AWJ

for cutting the metals. Abrasive particles in the waterjet



stream are eliminated and the surface finish can be

improved.

1.4 Motivation behind the present study:

It is by now well established that High energy beams
offer many advantages over conventional machining techniques
in terms of productivity and flexibility of machining[2-7].
The present research was conducted with the objective of
increasing our knowledge base with regard to the
capabilities of material removal of integrated beams. The
theories behind the cutting mechanism of individual beams
are sufficiently known and documented [1-10] but much needs
to be done experimentally to attain a full knowledge of
practical limitations of beam machining. This study

attempts to make such knowledge available.

It is to be noted that a theoretical model for a
integrated beam machining process is not very easy to
establish because of the 1large number of parameters
involved 1in the individual as well as the integrated
process. It was felt necessary at this stage to focus the
study upon the practical limitations in the process and the
practical effects of various parameters on actual cutting
process. It is sincerely hoped that the results from this
study will be useful to construct a realistic theoretical

model of the integrated beam cutting process.



1.5 The equipment:

Although the nature of this study is experimental the
equipments used were all of industrial scale so as to
simulate the production environment of the industry. The
conditions and the parameters used for cutting experiments

were chosen with a practical point of view.

In this study the main equipment used is a CNC
controlled 2 and 1/2 axis hydro-abrasive workcell equipped
with ALLEN BRADLEY series 8400 CNC controller. This machine
is manufactured by the Ingersoll Rand Co. and uses a
abrasive water Jjet nozzle for performing the cutting
operations. A Plasma Arc cutting machine manufactured by
Linde Co. and equipped with a mechanized torch was used to
integrate the two modes of cutting. Also a Oxyfuel cutting
torch was used as a third cutting tool. Both the Plasma arc
torch and the Oxyfuel cutting torch were mounted using a
special fixture (Fig. 3) so as to be in line with the AWJ
nozzle. The operation of the workcell was modified
electrically so as to be able to operate the Plasma arc
cutting torch and the Oxyfuel cutting torch by the CNC
controller. Thus it was possible to program the operation of
the plasma and the Oxyfuel cutting beams. A detailed
description of the workcell operation is provided in the

Appendix.



II. Review of Previous Work

A number of detailed studies both on Waterjet as well
as Abrasive waterjet machining was carried out by various
researchers. These studies have focussed upon varying
topics such as application, modeling of Jjet cutting
phenomena for various materials and jet characteristics,
etc.

Plasma arc cutting and Oxyfuel cutting has been the
subject of a number of studies. The main issues studied were
the properties of the heat beams, the temperature zone and

the nozzle characteristics, etc.
2.1 Previous work on Waterjet and Abrasive-Waterjet:
2.1.1 Theories of jet dynamics and jet cutting:

The parameters involved in waterjet cutting are
listed in Table I. The principal characteristics of a

continuous waterjet are pressure, diameter and velocity.

In [5], Hashish and duPlessis have attempted to model
penetration of solid material by a continuous waterjet. The
control volume technique was used in this study. The
momentum balance of the control volume was constructed to
derive an equation for the depth of penetration by the

continuous waterjet.



The factors considered 1in the model are the
characteristics of the jet itself, the material properties,
and the feed rate. This model however is concerned with Jjet
penetration for soft materials since hard materials like
glass, metals, etc cannot be destroyed by the pressure

exerted by a water jet at existing velocities.

Hashish [7], describes the visualization of the jet
cutting process. The actual mechanism of jet penetration was
studied by taking high speed movies of the cutting process
in transparent materials. The effect of the nozzle geometry
on the erosion process of metallic materials was studied by
Kobayashi, et al [8]. Geskin, et al, [9] have investigated
the forces exerted by a WJ on the workpiece at different
stand-off distances and with varying sapphire nozzle
diameters. Experimental studies by Chen [10] has showed
that the velocity of a waterjet is above 750 m/sec. at

water pressure of 345 Mpa.

A number of investigations on the use of high pressure
waterjets for surface processing, for example, for cleaning
applications has been carried out by a number of researchers

[11] [12].

A large number of studies concerned with material
machining by the use of specific high energy beams has been

reported up to date. The 1list is too exhaustive to be



10

mentioned in full. In all these studies however integration
of different types of high energy beams has not been
investigated. In the present study it is proposed to
construct an Integrated workcell comprising the Waterjet,
Plasma and the Oxyfuel cutting beams and carry out machining

experiments by integrating two or more beams.

2.1.2 Study of sSurface Finish improvement by AWJ:

The study of the finish of surfaces generated by high
energy beam cutting was carried out by different
researchers. It was found that the factors influencing the
surface finish in AWJ cutting include the particles’ size,

cutting speed, material properties, the water pressure, etc.

A statistical characterization of surface finish for
ceramic composites was given by Kim and Burnham [13].
Matsui, et al, [14] have discussed the application of AWJ
for precision cutting performance. It is pointed out that
surface finish in AWJ cutting is superior at the upper 2mm.
area of the kerf and then tends to deteriorate dramatically
with depth. Hashish [15] discusses the feasibility of
milling with Abrasive Waterjets. Blickwedel, et al, [16]
have derived an equation for predicting the kerf depth. This

equation is given as

h = Cs*(p - po) /v(0-86+2.09/V)
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A method to correlate the depth of cut with the surface

finish is also proposed

Hashish [17,18] discusses the performance optimization
of the AWJ cutting process. The effects of various
parameters on AWJ cutting performance was studied. The
surface finish obtained during the AWJ machining is found to
be strongly affected by the particle size and the cutting

speed.

None of the available studies suggests the use of AWJ
as a surface finishing tool. Such use was one of the
principal objectives of this study. The main experimental
results of the previous studies is that surface finish is
affected strongly by particle size and cutting speed. This

conclusion is also investigated in our experimental study.

2.2 Plasma Arc cutting

A. Process parameters:

Plasma arc cutting is not a new process and its
operating principles and parameters are well known. The main
parameters affecting the cutting performance are the type
of ionizing gas, the cooling gas, the material thickness and
the type of material, the standoff, the traverse speed, and

the output current of the machine.
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Applications of plasma arc cutting have been discussed
in [1], [26], [28] [32]. Various types of Plasma Arc cutting
exists in the industry today [35]. Air Plasma cutting has a
special edge over other processes due to the wuse of
compressed air as ionizing gas which is cheaper than other

gases.

The effect of the nozzle wear and its geometry and
the condition of the electrode also strongly affect the

quality of the cut [30], [33].

B. Heat affected zone:

One of the principal features of the Plasma arc cutting
process is the formation of the Heat Affected Zone (HAZ). A
detailed study of the HAZ and its effect on material
properties has been investigated [27], [30]. The HAZ depends
upon the material thickness and the cutting speed
Particularly a high cutting speed results in low heat input
to the bulk metal and therefore the HAZ is very narrow. One
of the negative features of HAZ for some kinds of steels is
the increase in the micro-hardness and thereby increases
the brittleness and susceptibility to crack development
[30].

Studies have been also carried out on other factors

related to the machine performance such as the noise
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generation, the cutting torch performance [29], electrode

and the cutting tip wear [26], etc.

Due to the small thickness of the heat affected zone,
secondary finishing of the PAC can be conveniently carried
out with AWJ which was one of the objectives of this study.
The feasibility of finishing the Plasma cut surfaces by the
AWJ is successfully demonstrated by the performed

experiments.

2.3 Oxyacetylene Cutting

The technology and the principles of the process are
described in [1]. It is observed that the HAZ in case of the
OFC is maximum compared to PAC. The microstructure study of
the metal surface of steel near the cutting edge [within
2mm] shows that the carburization of the material is
substantial [2]. This 1is known to affect the fatigue
strength of the oxyfuel cut specimen [1]. Cutting speeds are
less than plasma arc upto 2.0" thickness and exceed the
plasma arc cutting speeds beyond these thicknesses for
steel. Oxyfuel beam cannot cut metals like Copper, aluminium
etc, since the oxides formed by these metals have a higher
melting point than the base metal. These oxides form a film
on the base metal and prevent further oxidation of the base
metal. The main advantage of OFC is that it can cut steel
upto 20 thickness and the equipment cost is relatively low

when compared to other processes.
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III. Objectives

The main objectives of this study are

- Installation and operation of an integrated workcell
incorporating the Waterjet, Plasma and the Oxyfuel cutting
beams. The Plasma arc and the Oxyfuel cutting torches and
the AWJ nozzle were mounted on a single cutting head. It was
the objective of this study to determine the feasibility of
cutting with individual beams or integrate the Waterjet with

the Plasma or the Oxyfuel beam.

- To investigate the use of AWJ for application as a
precision surface finishing tool. The conditions necessary
to generate precision surfaces by AWJ were sought to be
determined experimentally. Roughness average (Ra) value of

the surfaces generated was less than 1 micron.
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IV. Principles of Different High Energy Beam

cutting Methods

4.1 Principle of Waterjet Cutting:

Water at high pressure is forced through a tiny
sapphire orifice to form a coherent fluid jet of stable
laminar flow. The jet exits the sapphire nozzle at more
than twice the speed of sound and cuts as it passes through

the workpiece.

The technology involves pumping a 0.08mm to 0.46mm
(0.003in - 0.018in) diameter water stream at 207 to 414 Mpa.
(30 - 60ksi). The waterjet is used to cut or slit nonwoven
materials, corrugated box materials, plastics, paper, fish,

meat, vegetables, etc.

For a pure water Jjet the ideal relationship between
static water pressure and the resultant Jjet velocity is
characterized by the following relationship.

P = 1/2%p*V>2

The velocity values over a typical range of pressures

are given below:
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Static pressure Jet velocity
(psi) (fps.)
25,000 1800
35,000 2100
45,000 2400
55,000 2700

4.2 Principles of Abrasive Waterjet Cutting:

The Abrasive waterjets are formed in hydroabrasive jet
nozzles. These comprise of a sapphire nozzle and a focussing

tube made of tungsten carbide (Fig 7a and 7b).

The high pressure water is forced through the sapphire
orifice to form a stable coherent high velocity waterjet
[10]. The waterjet immediately passes through the mixing
chamber in the focussing tube. Abrasive particles are
introduced into the hydroabrasive nozzle body and are drawn
into the high pressure water stream. In the mixing chamber,
part of the waterjet’s momentum is transferred to the
abrasive particles whose velocities rapidly increase.
Typical particle velocities are 300-600 m/sec and mass flow

rate is about 150-280 g/min. [15].

A focussed high velocity abrasive-waterjet exits the
focussing tube nozzle and performs the cutting action.
cutting of the material occurs as a result of complex
erosion phenomena and is controlled by a several parameters

listed in Table I [8].
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4.3 Principle of Plasma arc cutting:

Unlike waterjet cutting Plasma arc cutting is a thermal
process in which energy for the melting or vaporization of
the metal is obtained from a stabilized electric arc. After
ignition of the arc between the cutting electrode and the
metal a pressurized gas is supplied through the orifice (Fig
10b). The voltage between the electrode and the metal
ionizes the gas. Now the gas 1is called plasma and is
electrically conductive. Due to the constriction in flow at
the orifice the resistivity of the gas increases and its
temperature rises. The extreme heat of the jet melts the
metal. The kinetic energy of the pressurized gas blows the

molten material out of the cutting area.

PAC can be used to cut all types of conducting
material. The cutting speed with plasma arc cutting exceeds
any other high beam cutting processes. The major
disadvantage of the plasma arc cutting is the quality of
the plasma cut surface as the thickness increases. The edges
of the generated surfaces are rounded off in many instances.
It becomes necessary to use a secondary process to improve
the surface finish. The use of AWJ as an effective tool

for this purpose was one of the objectives of this study.
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4.4 Principle of Oxyacetylene cutting:

In Oxyfuel cutting (OFC) a fuel gas/oxygen flame heats
the surface to ignition temperature, and a stream of pure
oxygen feeds the cutting action. In practise, OFC begins by
heating a small area on the surface of the metal to the
ignition temperature of 760-870°C. (1400-1600°F.) with an
oxyfuel gas flame. Upon reaching this temperature the metal
surface appears bright red. A cutting oxygen stream is then
directed at the preheated spot, causing rapid oxidation of
the heated metal and generating large amounts of heated
metal. The heat supports continued oxidation of the metal as
the cut progresses. This causes the metal in the path of the
jet to burn, exposing fresh surfaces for further oxidation
(Fig 13). The cut progresses making a narrow slot or kerf

through the metal.

The surface dgenerated by the Oxyfuel beam has the
maximum roughness compared to the Plasma arc cutting and
the Abrasive Waterjet Cutting. Also OFC can be used to cut
only plain and medium carbon steels only. The main advantage
of AWJ is that it can cut steel more than 6.0" thick. Upto

20" thick steel is known to be cut with Oxyfuel Cutting [1].
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4.5 Principle of Integrated cutting:

Integrated cutting refers to the process of cutting
any material wusing two or more different types of cutting
beams at the same time, or it could also refer to the
availability of several different cutting processes in a
single workcell. As mentioned earlier AWJ cutting is the
ideal tool for cutting materials such as composites,
ceramics, glass, etc., whereas Plasma arc cutting is more
efficient for cutting tough metals like titanium, stainless
steel, etc., if surface finish is not very critical. It is
therefore expedient to develop an integrated workcell
equipped with several types of cutting beams which are

suited for different purposes.

The principle advantage of the AWJ is that it can be
used for cutting any known material. But the material
removal in AWJ is due to particle erosion [6]. Abrasive
particles impinge the surface at velocity of 400-500 m/sec
which results in material erosion. Surface finish can be
improved by reducing the cutting speed as well as the
particle size, this improvement is however 1limited. Pure
water Jjet on the other hand does not possess the strength
necessary for cutting. However, if the material surface can
be heated by a heat source focussed in a small area the
shear strength of the material is reduced and cutting can be

carried out by pure waterjet.
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The heating of the material at the focussed area can be
accomplished by either the plasma arc cutting beam or the
Oxyfuel beam. The feasibility of using both the plasma as
well as the Oxyfuel cutting for heating the metal surface
was carried out experimentally. Several factors need to be
considered. The prominent ones being the jet turbulence, the
stability of the flame, the heating time involved, etc. The
effects of these factors are studied in the experiments that

were carried out.
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V. The Equipment Set-up

5.1 The Equipment Set-up

One of the main objectives of this study was to
integrate the various modes of cutting and to perform
cutting tests with the integrated beam. This could be
possible only if all the three cutting tools namely the
Plasma torch, the Oxyfuel torch and the Waterjet nozzle were
accommodated on the same cutting head. The following steps

were taken to ensure that this objective was fulfilled:

1. The water jet nozzle was mounted directly on the
cutting head as supplied by the manufacturer.

2. A special L-shaped fixture (Fig 3) was manufactured
and fixed to the cutting head. The plasma arc cutting torch
and the oxyfuel cutting torch are mounted on this fixture to

be in-line with the abrasive water jet nozzle.

Due to this arrangement of the torches it was possible

to investigate different types of cutting techniques.

1. It was possible to investigate the simultaneous
operation of the water jet beam with either plasma arc or
the Oxyfuel cutting beam. The two beams were focussed at a

common point in this type of cutting operation (Fig 1).
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2. The heat beam was focussed at a fixed distance in
front of the waterjet beam. This raised the surface
temperature of the material before impingement by the

waterjet. (Fig. 1)

3. The heat beam was used for cutting the material in
one pass and in the second pass the surface was finished

using the AWJ (Fig 2).

The operation of the three cutting beam processes is
described in the Appendix so as to give the reader an idea

regarding the technique of integration.
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VI. SYSTEM DESCRIPTION

The main objective of this research is to construct an
integrated workcell comprising the hydroabrasive jet, the
plasma arc cutting and the oxyfuel cutting torch. The basic
HS-3000 CNC hydroabrasive workcell is modified in order to
incorporate the PAC and the OFC torches. The workcell was

supplied by Ingersoll Rand Co. (Fig 4).

The equipment for the entire workcell can be classified
into three component systems.
1. Waterjet system components.
2. Plasma arc cutting system components

3. Oxyfuel cutting system components.
6.1 Waterjet System Components

Any basic waterjet system consists of the following
parts (Fig 5a.):
a. A water treatment system
water intensifier system

polymer mixer

A
A
d. A water delivery system
A cutting head (either pure water or hydroabrasive)
A abrasive delivery system
A

g. catcher system

h. Settlement tank
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i. Motion equipment for moving the cutting head.

6.1.1 Water Treatment System:

The water treatment system involves the process of
softening of +the water prior to feeding it to the
intensifier. The water must be softened to remove the iron
and calcium dissolved solids since they tend damage the
orifice if not eliminated. To treat the water mechanically
and chemically, low pressure filters (1-10 microns) and

softener is used.

6.1.2 Water Intensifier System (Fig 5b):

The system uses a hydraulically driven, double acting
reciprocating plunger type intensifier made by the
Streamline water jet cutting division (Fig 5b). The pressure
ratio is 40:1. The primary circuit is provided with oil up
to 1500 psi from a hydraulic pump. The secondary circuit
provides water at up to 60000 psi to the nozzle. For reasons
of safety, the maximum operating pressure of the
intensifier is maintained at 50,000 psi. Most materials can

be cut satisfactorily at the pressure of 25-50 ksi.

The intensifier system also contains a water
accumulator which is used to store the high pressure water.

This large pressure vessel contains no moving parts and acts
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as a storage chamber for the high pressure water in the same
manner as the storage chamber of a air compressor functions.
It is also used to house a filter element to protect the

cutting nozzle from dirt particles.

6.1.3 Polymer Mixer

A reciprocating polymer mixer pump is available in the
system. This pump delivers the polymer into the supply
water. Addition of polymer into the water in quantities of
0.3-0.5% by volume increases the viscosity of the water and
improves the jet coherence expelled through the orifice.

The addition of polymer into the system is optional.

6.1.4 Water Delivery System

Water is carried from the pumping unit to the cutting
station through high pressure tubing. The connections to the
tubing are made with high pressure fittings. The end of each
tubing is coned, threaded and forced into a conical seat

with jamb nuts.

6.1.5 The cutting Head.

The cutting head can be a simple nozzle made of

sapphire and positioned in a special nut threaded to the end

of the high pressure pipe. A pure water jet is formed which
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can be used to cut soft materials 1like plastic, wood,

Styrofoam, non woven polythene etc.,

Abrasive-Waterjet cutting can be enhanced by the an
alignable nozzle assembly. The main parts of the nozzle
assembly are shown in Fig 7a and 7b. The nozzle comprises
of a ball type sapphire orifice and a tungsten carbide
focussing tube. The longitudinal axis of the sapphire can be
adjusted by four set screws so as to be coaxial with the
focussing tube. The 1life of the sapphire orifice varies
between 10 - 100 hrs. and that of the focussing tube is
about 2-6 hrs. The main cause of failure of the sapphire
orifice is presence of entrained dirt particles in the high

pressure water supply.

6.1.6 Abrasive Transfer System

The abrasive supply to the nozzle is carried out by a
bulk abrasive supply system (Fig 6b). The bulk abrasive
supply system consists of a container for storing the
abrasive and can handle up to 500 lbs of 80 mesh abrasive.
The abrasive particles are supplied to the hopper by means
of compressed air through a hose. The bulk abrasive transfer
supply system requires minimum operator attention and can
run continuously for 16 hrs without a refill. The system
needs compressed air at 60 psig. The outlet pressure

maintained with a pressure regulator at approx 30 psig.
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carries the abrasive to a temporary hopper attached to the
machine head through a flexible hose. An electronically
controlled vibrating tray meters the flow of abrasive to a
catch hopper. It is then aspirated through a short section
of a flexible tube into the mixing chamber of the nozzle
assembly. Here it mixes with the high pressure water stream
which accelerates the abrasive through the focussing tube to

the workpiece.

The abrasive transfer system poses some difficulty if
it is necessary to change the type of abrasive. Removal of
the abrasive from the storage tank consumes considerable
time. The system operates at maximum efficiency when only

type of abrasive is used for a long period of time.

6.1.7 Catcher System

The catcher tank installed below the cutting table
collects the spent abrasive, the water and the cutting
debris, which settle to the bottom of the tank. The size of
the tank enables us to contain the noise of the high
pressure jet. The base of the catcher tank is provided with
a slope to facilitate easy flow of water. The water and the
abrasive flow into a settlement tank where the water drains
out and the abrasive grit settles down. The grit is disposed
off periodically from the tank. The greater depth of the

catcher tank reduces the noise from the high pressure jet.
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6.1.8 Settlement Tank

The water and the abrasive from the catcher tank flows
into the settlement tank which is usually placed behind the
machine. The water in the settlement tank is drained or

recycled after passing through a filter unit.

6.1.9 Motion Equipment.

Schematic of the waterjet cutting workcell with the
arrangement of the torches on the z axis slide is shown in
Fig 3. The basic workcell consists of a 60 cm. X 120 cm
cutting area. The nozzle is mounted on a gantry. The cutting
head motion is controlled entirely by the Allen Bradley
series 8400 CNC controller. The controller provides the
programmable and the manual motion to the nozzle along the
X and Y axis whereas the position of the nozzle along the Z
axis can be controlled independently. Along the Y axis the
motion is achieved by means of ball screw and along the X

axis a rack and pinion system provides the motion.

The principal features of the workcell can be

summarized below:

a. Workcell Enclosure
The workcell is fully enclosed and thus the noise

outside the workcell area is considerably reduced (Fig 4).
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A metallic steel enclosure is provided to the workcell. The
inside wall of the enclosure 1is 1lined with a noise

insulating material to absorb the noise.

b. The Allen Bradley Series 8400 controller (Fig 8)

The CNC control of the workcell is achieved by a
series 8400 Allen Bradley controller. The control has
provisions of intensifier start up and shut off, booster on
and off, nozzle on and off, manual control for the slides,
and abrasive feeder on and off. An alphanumeric keyboard
allows the operator to key in the task program for
execution. A set of soft keys guide the operator through
different menu as the user makes his choice. The control is
also used for the operation of the Plasma cutting torch and
Oxy fuel cutting torch. Another important feature of the
control is that the graphical simulation of the nozzle
motion <can be viewed on the monitor for program

verification.

6.2 Plasma Cutting Equipment:

The plasma cutting equipment is manufactured by Linde
Co.. The main parts of the plasma cutting equipment are

shown in the Fig 9 and Fig 10.
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The different parts of the Plasma arc cutting equipment
are:
1. The transformer housing unit.
2. The gas supply cylinders.

3. The cutting torch.

6.2.1 The Transformer Housing unit: (Fig 9)

This houses the main transformer and contains the output
current controlling unit. The output current can be
controlled from 0-250 amps. and depends on the material
properties and the thickness to be cut. The input power is
460V at 95amps. It also contains a gas flow control unit.
This helps to precisely control the gas flow to the torches.
The transformer ON/OFF switch is located on the transformer

housing unit.

6.2.2 The Gas Supply Cylinders:

Plasma arc cutting utilizes argon as the chief ionizing
gas and either nitrogen or hydrogen as a shielding gas. Both
the gases have excellent thermal conductivity properties.
The mixture supplied is usually 65% argon and 35 % nitrogen.
The supply of gas 1is done through solenoids which are

operated automatically.
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6.2.3 The Cutting Torch

The unit uses a PT 251M mechanized cutting torch. The
torch is mounted upon a special fixture attached to the
cutting head of the HS-3000 hydroabrasive workcell. A
control panel fixed on the front side of the machine
operates the torch. The construction of the torch is also
shown in Fig 10b. The unit uses a tungsten electrode at the
center of the torch and is held by a brass collet. A copper
nozzle is provided for gas flow. In practise the mixture of
argon and nitrogen or argon and hydrogen flows through the
nozzle at a predetermined rate. The unit uses a transferred
mode of plasma arc cutting in which the current passes from

the positive tungsten electrode to the negative workpiece.

6.3 Oxy-fuel cutting equipment

The fuel gas used is acetylene. The edquipment consists
of an oxy-fuel cutting torch (Fig 13). The torch has inlet
ports for preheat oxygen, cutting oxygen and the fuel gas
(in our case the acetylene). The gas supply is through
electrically operated solenoids. Stainless steel nozzles
are used for regulating gas flow. Depending upon the
thickness of the material to be cut the nozzle size varies

as well as the gas flow rate.
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6.3.1 The Cutting Torch

The unit uses a type C-58 torch (Fig 13) manufactured
by the Linde Gas Co. The torch is provided with inlet ports
for fuel gas, preheat oxygen and cutting oxygen. A rack and
pinion mechanism allows for adjusting the stand-off of the
nozzle. The torch can be used for cutting material upto 4.0"

thick.
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VII. The Experimental procedure

7.1 Machining Tools Used For the Study:

The following tools were used for the experiments:
1. Waterjet nozzle, for producing pure waterjet.
2. Abrasive-waterjet nozzle, for producing Abrasive-water
jets.
3. The plasma arc cutting torch.

4. The oxyfuel cutting torch.

The major equipments used in the study are the HS-3000
workcell, the streamline intensifier unit, the Plasma arc
cutting unit PCM-250, and the Oxy-acetylene cutting unit.
All these equipment are available at the Waterjet machining

laboratory at NJIT.

7.1.1 Tools for WJ and AWJ :-

Different sizes of sapphire nozzles ranging from
0.004"- 0.014" were used for the formation of the Waterjet
and the AWJ. Also the focussing tubes made of tungsten
Carbide were used for obtaining the AWJ. The sizes of
focussing tubes used in our experiments are 0.030" and

0.043".
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The abrasive particles used for the AWJ beam is garnet
supplied by the Barton Mine Co. Available grit sizes range
from 50 mesh to up to 1400 mesh. In our experiments the mesh

sizes #80, #220, #280 and #1000W are used.

7.1.2 Tools for Plasma arc cutting -

The main tools used are the tungsten electrode and the
copper nozzle. For steel, upto 12.5 mm thickness a 1.6mm dia
electrode is used, above 12.5 mm thickness 2.0mm diameter

electrode is used (Table IV).

Copper nozzles for gas flow are available in 3 sigzes,
1.4mm, 1.6mm., 2.0mm.. Selection of nozzle depends upon the

material thickness (Table IV).

7.1.3 Tools for Oxyfuel Cutting :-

The Oxyfuel cutting torch uses a nozzle for gas flow.
The nozzle design is shown in Fig 13. The hole at the
center, allows for the flow of the mixture of cutting oxygen
and the fuel gas (Acetylene). The smaller holes on the

periphery of the nozzle allow for the flow of the preheat

oxygen.



35

7.2 Description of Experiments:

The experiments performed in this study can be broadly

classified into three categories.

I. Experiments with individual cutting beams.
II. Experiments related to integration of the beams
III. Experiments to improve quality of surface finish

using AWJ.

7.2.1 Experiments with individual cutting beams.

Experiments were carried out with the individual modes

of cutting with following objectives :-

1. Determine the feasibility of performing cutting
operations with the Plasma beam and the Oxyacetylene beam

on the HS-3000 workcell.

2. To determine the surface finish obtained by the

three processes.

Cutting experiments were carried out on following

materials:

Plain carbon steel, stainless steel, Aluminjum and

titanium.
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The material thickness used in the experiments were 6.35mm,

12.5mm, 25.4nmm.

The parameters were chosen such that the test material was
always cut through. Cutting speed was used as a variable
parameter. All other parameters were used as recommended by

the manufacturers (Tables IV,V).

7.2.2. Experiments related to integrated cutting:

The heating of the material at the focussed area can be
accomplished by either the plasma arc cutting beam or the
Oxyfuel beam. Plasma arc was rejected as a source of heat

for several reasons.

1. The temperature of the plasma arc beam is too high, of
the order of 20,000 deg [28, Fig. 10c] Celsius. Impingement
of this beam results in instantaneous melting of the

material.

2. The cutting speeds of PAC and the waterjet beam are
incompatible. At low material thickness (below 12.5mm) the
rate of PAC cutting is at least 10 times higher than the

WJ.
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The Oxyfuel cutting beam is an wuseful tool for

integration with the waterjet for the following reasons:

1. The maximum temperature obtained from the OFC is
about 3000 deg celsius. The beam needs to be focussed for at
least 30 sec before it melts the metal surface.

2. The cutting speed with OFC is considerably low and

is only slightly higher than the AWJ.

Following experiments were carried out in relation to

the study of Integrated cutting:

7.2.2.1 Experiments with pure Waterjet :

The objective of these experiments was to determine the
pierce capability of the pure water jet and the variation in
the depth of penetration for different jet diameters. Pure
water jet formed with different sapphire nozzles was used
for piercing of the aluminium plate. The plate thickness was
chosen as 6.25 mm. The nozzle diameter was varied from

0.004"-0.014".

Piercing experiments on steel specimen were not
successful. The capability of pure waterjet to pierce

through hard materials is limited.
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The time taken for piercing through the thickness of
the material was measured. It is seen (Table - X) that
with the reduction of diameter of the sapphire nozzle the
time taken for through piercing increases exponentially for
the same thickness of the material. Also the time required
for through penetration as the thickness of the material is

increased is considerably higher than at smaller thickness.

7.2.2.2 Experiments with Oxyfuel cutting beamn.

The time taken for the oxy-acetylene beam to pierce
through the metal was measured. The oxy-acetylene beam was
focussed at one point on a plain carbon steel specimen.
Material thickness of 6.35 and 3.25mm was chosen for the
experiment. The focus time was gradually increased keeping
the gas flow rate and the other parameters affecting the
beam temperature constant. The beam was maintained at the
same point until the material on the surface started to

melt.

This experiment made it possible to determine the time
of heating of the material surface before impingement of the

high pressure waterjet.
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7.2.2.3 Experiments for integration of Oxyfuel-Waterjet

beam for cutting.

The Oxyfuel torch was fixed to the L - fixture
attached to the machine head. The torch was rotated through
an angle of 50 -60% to focus the beam and the waterjet at

the same focal point (Fig 14).

Test samples were sized to 50 mm. X 50 mm. Two
different thickness 3.125mm and 6.25mm were chosen for the

experiment.

The following experimental procedure was adopted to
study the effect of heating the material on water jet

cutting.
(i) Piercing using the integrated beam:

The objective of the study was to determine the effect
of the heating and subsequent impingement by pure waterjet
on the volume of material removal.

The parameters varied included
1. Heating time of the material, 0-25 sec gradual

variation.

2. The time of piercing of the jet, 0.5s, 1.0s, 1.5s 2.0s..
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3. The sapphire diameter for waterjet, 0.1016-0.3556mm.
4. The standoff distance for the thermal beam, 25-50mm.
5. The water jet standoff distance was varied between

2-25mm.

The following procedure was carried out to conduct the

experiment.

1. The thermal beam was initially focussed on the metal
surface for a time t sec.
2. At the end of time t sec. the waterjet was impinged

upon the heated spot for a time period tl sec.

It was observed from the heating experiment carried out
with the oxy-acetylene beam that when the heating time for
carbon steel was varied Kkeeping all other factors constant
the minimum heating time (t) necessary for the waterjet to
pierce through a sample of thickness 3.125mm was about 25
sec. The piercing time of the waterjet (tl) was kept fixed

at 0.5 sec.

(ii) Linear cutting experiments:

The Oxyfuel beam nozzle was located approximately 1" in
front of the waterjet beam nozzle (Fig 1). The region
immediately in front of the waterjet nozzle was heated and

the waterjet beam and the Oxyfuel beam were moved
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simultaneously such that the Oxyfuel beam is constantly
heating the metal surface in front of the waterjet nozzle.
Even at speeds as 1low as 0.3-0.5 ipm. cutting was not
possible since the heat on the surface could not be

sustained for more than 1-2 seconds.

Following observations were noted during the

experiments:

1. The highly turbulent flow generated during waterjet
impingement prevented focussing of the Oxyfuel beam at one
point for more than 5 seconds time period. In attempts of at
least 20 cases of linear cutting, the turbulence due to the
Waterjet shut off the Oxyfuel beam in less than 5 seconds

at least 10 times.

2. Initial heating of the material to a certain level
(red hot) over a length of 1"-2" and subsequent cutting by
waterjet also failed. It was observed that as soon as the
waterjet impinged upon the heated surface the surface lost
all the heat and returned to the original temperature within
2-3 sec making further impingement of the waterjet

ineffective.
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7.2.3 Experiments to improve Quality of surface finish

using AWJ :

AWJ machining gives the best roughness on the surface
for any material compared to PAC and OFC. Experiments were
conducted to study and determine the conditions to achieve
the best roughness due to AWJ cutting. The experimental
matrix is given in Tables VIII -A,B,C.

Stainless steel material was chosen as the test material.
Due to its high toughness stainless steel cannot be finish
machined easily by conventional grinding process [1].
Material removal by grinding becomes difficult due to the
"loading" of the grinding wheel. As a result precision

grinding of a stainless steel surface is very difficult.

AWJ cuts stainless steel material relatively faster. In
our experiment the main objective was the use of AWJ as a
surface finishing tool for generating precision surfaces.
5" wide flats of stainless steel of grade SS 403 was chosen
for the experiment. Two different thickness 0.5 inch and 1.0
inch were chosen for the experiment. The flats were cut
approximately into 1.5 inch 1long pieces by plasma arc
cutting (Fig 22). These pieces were then used for further

finishing by AWJ.

The specimen was held securely in a vise. The AWJ was

moved tangential to the plasma cut surface (Fig 15).
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Minimum material was removed from the surface in each pass.

The lateral depth of cut was less than 0.03 in.

The parameters varied were the cutting speed, sapphire
diameter, carbide diameter, abrasive grit size, water
pressure, the number of passes and the material thickness.

Results are tabulated in Tables XIX -XXIII.

Limitations of the experiment:

It is not possible to measure the actual depth of cut
for the first pass while finishing a workpiece. This is due
to the fact that the nozzle was positioned visually with
reference to the workpiece surface. Hence the depth of cut
during the first pass was varying upto a maximum of 0.03".
The depth of cut for subsequent passes could be set
accurately with reference to the first pass position of the

nozzle.

7.2.4 The measurement procedure for Surface Roughness:

A Hommelwerke make surface analyzer (Fig 24) was used
for the purpose of measuring the Roughness Average (Ry) of
the waterjet machined surfaces. This 1is a stylus probe
instrument and has features to measure the R, Rz and Ry
[37]. Three tracing lengths (sampling 1lengths) of 1.5mm,

4.8mm and 15mm are possible for measurement purposes. In our
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experiments 4.8mm tracing length was used for measuring the
Roughness Average. The Roughness Average can be measured in
either micrometers or microinches. The measurements in our

experiments was done in micrometers.
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VIII. Results and Discussion

8.1 Results of Individual Cutting:

out of the three high energy beams Oxyfuel cutting
produces the surface with the maximum roughness at
thicknesses upto 2.0", and the AWJ cutting gives the best
roughness. Above 2.0" thickness Plasma cut surfaces have the
roughest surface finish. The cutting speeds for the PAC and
the OFC are given in Tables IV and V. Tables I-III list the
parameters affecting each of the three processes. It is seen
that Plasma arc cuts the fastest for a given thickness and
AWJ cuts the slowest, below a thickness of 2". Table VIII
compares the two thermal cutting processes. The Heat
affected zone (HAZ) thickness is less in case of PAC than in

OFcC.

8.2 Results of Integrated beam Cutting:

8.2.1 Piercing tests:

Summary of results:

The impingement of waterjet on the heated steel sample
of 3.125mm thickness resulted in a through pierce. The
samples indicate that the material removal occurs as a
result of instantaneous displacement due to the impact force

of the high pressure jet. The impingement results in the



46

formation of a large dimple about 8mm. in diameter and 4mm.
deep (Fig 18). The diameter of the pierce hole varies

between 2-3mm diameter.

The following factors influence the formation of the
dimple.
1. The heating time of the surface.
2. Material thickness.
3. The piercing time of the jet.

4. The accuracy of focus of the jets.

8.2.1.1 Effect of heating time on the material removal:

A low heating time reduces the effect of impingement of
the waterjet. The material removal volume and the depth of
pierce of the integrated beam is directly proportional to

the heating time (Fig 27-30, Tables XIII-XVI).

Excessive heating time results in the melting of the
surface of the impingement zone. For the plain carbon steel
workpiece of thickness 3.125mm, the optimum heating time of
the material is 25 sec. The jet was able to pierce the
material after a heating time of 25sec. The jet pressure

was maintained at 50ksi.

For a steel plate of 6.25mm. thickness the heating time

could not be increased beyond 30 sec., since the surface of
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the material started to melt at this stage. Impingement of
the jet on the surface prior to this period resulted in the
formation of a dimple similar to that with material of
thickness 3.25mm. The maximum depth of the jet penetration

at these conditions was 2.0mn.

8.2.1.2 Effect of material thickness on impingement:

As the material thickness increases the heat input to
the workpiece needs to be increased to maintain the
intensity of the heat. At the same time excess heat input
results in melting of the material surface. For 3.25mm
thickness heating for 25 sec. was sufficient. For 6.35mm
thickness the maximum heating time was 30 sec. above which

the material surface was melted.

8.2.1.3 Pierce time of the jet:

In the experiments carried out the time of piercing of
the waterjet was 0.5 sec., and 1.0 sec. Increasing the
piercing time above 1 sec. duration practically did not
effect an increase in the material removal due to intensive

heat dissipation in the impingement zone.
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8.2.2 8Surface finishing tests:

It was shown that the AWJ finishing enables us to
reduce surface roughness. The effect of the specific

operational conditions on the topography is discussed below:

8.2.2.1 Effect of Sapphire and Carbide tube Diameter on

Roughness Average (Ra): (Tables XX and XXIII)

Results of experiments show that the sapphire nozzle
and the focussing tube nozzle diameters do not effect
significantly the surface finish. Sapphire/ Carbide nozzle
combinations of (0.007/0/03), (0.009/0.030), (0.009/0.043)

in. show almost no deviation in the Roughness Average value.

8.2.2.2 Effect of Particle Size:

(Tables XIX - A,B and Figures 35-38)

Particle size has a very decisive effect on the surface
Roughness. The use of the finest available grit size of 220
mesh resulted in a (Ry) value of 0.92 microns (36 micro-
inch) at a nozzle traverse speed of 12.5 mnmmpm. The
corresponding R, value obtained was 4.35 microns, (172

micro-inch).
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The use of abrasive particles of mesh size 280 in
Garnet and Silicon carbide was tested. It was observed that
abrasive flow rate of 225 gm/min. is not sufficient to
effect finishing beyond a depth of 7mm. from the top of the
surface. Higher mass flow rates are desirable for consistent

Roughness at depths greater than 100mm for these grit sizes.

The use of 1000W and finer grit were not successful for
the machining operation because the dry abrasive feeding of
these sizes was not feasible with the existing suction type

abrasive feeding.

8.2.2.3 Effect of Number of Machining passes :

The Roughness average value will become more uniform as
the number of passes are increased. Also the uniformity of
the Roughness value with Depth is improved as the number of
passes are increased (Figures 34 and 39).

In this experiment the depth of cut for the second and

successive passes was kept minimum (<0.005").

8.2.2.4 Effect of lateral Depth of Cut:

Lateral Depth of cut refers to the lateral feed of the
AWJ beam per pass. The best results with regard to Roughness
are achieved with a depth of cut of 0.1-0.4 mm. depending

upon the uniformity of the original surface. As the depth of
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cut 1is increased the Roughness value increases with

increasing depth from the top surface.

Garnet when used as abrasive material with mesh size of
280 results in an increase in the surface waviness although
the Roughness is improved. Experimental results wusing
Silicon Carbide of 240 mesh, show that the surface finish is
improved when compared to the samples using garnet

abrasive.
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IX. Conclusions and Recommendations

1. The experiments with the individual modes of cutting
demonstrate that an Integrated High energy beam workcell
can greatly increase the productivity and the flexibility of
the manufacturing processes. Depending upon the surface
finish and tolerance redquirements the suitable cutting
process can be adopted. The accuracies of machine cutting
are applicable for Plasma Arc cutting and Oxyfuel cutting as

a result of integration.

2. Integrated beam cutting with thermal and Waterjet
beams was investigated in stages. The following conclusions

are drawn from these investigations:

(1) The results demonstrate that the integration of the
thermal and the Waterjet beams can be implemented and needs

further investigation concerning the cutting parameters.

(ii) For a plain carbon steel plate of 3.125 mm thickness
the maximum heating time for Oxyfuel beam is 22-24 sec.
before the surface of the metal starts to melt. This in
effect 1is the 1ideal time for the start of waterjet
impingement to acheive the maximum depth of penetration by

the jet.
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(iii) Piercing operations by the waterjet beam on red hot
surface of steel plates have resulted in an increase in the

material removal volume.

(iv) The duration of piercing by the waterjet beam is less
than 0.5 - 1.0 sec. Piercing for longer durations results
in rapid heat dissipation from the impingement zone and has

no further effect on penetration.

(v) Besides the beam heating time and the jet pierce time
the accuracy of the jets’ focus point and the diameter of
the sapphire waterjet are important parameters effecting the
volume of material removal. In dgeneral, the higher the
accuracy of the jet focus points, higher the depth of
penetration by the waterjet beam. Similarly, larger the jet

diameter greater is the depth of penetration.

(vi) The High Pressure Waterjet induces substantial
turbulence in the surrounding air in its path. The
turbulence was observed to affect the stability of the
oxyfuel beam. Therefore simultaneous jet impingement and
heating is not possible with oxyfuel beam as the heat

source.

(vii) Plasma cutting beam cannot be used for the heating of
the impingement zone. The high temperature (>15,000° C) of

the plasma beam results in instantaneous melting of the
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material making further impingement by waterjet impractical.
In comparison Oxyfuel beam is suitable for the purpose of

beam integration.

3. The workcell design with the enclosure suggests that it
is feasible to operate the High energy beams such as High
Pressure Waterjet and Plasma Beam, etc. within the
government approved noise 1limits. The enclosed workcell
recorded noise limits less than 85 dB compared to the 110 dB

recorded with an open workcell.

4, The conclusions derived from the surface finishing

experiments can be summarized as below:

(1) AWJ can be used as a surface finishing tool to produce
precision surfaces with Roughness Average (Ry) value of less

than 1 micron.

(ii) Particle size is the most important parameter
affecting the surface finish. Garnet abrasive with 220 mesh
and mass flow rate of 225¢g/min resulted in an Ry value of

0.86-0.92 micrometers at a speed of 12.5mmpm.

(iii) Particle sizes above 220 mesh regquire higher flow

rates of 400 gms/min or higher. Further experiments with
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suitable designs of nozzle body assemblies that can handle

high flow rates are strongly recommended.

(iv) Sapphire nozzle orifices in the range of 0.007"-0.012"
and tungsten carbide focussing tube in the range of 0.03"-

0.043" give almost similar results on surface finish.

(v) The experiments on surface finish were carried out on
stainless steel plates of thickness 12.5mm. and 25mm.
Experiments with diverse materials such as glass on the same

principle is strongly recommended.

(vi) Dry abrasive feeding by gravity and suction of mesh
sizes of 1000 and above was not possible. Investigations
using forced slurry feeding of these sizes is strongly

recommended.

(vii) The variation of the surface Roughness over depth is
affected by the number of passes and the traverse speed of
nozzle. Increasing the number of ©passes reduces the
variation of the Roughness values with increasing depth.
Similarly reducing the traverse speed improves the surface

roughness with increase in depth.

(viii) It was possible to investigate the improvement in
Surface roughness wherein the workpiece was held stationary

against a traversing jet. It is strongly recommended that
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suitable designs of nozzle body assemblies that can handle

high flow rates are strongly recommended.

(iv) Sapphire nozzle orifices in the range of 0.007"-0.012"
and tungsten carbide focussing tube in the range of 0.03"-

0.043" give almost similar results on surface finish.

(v) The experiments on surface finish were carried out on
stainless steel plates of thickness 12.5mm. and 25mn.
Experiments with diverse materials such as glass on the same

principle is strongly recommended.

(vi) Dry abrasive feeding by gravity and suction of mesh
sizes of 1000 and above was not possible. Investigations
using forced slurry feeding of these sizes is strongly

recommended.

(vii) The variation of the surface Roughness over depth is
affected by the number of passes and the traverse speed of
nozzle. Increasing the number of passes reduces the
variation of the Roughness values with increasing depth.
Similarly reducing the traverse speed improves the surface

roughness with increase in depth.

(viii) It was possible to investigate the improvement in
Surface roughness wherein the workpiece was held stationary

against a traversing Jjet. It is strongly recommended that
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the alternate method of moving the workpiece surface

against a stationary jet also be investigated.

5. The experiments conducted with the cutting of
different fiber-composites using AWJ clearly demonstrates
feasibility of using AWJ to ©prevent the composite
delamination during cutting. This application of AWJ
promises wide practical scope for the composite material

industry.
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APPENDIX - A

WORKCELL OPERATION

The operation of the three processes is described so as to give
the reader a knowledge concerning the technique of beam integration for

machining.

A.l1 Operation of the Abrasive waterjet:

The operation of the pure water jet is a fairly simple process. A
sapphire diamond nozzle is placed in a holder which is fastened to the
stem attached to the valve near the end of the high pressure tubing. The
diameter of the nozzle varies from 0.003 - 0.014 in. When the nozzle ON
is pressed a supersonic high pressure column of jet issues out of the
nozzle which can be used for cutting soft materials 1like plastic,

rubber, wood, non-woven products, fish, fabric, etc.

For the operation of the Abrasive waterjet an abrasive nozzle
assembly (Fig 7a and 7b) is used. The nozzle assembly is designed by
IR and uses a ball orifice and a carbide focussing tube. The alignment
of the ball orifice to the carbide focussing tube is made on the

Alignment station.
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A.1.1 The Alignment Station (Fig 6a)

The alignment station is a stand alone unit for performing the axial
alignment of the focussing tube and the sapphire nozzle. It uses
ordinary tap water at normal pressure. The alignment process involves

the following steps:-

1. The sapphire ball orifice is placed inside the nozzle body and
tightened lightly with the set screws. The nozzle body is then tightened
to the outlet of the alignment station. Only hand tightening is

sufficient.

2. The water is supplied to the system. A thin column of jet
issues out of the nozzle. Visually the jet column is centered to the

extent possible.

3. The alignment tool 1is fixed at the bottom of the nozzle body.
The column of jet is adjusted to focus through the hole in the alignment
tool. The set screws holding the ball orifice are tightened. If the jet
column is passing freely through the hole in the alignment tool it
indicates that the sapphire and the aligning tube are perfectly aligned.
The alignment tool is then removed and replaced by the focussing tube. A
thin uninterrupted column of jet issues out of the focussing tube

indicating that the sapphire orifice and the focussing tube are aligned.

The advantage is that more useful energy of the jet is available

for cutting due to improved alignment.
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The nozzle body is then ready for mounting on the machine. The
nozzle assembly should be initially tightened with 1light force and
tested at low pressure for any leaks. If there are any leaks through the
weep hole further tightening will be necessary. Once all leaks have been

stopped the machine is ready to be used for AWJ cutting.

A.1.2 Program Execution

The actual cutting by AWJ on the HS-3000 involves following

steps:

1. On power-up the following necessary steps need to be performed
to be able to operate the machine:
a. Press the exit button (Soft key) on the controller.
b. Enter user Access code. Main Menu comes on the
monitor.
c. Turn the Drives ON by closing and opening the
Emergency red switch once.
d. Press the white soft key for Manual Operation on
the menu screen.
e. Press the soft key for Machine Home.
Wait until the Control performs Machine Homing of
both the Y as well as the X axes indicated by
message "Machine Homed" on the Console.

The machine is now ready for operation.



60

2. The required NC program to be executed is entered into the
controller memory either through the keyboard, or through the PC using a

communication package like the PC-Talk.

3. The counter for the abrasive flow provided on the control panel
of the machine can be set at any desired value. The flow rate at a
particular counter setting is measured by collecting the abrasive for
one minute of flow and weighing the same. It is recommended to measure
the abrasive flow rate frequently to assure accuracy of the experiments
performed. A minor variation in flow rate can be expected due to the
disturbances in the system and slight variations in the different
batches of the abrasive supplied. The actual effects on the cutting of
AWJ due to these minor variations in the abrasive flow rate can be
neglected.

If the bulk abrasive transfer system is being used, the air supply
valve to this unit is opened and the power switch is pressed ON.

Pressure setting on the regulator of this unit is set at 30 psig.

4. The cutting area is ensured to be clean. A supporting material
such as Styrofoam may be used to cover the steel grating to prevent the
escape of fumes into the cutting environment. The workpiece is placed on

the Styrofoam and secured by additional weights placed upon it.

5. The nozzle standoff is adjusted by manually positioning the 2Z-

axis on the slide.
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6. The program can be verified by using the graphics and the dry
run features of the CNC control. Necessary adjustments in the workpiece

positioning or the start point position of the nozzle are made.

7. Press the AUTO-OPERATE soft key on the Controller and enter

the desired program number to be executed.

8. Press the intensifier ON and note the pressure reading on the
dial.
Wait for the pressure to reach a maximum.
9. Press the cycle start button.

The control will execute the program.

For the purpose of 2 dimensional cutting the workpiece need not have any
elaborate clamping fixtures. A simple weight could be placed over the
component to prevent its displacement during cutting. Styrofoam may be
used as a convenient support material for the workpiece. In case of
through cutting abrasive waterjet does not give excessive spillage of

water and also operates with minimum noise.

A.2 Operation of the Plasma cutting equipment:

The Plasma arc cutting outfit is supplied by the Linde Gas Co. The

unit uses a mechanized torch and the cutting process is fully automated.
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Plasma arc cutting can be used to cut any conducting metal. Two
sizes of tungsten electrode, 1.6 and 2.0 mm (Fig 12a & 12b) were used
for the arc generation. Three sizes of copper nozzles were used for the

experiment. The operation involves the following steps.

1. The gas pressure on the Argon and the nitrogen gas cylinders is set

at 90 psig.

2. The unit is turned ON by turning the ready-off switch to the ON

position.

3. The output current is set to the desired value.

4. The gas flow rate is measured by depressing the buttons under the gas

flow meter and adjusted to the desired value.

5. Depending upon the thickness and the material the electrode and the
nozzle size are chosen. The setting of the electrode is done using

the setting gauge supplied by the manufacturer.

6. The torch is clamped to the special fixture attached to the cutting
head of the machine (Fig 3).

The standoff is adjusted to the desired value and is dependent upon
the material and its thickness. It is very necessary to maintain the
standoff to the correct value in Plasma arc cutting. Too high a standoff
will result in the arc being lost and too low a standoff will damage the

nozzle.
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7. Plasma arc is harmful to the eyes and should not be viewed with naked
eye. Protective eye wear should be used to cover the eyes while

operating the plasma arc.

8. The task program is entered in the controller. The AUTO OPERATE soft

button is pressed.

9. The material is placed underneath the torch. The ground cable is

connected to the workpiece by using the clamp provided at its end.

10. The plasma arc START button on the switch board is pressed. Gas flow
starts and after a few seconds the pilot arc is initiated. The START

button can be released after the pilot arc is initiated.

11. As the START button is released the cutting arc is started. The
plasma arc starts to melt the material by piercing. The CYCLE START

button on the Allen Bradley controller is pressed.

12. Initially a low traverse speed is used for the nozzle and as the
cutting starts 100% recommended speed is used by setting the feed rate

override to 100%.

13. Once the program is complete, the STOP button on the switch board is

pressed to stop the arc.
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A.3 Operation of the Oxyfuel cutting equipment:

The principle of Oxy-acetylene flame cutting is very well known and
is already explained in considerable detail in standard books. The
oxyfuel cutting equipment uses a type C€-58 Oxyfuel cutting torch
manufactured by Linde Co.. The torch is equipped with a preheat oxygen
port, a cutting oxygen port and a fuel gas port. The gas supply is
through the solenoids operated electrically. The fuel gas used is
acetylene. Cutting with Oxy-acetylene flame involves the following

steps:

1. The cutting nozzle is chosen and assembled on the torch. The table
provides a guide for choosing the nozzle diameter. Thicker materials

use a larger diameter for increased gas flow as well as increased heat.

2. The task program is entered into the controller. Press the AUTO

OPERATE button and enter the program number to be executed.

3. The gas pressures for the preheat and cutting gas as well as the

fuel gas are set to the recommended values as given in the table.

4. Close all valves on the torch head initially. Press the PREHEAT
Oxygen ON button on the switchboard. Open the fuel gas valve about half
revolution on the cutting torch. Light the flame using a lighter. Open
the preheat O, valve slightly. The flame will burn continuously. Adjust

for a neutral flame by appropriately opening both the valves.
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5. Move the torch by manual jogging the control to the start point of
the cut. Adjust the standoff to position the flame tip to touch the

surface of the material.

6. Heat the surface to red hot glow. Open the cutting O, valve and
press the cutting O, button. Also press the CYCLE START button. After
the cutting is over press the STOP button to shut the gas supply and

kill the flame.

Precautions:

1. Use of eye protection is necessary while cutting with the flame.
2. The workpiece is very hot and care should be taken in handling the

workpiece.
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APPENDIX - B

Results of AWJ Cutting Experiments on Composites:

In order to enhance the knowledge base of machining by AWJ the
application of the AWJ for cutting two different types of Composites was

explored at NJIT.

I. The first sample was a anisotropic carbon fibre composite 7/8"
thick and useful in Bio-medical engineering Applications. A series of
experiments were conducted to determine the operational conditions under
which there is no de-lamination of the material. The following
experimental conditions were found to give satisfactory results:

(i) Pressure - 40-42 ksi.

(ii) Abrasive - Barton’s Garnet #80 HP mesh

(iii) Abrasive flow rate - 0.51lb/min. (225 gm/min)
(iv) nozzle stand-off - 0.1"

(v) orifice/focussing tube diameter - 0.010/0.03 in.

(vi) nozzle traverse speed - 5-6ipm.

It was observed that pressure is the critical factor effecting
delamination. Pressures above 45ksi resulted in delamination almost 100%
of the time. In about 50 experiments conducted at pressure of 40-42 ksi
no delamination was observed in the sample. Reducing the pressure
resulted in a increase in the striations near the lower edge of the
surface. Abrasive flow-rates below 0.4 lb/min resulted in delamination
of the material. Through cuts were not possible beyond a traverse speed

of 9 ipm.
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IT. The second sample consisted of a 1.25 mm thick type G-10"
composite sheet. The area of the sheet is 20"x20". The requirement was
to cut 10 grids on the sheet at specific locations without delamination
of the material (Fig 25). Each grid consists of 10x10 rectangular holes.
The tolerance of the wire thickness between each rectangular plate is
1.25mm +/- (0.25mm). The following procedure was adopted to produce the

required shape on the HS-3000 hydro-abrasive workcell.

The job was finished in two stages. Precisely two programs were
written in order to complete the job. In the first stage piercing
operations were carried out at the center of each of the 1000

rectangular holes. The following parameters were used for the operation:

Sapphire diameter - 0.007 in.
Tungsten carbide tube - 0.030 in.
Abrasive mesh - 80 mesh garnet.
Intensifier Pressure - 14-16 ksi.
Abrasive flow rate - 0.2 1lb/min.
nozzle stand off - 0.1 in.

Jet pierce time - 1 sec.

In the second stage the actual cutting of the grid was performed.
The nozzle started at the center of the pierced hole of the first
rectangular hole in the first grid of the sheet. The rectangular hole

was cut and the nozzle moved to the center of the second rectangular
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hole and so on. After all the 100 rectangular holes in the first grid
were finished the nozzle moved to the center of the first rectangular
hole in the second grid. The following parameters were used in the
second operation:
sapphire diameter - 0.007"
Carbide diameter - 0.03"
Intensifier Pressure - 26-28 ksi
Abrasive flow rate - 0.2 lb/min.
Abrasive mesh - #80 garnet.
nozzle traverse rate - 75 ipm.
nozzle standoff- 0.1 in.
The cycle time for the entire operation was 180 min.

In all 4 nos were produced by this operation. In all the pieces no
delamination was observed at any place in the whole sheet.

From the obtained results it may be concluded that AwJ is ideally
suited for the machining of fiber composites. But the precise operating
conditions to avoid the delamination needs to be determined
experimentally in each case. The conditions of machining depends upon

the properties of the fiber composite material under study.
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Fig 11. Different modes of Plasma Arc cutting process
a. Transferred arc mode

b. Non-transferred arc mode.
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Fig 14. Experimental Setup for Integrated Cutting.
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TABLE I

Parameters affecting the AWJ performance [1]:

1. Hydraulic Parameters:-

* Waterjet pressure
* Waterjet orifice diameter

2. Abrasive parameters :-

* Abrasive flow rate
* Abrasive particle size
* Abrasive material

3. Mixing parameters :-

* Mixing tube length
* Mixing tube Diameter

4., Cutting Parameters :-

Traverse speed
Number of passes
Stand-off distance
Jet angle

Material properties

% % ¥ X X
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TABLE II

Parameters Affecting Plasma Arc Cutting Performance :

Output Current, Amps.

Type of Cutting process, Transferred Arc or Non
Transferred Arc

Type of gas, Argon, air, etc.

Gas Pressure, psig.

Gas Flow Rates

Nozzle Diameter, mm or In.

Nozzle stand-off

Electrode Tip Geometry, flat or pointed.
Material properties

Cutting speed ipm

Material thickness

Type of torch design, Water-injection, Dual gas flow,
water -cooled, etc.




Parameters affecting performance of Oxyfuel Cutting:

*

*

Fuel gas type

Gas pressures
Nozzle Diameter
Cutting Speed
Nozzle Stand-off
Material properties

Material Thickness

TABLE IIIX
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RECOMMEMDED CUTTING SPEED FOR PiN-238

'Plate ¢utting | Current Gas Flow @ 98psig | {utting Speeed| stand-off
Thicknes|Tip fAnps. Using Using in/min, (Tip-to-work)
{orifice Argon-H_ argon-N. | Ar-H_.lAr-N_ in.
in. (s} ] Dia) “lofh € € &
Stainless Steel cfh.
1716 (2) - 188
/8 ()} 1.4 g8 — ar:dd 90 1/4
3/46 (%) ¥ :23 56
/4 (6) € 38
/8 (D 105
3746 (5)| 1.6mn 168 -— fir:45 - 7% 1/4
/4 {6) N.:38 60
172 {(13) 48 35
3/4 {19) Ar:62 Ars62 35 3
1 (25)] 2.0 258 H :32 N_:13 3¢ 2? 3/8
1.9 (38) € € 16 14
2 (%1 9 8
2.3 (64) 8 H
Steel v
1746 (2)1 1.4mm g8 fir:13 178
1/8 () — H,:25 - 8% 1/4
3746 (D) € 52
4 34
1/8 () fr:is _— 100
3746 (3| 1.6 m 100 —_ H_:38 -_ 7% 1/4
1/4 (&) e -— 68
$/2 (413) 35
374 (19) 32
4 29 fAr: 75 Ar:i62 cfh 2%
1.5 (38)1{2.86 m» 258 H,:32 N.:45 cfh 12 3/8
2 3D € € 8
2.3 (64 4
3.8 (76) 3.3
fluminiun
3746 (3) Ar:62 cfh _— 128 1/4
174 (8| 1.4mm 88 -— H_:45 cfh 7%
3/8 (18 € 45
3746 (3)| 1.6mm | 108 fr:d2 fAr:62 168 88
/8 (1M 138 stai "2’ 34 85 73 1/4
3/8 (18 158 92
172 {13 93 84
3/4 (19)| 2.8 258 Ar:62 fAr:62 88 78
1 2% o124 N.:45 33 47 3/8
1.5 (36) € £ 48 33
2 (51) 38 26
2.5 (64) 14 12




TABLE V

£361

Cutting Speeds for Oxu-Acetylene Cutting:

102

Hozzle Steel Gas . Cutting
. Pressure, psiag peed
Size Thickness Cutting|{ Preheat ipm
in. in. oxygeni{ oxygen Acetylene
1/2 1/2 90 28-2S5 S=-? 21-30
3/4 3/4 28-28
1 1 19-23%
1.5 1.5 14~-23
2.0 2.9 13-28
2.3 2.9 12-419
4.8 3-4 8-417
6.8 6 7-18
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TABLE VI {11

Cutting Thiclness Ranwes for Various Qutting Precesses
Thickness, in.
8.084 0.125 @.23 3 4 6 12

Oxy fuel Iaiuiriaeintnieieinteteleiledetel +-e--- i ettt e me e -

it at 0 Al ~ === Stainipss steel

Plasma m——'—"‘—‘—'—" =.l A uniniun

Laser - ===~
P_——l
precccanteccncndpocrscccscncacanana —tecmne- dprscroncccnce 4
fAbrasive Haterjet F—= — > =
] i
8.825 3.2 6.4 73 ia2 152 303

Thickness, mm,



Comparison of OFC and PAC processes [(11:

TABLE VII
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Oxyfuel Flasma
FLlame TEMPs »cvevaennens 30409¢C - 28, 000°C
QCtiC‘I’l ] " 2 ®m a2 s eese s e uasns OxidatiOY‘l, ‘neltir’g Melti’ﬂg,
expulsion
expulsion
Preheat .cccccccccenns Yes No
Kerf seannsscsasnanas Narrow Wide
Cut emevassaananse Both sides square One side
- Square
Speed cmsaveasssmssne Moderate High
Heat-Affected zorne .... Moderate Narrow
Cutting ability :
Carbon steel .... Yes Yes
Stainless steel .. No Yes
Aluminiium ..cc.0. No Yes
Copper casessnan No Yes
Special allays ... Some Yes
Non-metallics .... No Yes



Experiment Hatrix for study of improvement

TABLE VIII

- A

of the surface finish

Batch |

De = 8.228 an (8.609 in,.)
Dt = 8.762 wn (8.43 in.)

wesh & - Caarse Fine
80 wesh 228 nesh
Iraverse
speed Thickness
12.7) 12.7 (8.%) 12.7 (8.5
(8.5 25.4 (1.9 25.4 (1.9
63.3 12.7 (8.5) 12.7 €8.5)
{2.3) 25.4 (1. 2.4 (1.0
127.6 12.7 {8.3) 12.7 (8.5)
{3.0) 235.4 (1.8 25.4 (1.9
1.8 12.7 {6.3) 12.7 (6.3)
{7.9) -4 (1. 23.4 {1.9)
294.8 12.7 (0.3) 12.7 £4.3)
{18.@ 5.4 (1.9 23.4 (1.9)

Initial pressure = 345 Npa (58 ksi);

fperating pressure = 334.2

Haterial : SS 443

Hpa (48 ksi)
fAbrasive flow rate = 225 gn/min (.5 lb/min)
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TARLE VI1II - B

Experinental matrix to determine the
surface finish by AWJ

Batch 11

Do = 9.228 mm (8.889% in.)
Dt = 1.992 we (8.043 in)
wesh 8§ Coarse Fine
Iraverse | 80 nesh 220 wesh
speed ¥
",
{ipm) Thickness
63.5 12.7 (8.9) 12.7 €(0.5)
{2.3) 25.4 (1.9 23.4 (1.9
127.8 2.7 (8.9) 12.7 (8.5)
(3.®) 25.4 (1.9 25.4 (1.@
172.8 12.7 (6.3) 12.7 (8.5)
{7.%) 25.4 (1.9) 2.4 (1.8
294.8 12.7 (0.3) 12.7 €0.9)
(18.® 25.4 (1.@ 23.4 (1.9

Initial Pressure - 343 Hpa (58 ksi)
Operating pressure - 331.2 Hpa (48 ks1)
Abrasive Flow Rate - 228 g/min., (8.5 1b/min)
Haterial : 55 284



Experimental MHatrix to determine Surface

TARLE VIII - €

Finish by AlJ

Bateh III

Do = 0.305 wme (8.012 in)

Dt = 1.092 wn (8.943 in)
wesh & Coarse Fine
Iraverse 8 nesh 228 wesh
speed

Thickness
63.5 12.7 (0.5) 12.7 (9.5)
{2.93) 25.4 (1.9 25.4 (1.®
127.8 12.7 (0.3) 12.7 (8.%)
(3.9 8.4 (1.9 25.4 (1.9
177.8 12.7 €(8.3) 12.7 {0.3)
£{7.3) s5.4 (1.8 5.4 (1.0
254.9 12.7 (8.%) 12.7 €9.9)
(16.8 2.4 (1.9 23.4 (1.@

Initial pressure - 345 fpa (58 ksi)

Operating pressure - 331.2 Hpa (48 ksi)

Abrasive flow rate

Haterial : §S 384

- 223 g/min. (8.5 1b/min)
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Table IX

Approximate depth of
[source: Ref(1)]

HAZ

108

in gas cut Carbon steels:

Plate thickness HAZ Depth
mm. in. mm in.
Low carbon steels

<13 <1/2 .« < + . < . . <0.8 <1/32
13 1/2 « « « « « . . 0.8 1/32
150 6 v 4 e v e . . 1.4 1/18

High Carbon steels

<13 <1/2 . .
13 1/2 . .
150 6 ..

. . <0.8 <1/32
.0.8-1.6 1/32-1/16
.1.4-6.0 1/18-1/4




Frercing Experiments with pure waterget :

Haterial

Table X

: Aluminium

LI 3apphire Intensifier Haterial Pierce
Dia. Pressure Thickness Time
() ks1. (1) sec.
i, 8.08106 48.90 2.28 92
2. 8.4778 4.8 2.28 14.@
3. 8,254 47.8 2.28 16,8
4, 8.3048 46,8 .28 6.8
3. L3556 45.2 2.28 3.8

Hote.

1. Drop in intensifier pressure 15 due toc increased sapphire

diameter,
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Table XI

Abrasive Particle properties

(ref: source [36])
Material Mesh Roundness* Sphericity* Specific
Gravity
1. Garnet 50 3.4
80 0.42 0.78 to
150 4.3
2. Aluminium 40 - 100 0.35 0.78 3.95
oxide to 4.0
3. Silicon 40 - 100 0.31 0.75 3.2
carbide
4. Silica 40 - 100 0.57 0.78 2.2 to
Sand 2.6
5. Steel 40 -100 0.55 0.82 8.7
grit
6. Glass 40 - 100 0.50 0.78 2.0

*Roundness and sphericity based on comparison with magnified
particle pictures to the chart below [36].

SPHERICITY

clo

BAKAL Nl

¢
@
-

2 9(8|0 (O

s V[(®|0

©
<o
-

ROUNDNESS



most commonly weed range

in sbrasive-weterjet cutting

Table XII

USA Sieve series and Tyler Equivalents

(8) Those SNEery CORPRENOnE SHNOESENE 1 N9 WA 1Y WSl SOVES SPSTAFEE MOOMMENEDE By the Ipmeneng! Sunesre

CGoneve. Swiserens
(0) Thoes smves are AS! M TS IAFTh RNt &f 3 SOrEE. DAl IROY ASVE BN NCASE SEOAUED Oy S0 M GOMMBN UASPS

() Troes aumeosrs (3w 1 400) sre e
e "

S0Pronnen

1000 um = ) mm

of

- A3 SOF WNOEr BN Bl § B GYONMIDE NS NG SO B BEMTNES by

ASTM~-E-11-70
Seve Normnei Tyier
Demgneson Ovening Wirs Demeter Screen
n n Scaie
{sporox (sporox Eouwaient
Sanderd (8) -ARornan mm SQUIVBINtS ) mm SQUNVEIINtS) Desgnanon
128 mm $§ n 128 s ] 3180
106 mm 424 n 108 a2 s 40 2520
100 ‘mm 4 n. ) 100 400 [ * .] 2480
90 -owmn % n ] 3% so8 2394
75 -mm 3 n 75 3.00 580 2283
3 -wm % =n €3 250 $ 80 2165
$3 -+ 212 m 83 212 818 2028
80 -mm 2 n. (b) 50 200 $.08 1988
45 -mm ¥ =n 45 17% 488 1909
375 - 1% m s 1% 499 1807
NS mm 1X m 318 12% 423 1685
265 'mm 106 n 265 106 30 1838 1050 m
250 mm 1 n (b) 250 100 38 1498
22 4 v X = 224 oers 350 1378 883n
190 mm X n 190 0750 1% 1299 742
160 mm % »n 160 0825 300 18 624mn
132 mm 530 132 0.530 27 1083 825 n
128 mm ¥ m (D) 128 0.800 287 .1081
112 ™mm %Us 1m2 0438 245 0985 44110
95 mm % = 95 037% ¥ 14 0894 I
80 mm ¥ m 80 0312 207 08158 2% maesn
67 -mm 285m 67 0 265 187 0736 3 mesn
63 mm X wm(@® 83 0 2%0 182 orn?
S$6 -mm No % (c) 58 0223 168 0881 3% Mmesh
475 mm No 4 478 0187 1.54 0808 4 mesn
4 00 mm No. § 400 0187 .37 0539 § mesn
338 mm No € 33 0.132 123 D4s4 6 mesn
2.80 men No. ? 200 011 110 0430 7 mesn
23 mm No. 8 238 00937 1.00 03¢ § mesn
200 mm No. 10 2.00 (<114 14 200 0348 9 mesn
170 mm No 12 1.70 0.0881 20 8319 10 mesh
1 40 ™Mm No. 14 140 0.0855 728 0288 12 mesn
1.1 mm No 18 118 0.0489 450 0258 14 mesh
1 00 mm NO 18 1.00 0.0354 580 0228 16 mesn
850 o No. 20 0.850 0.0331 510 0201 20 mesn
710 wm No 25 0710 0.0278 480 o 24 mesh
500 wm No. 30 0.600 0.0234 390 0184 28 mean
S00 um No. 38 0500 0.0197 340 0134 32 mesn
428 g No. 40 0.428 0.0165 290 0114 35 mesn
%3 em No. 48 0.35% 0.013 247 0087 42 mesnh
300 s No. 80 0.300 00117 218 008S 48 mesn
250 wm No. 00 0.2%0 0.0098 180 0071 60 mesn
212 0m No. 70 0212 0.0083 182 0080 65 mesn
180 o No. 80 0.180 0.0070 RE) 0082 80 mesn
180 wn No. 100 0.180 0.0058 110 0043 100 masn
129 o No. 120 0.128 0.0049 on 0038 11§ mesh
108 grn No. 140 0.108 0.0041 ore 0030 150 mesh
= 0 mm Ne. 170 0.090 0.0038 084 0028 170 mesn
% am No 200 0.078 0.0029 083 .0021 200 mesn
€3 am No. 230 0.083 0.002% 044 0017 250 mesn
S3am No. 270 0.083 0.0021 037 0018 270 meen
45 un No. 328 0048 00017 £30 0012 325 mesn
38 urn No. 400 0.038 0.0018 028 0010 400 mesn
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Table XIII

Ffiercing Experiments with Integrated beam:

Variation of Piercaing depth with heating time:

sapphire Dia. {(in)

D, 01 Q. Q07 O. 004
Time
af
Heat ing Depth {mm)

5 0,1 0.1 0. 005
10 0,15 Q.12 Q.03
15 0,25 Q.2 0.1
=0 1.1 1.0 0. 4
=i 3.2 3.2 1.2

Fressure — 48 ksi.
Material: Fflairm carborn steel
Thickness — 3. Jmm.

Waterjet Faierce time -~ . Ssec.
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YTable XIv

Piercing Experiments with Integrated beam:

Variation of Piercing depth with heating time:

Sapphire Dia. {(iw)

Q0,01 0. 007 0. 004
Time
af
Heating Depth {mm)
S 0. 12 0.1 Q. 005
10 Q.25 Q. 22 Q.03
15 D. 25 Q. 24 Q.1
=20 1.3 1.0 Q. 4
=2 B2 3.2 1.2
Fressure — 48 ksza.
Material: Flain carpon steel
Thickrmess — 3. omm.

Waterjet Fierce time — l.0sec.
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Table XV

Hiercing Experiments with Integrated beam:

Variation of Piercing depth with heating time:

Taime Depth {ram)
of
Heatinn

i
fors

10 .17

fu
<
-
+

25 2.
fressure — 48 Heszl.
Material: Flairv carborn steel
Thickrness — 6. 3&mm

Waterjet Fierce time — U.Lsec.
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Table xXvI

Piercing Experiments with Integrated beam:

Variation of Piercing depth with heating time:

Time Depth {tarm)
of
Heataimg

4]
[

10 .17
135 1.15
i 1.3
=S e 7S
Ffressure — 48 kRsi.,
Material: Flain carbon steel
Thickness — 6. 35mm

Waterjet Fierce time - 1. Usec.
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Table XVIiI

Piercing Expt with Integrated Beam:

Variation of beam penetration depth with
Distance from Beam Focus:

Distance from Beam Penetration
Beam focus
X mm d mm.

-4.5
-3.5
-2.5
-1.5
-0.5

(S S)

ORRPNMMNMNWNMNNRERFEO
COONNWOOMNMOWUNOO
o)}

LN

B W OO
oo o

Sapphire Dia - 0.254mm.
Intensifier Pressure - 345 MPa (50ksi.)

material - carbonsteel
thickness - 3.2 mn.
Waterjet pierce time - 1.0sec.

Material Heating time - 22 secs.
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Table XVIII

Piercing Expt with Integrated Beam:

Variation of beam penetration depth with
Distance from Beam Focus:

Distance from Beam Penetration
Beam focus
X mm d mm.
-2.6 0.0
-1.5 1.3
-0.5 2.1
0.0 2.76
0.5 1.86
1.5 1.42
2.5 0.4
2.6 0.1

Sapphire Dia - 0.254mm.
Intensifier Pressure - 345 MPa (50ksi.)

material - carbonsteel
thickness - 6.3mm.
Waterjet pierce time - 1.0sec.

Material Heating time - 22 secs.



10 Pierce time Vs Sapphire Dia.
X
1.00 . ,

| | ! | ' 1 [pi- a8ksi

— Matl. Al6061

0.90
0.80 —
0.70 !
0.60
0.50 !

0.40

Pierce time (sec)

0.30
0.20
0.10

0.00 | 3 l 1 I 1 l 1 I 1
0.40 0.60 0.80 1.00 1.20 1.40x107

Sapphire Dia Do (in.)
Fig. 26 variation of pierce time with Sapphire diameter for

a pure waterjet. Operation performed is through
piercing of Aluminium of 6.2mm thickness.

TempleGraph 2 4, Ongn: /afs/cad/usr/class/vvs1472@mesunw4 - Thu Aug 22 19:12:24 1991 (data file was water.dat)

t=6.2mm.

81T



Piercing expt with Integrated beam

3.50

3.00 |
’é‘ 2.50 |
\é i
2 200 |
O R
o
g
2150
o
: i
8 100 |-
D .

0.50

0.40

— T T T T T T T ‘ 0
Waterjet pierce time - 0.5sec. :z;i'
t=3.2mm

Matl. carbon steel

0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20x10"
Heating time (t) secs.

Fig 27. variation of piercing depth with heating time using
an integrated beam. Pressure Pi - 50 ksi.

TempleGraph 2.4, Ongin /afs/cad/usr/class/vvs1472@mesunw4 - Thu Aug 22 19 54:14 1991 (data file was int3 dab)

61T



Piercing expt with Integrated beam

3.50 ¥ 1 1 I T ¥ ¥ ¥ 4
| | I | l | | 0
Waterjet pierce time - 1.0secs * #7
300 - x #4
t - 3.20mm

Matl. carbon steel

2.50

2.00

1.50

Depth of penetration (mm)

1.00

0.50

0.00 !
0.40 0.60 0.80 1.00 1.20 1.40 1.60 1.80 2.00 2.20x10"

Heating time (t) secs.
Fig 28. Variation of piercing depth with heating time using

an integrated beam. Pressure Pi - 50 ksi., metal -
carbon steel, waterjet pierce time - 1.0 sec.

TempleGraph 2 4, Onigin: /afs/cad/usr/class/vvs1472@mesunw4 - Thu Aug 22 20:16 49 1991 (data file was int31 dat)



Piercing expt with Integrated beam

1 I T ! t l 1 N -#1;1_()-

Waterjet pierce time - 0.5sec.

t =6.35mm
Matl. carbon steel

] I [ I 1 1 1

3.00
2.50
E 200
o
R B
5
9 150 |-
Q
Q -
(T
o]
=
§ 1.00
A |
0.50
0.00
0.50

1.00 1.50 2.00 2.50x10"

Heating time (t) secs.

Fig 29. Variation of piercing depth with heating time using
an integrated beam. Pressure Pi - 50 ksi., metal -
carbon steel, waterjet pierce time - 0.5 sec.
thickness - 6.35mm.

TempleGraph 2 4, Onigin /afs/cad/usr/class/vvs1472@mesunwd - Thu Aug 22 20-03 35 1991 (daa file was mt6 dat)
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Piercing expt with Integrated beam

' ! ' | ' l

Waterjet pierce time - 1.0sec

| I 1 I 1 I

+#10

t-6.3mm
Matl. carbon steel

3.00
2.50 |-
g 2o |-
o
S !
£
2 150 |-
L
Q“ -
Gy
(@]
=
2 100 -
a) I
0.50 |-
0.00
0.50

1.00 1.50 2.00

Heating time (t) secs.

Fig 30.. Variation of piercing depth with heating time using
an integrated beam. Pressure Pi - 50 ksi., metal -
carbon steel, waterjet pierce time ~ 1.0 sec.
thickness - 6.35mm.

TempleGraph 2.4, Ongin: /afs/cad/ust/class/vvs1472@mesunw4 - Thu Aug 22 20:31 49 1991 (data file was 1nt61.dat)

2.50x10"
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Piercing expt with Integrated beam

Waterjet pierce time - 1.0sec
Pr. Pi - 48ksi

I 1 J 1 I 1 I 1 i i I 1 | | I

1

l

+#10

t=3.2mm
Matl. carbon steel

3.50
3.00 |-
”g 250
et
S
g 2.00
g
o
&
5150 |-
(o]
5
g 100 |-
0.50 |-
0.00
-0.50

040 -030 -020 -0.10 000 010 020 0.30

Distance from beam focus Xmm.

Fig 31. Variation of Beam penetration depth with Distance.

TempleGraph 2 4, Ongin /afs/cadfusr/class/vvs1472@mesunw4 - Thu Aug 22 20 51-26 1991 (data file was deep3 dat)

0.40

0.50x10’

€Z1



3.00
2.50
f‘:—; 2.00
o)
S
=
g 150
]
ja ¥
Gt
o
g 1.00
(]
0.50
0.00

Piercing expt with Integrated beam

‘ ' | ' | ' I ' +#10
| Waterjet pierce time - 1.0sec — t-6.3mm
Pr. Pi - 48ksi Matl. carbon steel
l . I . l . I x |
-0.30 -0.20 -0.10 0.00 0.10 0.20 0.30x10'

Distance from beam focus Xmm.

Fig 32. Variation of Beam penetration depth with Distance.

TempleGraph 2 4, Ongin’ /afs/cad/usr/class/vvs1472@mesunwd4 - Thu Aug 22 21 32-15 1991 (data file was deep6 dat)
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Effect of particle size om surface finish :

Table XIX - A

Haterial : Stainless steel §5 384

Thickness = 12.5 m

Sapphire Dia. = 8,228 s,
Carbide Dia. = 8,762 m.

fbrasive type = garnet

fbrasive flow rate = 225 gms/min.

# of passes =
Heasurement Depth = 6.8

1. ¢Cutting speed = 42.5 rmipnm,
grit # Roughness

Ho. {Ra)

i. 44 1.3%

2. 228 8.92

11. <Cutting Speed =  62.3 rwpm.
grit # Roughness

Ho. {Ra)

i, a8 1.85

2. 228 1.35

111, <Cutiing Speed = 125.8 mpm,
grit ¥ Houghness

Ho. {Ra)

1. ga 2.3%

2. 228 1.63

1¥. Cutting Speed =  258.8 mmpnm.
grit 4 Roughness

Ho. (aa)

i, 28 3.5

2. 228 2.4
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X

Effect of particle size on surface finish :
MHaterial : Stainless steel S5 384
Thickness = 23.4 mn

Sapphire Dia. = 8.228 mn,
Carbide Dia, = 8.762 mn.
fAbrasive type = garnet

fbrasive flow rate = 225 gms/min.

# of passes = 3

Heasurement Depth = 12.5 m.

1.  Cutting speed = 42.5 mpm.
grit # Rouzhness
o, {Ra)
i. 8a 1.32
2. 228 g.90
I1. futting Speed = 62.3 rmpm.
grit ¥ Roughness
Ho. {Ka)
i. 88 1.72
2. 228 1.26
IV, <Cutting Speed = 258.8 rmpm.
grit # Roughness
No. {Ra)
{. 48 3.5
2. 228 1.93

125.8 mmpn,

198.5 smpm.

111, <Cutting Speed =
grit # Roughness
No. {Ra)
i. ga 2.3%
2. 228 .68
IV, <Cutling Speed =
grit # Roughness
Mo, (ga)
1. 80 2.62
2. 228 1.7%
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Table XX - A

Effect of Focussing tube diameter on Roughness :

Katerial : Stainless steel 35 384,

flaterial thickness = 12.5 mm.

Sapphire Dia = 8,228 mm,

fibrasive type =

fbrasive grit
fibrasive flow rate = 225 aw/min.

# of passes = 3

garnet

= # 228,

1. Cutting speed = 12.5 mmpm.
Focussing Roughness
Ho. Dira, (ga)
ml
1. 8,762 8,93
2. i.8922 0.94
11, {utting speed = 62.5 rwipm.
Focussing Roughness
Ko. Dia. {Ra)
M,
i. @,762 1.4%
2. 1.08922 1.49

Y. {utting speed = 254.8 mpm
Focussing Roughness
Ho.! tube Dia. {Ra)
MM,
1 8.762 2.2%
2. 1.8922 2.3%

111, Cutting speed = 425.8 mvpn.
Focussing Roughness
No.{ tube D1a. (ﬁa)
Ma
i. 8,762 1.85
2. 1.8922 1.74
14, Cutting speed = 198.5 mipn.
Focussing Rouzhness
Ho. Dia. {Ra)
M, s
1. 8.762 2.86
2. 1.0922 2.14
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Table XX - B

Effect of Focussing tube diameter on Roughness :

faterial : Stainless steel §S 384,
Baterial thickness = 23.4 mm.
Sapphire Dia = 8.228 m,

fbrasive type = garnei

fbrasive grit = ¥4 228.

Abrasive flow rate = 223 gw/min.

# of passes = 3

1. Cutting speed = 12.5 spm. 111, Cutting speed = 125.8 svpm,
Focussing Roughness Focussin Roughn
Ho.i tube D1ia. (ga) No.|{ tube Dig. (ga)ess
e, M,
i. 8.762 i.82 i. 8.762 i.60
2. 1.8922 8.98 2. 1.8922 1.74
11. Cutting speed 62.5 rmpm, 1Y, Cutting speed = 198.5 rmpm.
Focussing Roughness focussin Roughn
Mo.| tube D1a. {Ra) Neo. Dig. ogga)ess
. ", 3
i. @,.762 i.28 1. 8,762 2.28
2. 1.8922 1.34 2. 1.8922 2.3
11. $utting speed = 254.8 rwpm.
Focussing Roughness
No. Dia. (Ra)
o,
i. @,762 2.43
2. i.0922 2.38
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Tab X -

Effect of Cutting Speed on Roushness (Ra)

Haterial : Stainless steel §5 384
Sapphire Di1a : 8.228 e
Focussing tube Dia: = 8.762 mm.
fbrasive type : Garnet

fibrasive size = 228 mesh.
fibrasive flow rate = 225 ams/min.
# of passes = 3

1. thickness = 12.5 mm.

Cutting | Roughness
No. | Speed
MM, Ra

i. 12.5 8.86

2. 62.5 1.35

3. | 125.8 1.75

4, | 198.5 1.94

5. | 254.5 2.45

11. thickness = 23.4 mv,

Cutting { Roughness
No. Speed
P, Ra

i. 12.5 8.86

2. 62.95 1.3%

3, | 125.8 1.95

4, | 198.3% 2.4%

5. | 294.5 3.87

s
H
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T XXI -

Effect of Cutting Speed on Roughness (RHa)

Haterial : Stainless steel S5 304
Sapphire Dia : 0,228 m

Focussing tube Dia: = 8.762 s,
fibrasive type : Garnet

fibrasive size = 8@ mesh.

Abrasive flow rate = 225 gms/min.

# of passes = 3

1. thickness = 12.5 mn.

Cutting | Roughness
MHo. | Speed
P, Ra

i. 12.3% 1.38

2. 62.5 {1.88

3. { 425.8 2.1%

4, | 198.5 2.98

S. | 254.5 3.2%

11. thickness = 25.4 .,

Cutting | Roughness
No. | Speed
MMPM, Ra

1. 12.5 i.42

2. 62.5 i.9e

3. | 125.0 2.4@

4, | 190.5 2.95

5. | 254.% 3.27
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Table XXII

Effect of Pressure on Roughness fiverage (Rg)

fbrasive - Garnet
Sapphire/nozzlie Diameter - 8,228/8.762 {(mv) { #9730 )

fibrasive flow rate - 223g9ms/min.

Haterial -

stainless steel (55 384) 1.8° thick

Heasurement depth from top surface ~ 12,5m

{i) Pass number - 4

Pressure R, R,
{ks1) " "
#2208 mesh # 88 mesh
38 1.6 3.3
48 1.45 2.6
se 1.4 1.%2
{ii) pass number = 2
Pressure R. R,
{ks1) " "
#228 mesh 4 88 mesh
38 1.34 2.88
40 1.19 2.42
S8 8.95 1.62
{i11) pass number = 3
Pressure R. R.
{ks1) " "
#228 mesh # 88 mesh
38 1.17 2.46
40 1.84 {1.93
58 8.95 1.43
{iv) pass number = 4
Pressure R, R,
{ksi) " "
#2268 mesh # 88 mesh
38 4.4 2.38
4@ 1.83 1.64
58 a.92 1.43

maximum lateral depth of cut in all

cases = ,25mm (8.04in)



Table IXXIII

Effect of Sapphire noxrle on Roushness value:

Haterial : Stainless steel (S5 384)

Thickness:

]
fAbrasive : Garnet { 4 228mesh)

Nozzle Iraverse Speed :
Pressure = 38 ks3

12,5 mpme (8.3 1em0)

i, MNo. of passes = {4,
Sapphire/ Roughness (R,} Roughness (R.)
{arbide o "
{ombination at D = 5w = 45 mm,
#9743 .04 {.26
4 42/43 1.84 1.47

{i1) No., of passes = 2

Sapphire/ Roughness (R,) Roughness (R,)
{arbide

Combination at D = S D = 45 s,

# 9/43 8.96 1.86

¥ 12/43 8.9¢ 1.83

{i1ii) MNo. of passes = 3

Sapphire/ Roughness (R.} foughness (R,
{arbide " =
{ombination at D = Sew D= 45 .
4 9/43 8,98 i.8
# 412/43 8.98 .95

{iv) No, of passes = 4

Sapphire/ Roughness (R“) Roughness (Ra)
{arbide

Combination at D = 5w = 45 m.

# 9743 8,98 i.8

¥ 12/43 2,98 8.9%

D - Heasurement depth from beam i1ncident surface.
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Traverse speed Vs Roughness
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Traverse speed, in/min

Variation of Roughness (Ra) with traverse Speed.

Fig 33. Experiments to improve surface finish using AWJ as a
surface finishing tool Material - SsS304, Thickness - 25mm.,
Measurements were taken at 12.5mm depth from the top

surface. Roughness results after 3 passes of the AWJ
beam.

TempleGraph 2 4, Ongin /afs/cad/usr/class/vvs1472@mesunw$5 - Tue Aug 20 16:24:39 1991 (data tile was /afs/cad nnt edu/usr/class/vvs1472/sneed mif data)
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Variation of Roughness with Depth

1.70 T I T ‘ T l T
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Depth measured from top Kerf, mm

Sapphire-0.228mm., Carbide-0.762mm, P1-345Mpa traverse speed, 0.51m/min

Fig 34. Experiments to improve surface finish using AWJ as a
surface finishing tool.

TempleGraph 2.4, Ongm- /afs/cadfusr/class/vvs1472@mesunw5 - Tue Aug 20 16.43-22 1991 (data file was /afs/cad nnt edu/usr/class/vvs1472/Nepth muf data)
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Variation of Roughness with Pressure
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TempleGraph 2 4, Origin- /afs/cad/us

Fig 35.

Intensifier Pressure Pi, Ksi

Sapphire-0.228mm, Carbide-0.762mm, 1st Pass

Experiments to improve surface finish using AWJ as a
surface finishing tool.
Material SS304, Thickness - 25mm, Roughness measured

at a depth of 12.5mm from the top edge of the
surface.
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Variation of Roughness with Pressure
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Intensifier Pressure Pi, Ksi

sapphire-0.228mm,Carbide-0.762mm,2nd Pass

Fig 36. Experiments to improve surface finish using AWJ as a
surface finishing tool.
Material SS304, Thickness - 25mm, Roughness measured
at a depth of 12.5mm from the top edge of the
surface.

TempleGraph 2.4, Ongin: /afs/cad/ust/class/vvs1472@mesunwS - Tue Aug 20 10 35 01 1991 (data file was pressure2 dat)
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Variation of Roughness with Pressure
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Sapphire-0.228mm,Carbide-0.762mm, 3rdpass

Fig 37. Experiments to improve surface finish using AWJ as a
surface finishing tool.
Material SS304, Thickness - 25mm, Roughness measured
at a depth of 12.5mm from the top edge of the
surface.
TempleGraph 2.4, Origin- fafs/cad/usr/class/vvs1472@mesunw5 - Tue Aug 20 10:53:56 1Yy (uata hile was pr3 dat)
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Variation of Roughness with Pressure
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Fig 38.

Intensifier Pressure Pi, Ksi

sapphire-0.228mm, Carbid-0.762mm, 4th pass

Experiments to improve surface finish using AWJ as a
surface finishing tool.

Material SS304, Thickness - 25mm, Roughness measured
at a depth of 12.5mm from the top edge of the
surface.

TempleGraph 2.4, Origin: /afs/cad/ust/class/vvs1472@mesunw5 - Tue Aug 20 11-13:56 1991 (data file was pr4 dat)
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o Variation of Roughness with Sapphire Diameter
X

13.00

Nozzle Comb.

12.50

12.00

11.50

11.00

o P——
S o
<o [,
o o

Roughness (Ra microns)

9.50

9.00
1.00 2.00 3.00 4.00

No. of passes

Pressure Pi - 50 ksi, Abrasive 220mesh (raverse speed - 0.5in/min
Fig 38. Experiments to improve gsurface finish using AWJ as a

+ #9/43
x #12/43

surface finishing tool Material - S$S304, Thickness - 25mm. ,

Measurements were taken at 12.5mm depth from the top
surface. Roughness results after 3 passes of the AWJ
beam.

TempleGranh 2 4, Onain® /afs/cad/usr/class/vvs1472@mesunw5 - Tue Aug 20 17-28-40 1991 (data file was /scratch/sanvar muf data)
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