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540 Chapter 9  Material-Removal Processes: Abrasive, Chemical, Electrical, and High-Energy Beams

EXAMPLE 9.5 Machining time in electrochemical machining vs. drilling

A round hole 12.5 mm in diameter is being produced in a titanium-alloy block by
electrochemical machining. Using a current density of 6 A/mm?, estimate the time
required for machining a 20-mm-deep hole. Assume that the efficiency is 90%.
Compare this time with that required for ordinary drilling.

Solution. We note from Eqs. (9.14) and (9.15) that the feed rate can be expressed
by the equation
_ CIn
= TR,

Letting C = 1.6 mm*/A - min and I/A, = 6 A/mm’, we find that the feed rate =
f = (1.6)(6)(0.9) = 8.64 mm/min. Since the hole is 20 mm deep,

Machining time = 8£60Z = 2.3 min.
To determine the drilling time, we refer to Table 8.10 and note the data for tir=-
nium alloys. Let’s select the following values for a 12.5-mm drill: drill rpm = 307
and feed = 0.15 mm/rev. From these values, we calculate that the feed rate will be
(300 rev/min)(0.15 mm/rev) = 45 mm/min. Since the hole is 20 mm deep,

20 ;
Drilling time = ke 0.45 min,

which is about 20% of the time for ECM.

9.13 | Electrical-Discharge Machininwg”

The principle of electrical-discharge machining (EDM), also called electrodischare:
or sparkerosion machining, is based on erosion of metals by spark discharge:
(Table 9.4). We know that when two current-conducting wires are allowed to touc-
each other, an arc is produced. If we look closely at the point of contact between th=
two wires, we note that a small portion of the metal has been eroded away, leavinz
a small crater. Although this phenomenon has been known since the discovery
electricity, it was not until the 1940s that a machining process based on this princip's
was developed. The EDM process has become one of the most important and wide::
accepted production technologies in manufacturing industries.

The EDM system (Fig. 9.32) consists of a shaped tool (electrode) and the work-

piece, which are connected to a dc power supply and placed in a dielectric (electrical™

FIGURE 9.32 Schematic Current
illustration of the electrical-  Regrifier_. control  Servo control
discharge-machining process.

Power supply
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~onconducting) fluid. When a voltage is applied to the tool, a magnetic field causes
szspended particles in the dielectric fluid to concentrate, eventually forming a bridge
“or current to flow to the workpiece. An intense electrical arc is then generated,
-zusing sufficient heating to melt a portion of the workpiece and usually some of the
“oling material as well. In addition, the dielectric fluid is heated rapidly, causing
=vaporation of the fluid in the arc gap; this evaporation, in turn, increases the resis-
“znce of the interface, until the arc can no longer be maintained. Once the arc is
=zerrupted, heat is removed from the gas bubble by the surrounding dielectric fluid,
2=d the bubble collapses (cavitates). The associated shock wave and flow of dielec-
¢ fluid flush debris from the surface and entrain any molten workpiece material into
== dielectric fluid. The capacitor discharge is repeated at rates of between 50 kHz and
700 kHz, with voltages usually ranging between 50 V and 380 V and currents from
“1AtoS500A.

The dielectric fluid (1) acts as an insulator until the potential is sufficiently high,
= acts as a flushing medium and carries away the debris in the gap, and (3) provides
+ cooling medium. The gap between the tool and the workpiece (called overcuz) is crit-
«=zL; thus, the downward feed of the tool is controlled by a servomechanism, which
<uromatically maintains a constant gap. The most common dielectric fluids are min-
==zl oils, although kerosene and distilled and deionized water may be used in spe-
~zlized applications. The workpiece is fixtured within the tank containing the
= <lectric fluid, and its movements are controlled by numerically controlled systems.
“5e machines are equipped with a pump and filtering system for the dielectric fluid.

The EDM process can be used on any material that is an electrical conductor.
“=e melting point and latent heat of melting are important physical properties that
“e=zermine the volume of metal removed per discharge; as these values increase, the
“22= of material removal slows. The volume of material removed per discharge is typ-
«=lly in the range of 107 to 10™* mm?> (107 to 107% in®). Since the process doesn’t
volve mechanical energy, the hardness, strength, and toughness of the workpiece ma-
=zl do not necessarily influence the removal rate. The frequency of discharge or
=< energy per discharge is usually varied to control the removal rate, as are the
“irage and current. The rate and surface roughness increase with increasing current

“ensity and decreasing frequency of sparks.

Electrodes for EDM are usually made of graphite, although brass, copper, or
~oper-tungsten alloy may be used. The tools are shaped by forming, casting, pow-
“er metallurgy, or machining. Electrodes as small as 0.1 mm (0.005 in.) in diameter
“zve been used. Tool wear is an important factor, since it affects dimensional accu-
2oy and the shape produced. Tool wear can be minimized by reversing the polarity
“=d using copper tools, a process called no-wear EDM.

Electrical-discharge machining has numerous applications, such as producing die
~avities for large automotive-body components (die-sinking machining centers); nar-
~w slots; turbine blades; various intricate shapes (Figs. 9.33a and b); and small-
“zmeter deep holes (Fig. 9.33c¢), using tungsten wire as the electrode. Stepped cavities
22 be produced by controlling the relative movements of the workpiece in relation
= the electrode (Fig. 9.34).

The material removal rate in electrical-discharge machining is basically a func-
“on of the current and the melting point of the workpiece material, although other
“rocess variables also have an effect. The following approximate empirical relation-
“=ip can be used as a guide to estimate the metal removal rate in EDM:

MRR = 4 X 104IT . (9.18)

= this equation, MRR is in mm?®/min, I is the current in amperes, and T, is the melt-
=z point of the workpiece in °C.

9.13  Electrical-Discharge Machining 541
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gh-Energy Beams

__J 1.5-mm
dia.
8 holes, 0.17 ==

1-mm wall

542 Chapter 9 Material-Removal Processes: Abrasive, Chemical, Electrical, and Hi

"~ Electrode

(b) (c)

(a)
FIGURE 9.33 (a) Examples of cavities produced by the electrical-discharge-machining

process, using shaped electrodes. The two round parts (rear) are the set of dies for extrudi=:

the aluminum piece shown in front. Source: Courtesy of AGIE USA Ltd. (b) A spiral cavic
produced by a rotating electrode. Source: American Machinist. (c) Holes in a fuel-injection
nozzle made by electrical-discharge machining. Material: Heat-treated steel.

FIGURE 9.34 Stepped
cavities produced with a
square electrode by EDM.
The workpiece moves in the
two principal horizontal
directions, and its motion is
synchronized with the
downward movement of the
electrode to produce various
cavities. Also shown is a
round electrode capable of
producing round or elliptical
cavities. Source: Courtesy of
AGIE USA Ltd.

The wear rate of the electrode, W, can be estimated from the empirical equar =

W, = 1.1 X 10112 (919

where W, is mm?®/min and T; is the melting point of the electrode material in °C. T
wear ratio of the workpiece to electrode, R, can be estimated from the expression

R =225 T 238 (9.20

where T} is the ratio of workpiece to electrode melting points. In practice, the valee
of R varies over a wide range, between 0.2 and 100. (Note that in abrasive proces-
ing, grinding ratios also are in the same range; see Section 9.5.2.)

Metal removal rates usually range from 2 to 400 mm?®/min. High rates produc
a very rough finish, with a molten and resolidified (recast) structure with poor su=
face integrity and low fatigue properties; thus, finishing cuts are made at low meze
removal rates, or the recast layer is removed later by finishing operations. A mos
recent technique is to use an oscillating electrode, which provides very fine surfac:
finish, requiring significantly less benchwork to improve lustrous cavities.
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913 Electrical-Discharge Machining 543

XAMPLE 9.6 Machining time in electrical-discharge machining vs. drilling

~=iculate the machining time for producing the hole in Example 9.5 by EDM, and
mpare the time with that for drilling and for ECM. Assume that the titanium
=0y has a melting point of 1600°C (see Table 3.2) and that the current is 100 A.

30 calculate the wear rate of the electrode, assuming that the melting point of
== electrode is 1100°C.,

Solution. Using Eq. (9.18), we find that
MRR = (4 X 10%)(100)(16007%%) = 458 mm?/min,

Tae volume of the hole is

(12.5)?
V= w{‘l‘v-}(m) = 2454 mm’,
~ence, the machining time for EDM is 2454/458 = 5.4 min; this time is 2.35
=mes that for ECM and 11.3 times that for drilling. Note, however, that if the
-arrent is increased to 300 A, then the machining time for EDM will only be 1.8
=unutes, which is less than the time for ECM. The wear rate of the electrode is cal-
culated using Eq. (9.19). Thus,

W, = (11 X 10°)(100)(110072%) = 0.064 mm?/min.

9.13.1 Electrical-discharge grinding

The grinding wheel in electrical-discharge grinding (EDG) is made of graphite or
>rass and contains no abrasives. Material is removed from the surface of the work-
oiece by repetitive spark discharges between the rotating wheel and the workpiece.
The material removal rate can be estimated from the equation

MRR = KI, (9.21)

~here MRR is in mm®/min, I = current in amperes, and K = workpiece material
“zctor in mm®/A-min; for example, K = 16 for steel and 4 for tungsten carbide.
The EDG process can be combined with electrochemical grinding; the process
s then called electrochemical-discharge grinding (ECDG). Material is removed by
-2emical action, with the electrical discharges from the graphite wheel breaking up
= oxide film, which is washed away by the electrolyte flow. The process is used
-rimarily for grinding carbide tools and dies, but can also be used for grinding fragile
sarts, such as surgical needles, thin-walled tubes, and honeycomb structures. The
=CDG process is faster than EDG, but power consumption for ECDG is higher.

In sawing with EDM, a setup similar to a band or circular saw (but without any
==th) is used with the same electrical circuit as in EDM. Narrow cuts can be made
== high rates of metal removal. Because the cutting forces are negligible, the process
=22 be used on slender components. :

173.2 Wire EDM

ariation of EDM is wire EDM (Fig. 9.35), or electrical-discharge wire cutting. In
s process, which is similar to contour cutting with a band saw (Section 8.9.5), a
wly moving wire travels along a prescribed path, cutting the workpiece, with Fhe
-charge sparks acting like cutting teeth. This process is used to cut plates as thick
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544 Chapter 9 Material-Removal Processes: Abrasive, Chemical, Electrical, and High-Energy Beams

FIGURE 9.35 Schematic
illustration of the wire EDM
process. As much as 50
hours of machining can be
performed with one reel of
wire, which is then discarded
or recycled.

Wire
Dielectric
supply

Wire
diameter

Tﬁ,

Spark gap

lot (kerf)

[}

-

as 300 mm (12 in.) and for making punches, tools, and dies from hard metals; it -
also cut intricate components for the electronics industry (Table 9.4).

The wire is usually made of brass, copper, or tungsten and is typically abe:
0.25 mm (0.01 in.) in diameter, making narrow cuts possible; zinc- or brass-coated ==
multicoated wires are also used. The wire should have sufficient tensile strength ==
fracture toughness, as well as high electrical conductivity and capacity to flush awar -
debris produced during cutting. The wire is generally used only once, as it is relac=
inexpensive. It travels at a constant velocity in the range of 0.15 to 9 m -
(6 to 360 in./min), and a constant gap (kerf) is maintained during the cut. The cu=
speed is generally given in terms of the cross-sectional area cut per unit time; some ==
ical examples are 18,000 mm?*/hr (28 in*/hr) for 50-mm-thick (2-in-thick) D2 tool s=
and 45,000 mm?/hr (70 in?/hr) for 150-mm-thick (6-in-thick) aluminum. Thes=
moval rates indicate a linear cutting speed of 18,000/50 = 360 mm/hr = 6 mm -
and 45,000/150 = 300 mm/hr = § mm/min, respectively.

The material removal rate for wire EDM can be obtained from the express

MRR = V;hb, (9x

where MRR is in mm?®/min; V; = feed rate of the wire into the workpiece in mm =
b = workpiece thickness or height in mm; and the kerf (see Fig. 9.35) is denor=:
b =d, + 2s, where d,, = wire diameter in mm and s = gap, in mm, between -

and workpiece during machining.

Modern wire-EDM machines (multiaxis EDM wire-cutting machining cenz=
are equipped with (1) computer controls to control the cutting path of the =
(2) automatic self-threading features in case of wire breakage, (3) multiheacs
cutting two parts at the same time, (4) controls that prevent wire breakage. =-
(5) programmed machining strategies. Two-axis computer-controlled machines -
produce cylindrical shapes in a manner similar to that of a turning operatio=
cylindrical grinding.

9.14 | High-Energy-Beam Machining

9.14.1 Laser-beam machining

In laser-beam machining (LBM), the source of energy is a laser (an acronym for L.
Amplification by Stimulated Emission of Radiation), which focuses optical eners
the surface of the workpiece (Fig. 9.36a). The highly focused, high-density en=-
melts and evaporates portions of the workpiece in a controlled manner. This proc:
which does not require a vacuum, is used to machine a variety of metallic and =
metallic materials. There are several types of lasers used in manufacturing operar
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(c) Plastic

O, (pulsed or continuous wave), Nd:YAG (neodymium: yttrium-aluminum-garnet),
Nd:glass, ruby, and excimer (from the words excited and dimer, meaning two mers,
or two molecules of the same chemical composition). The typical applications of laser-
Seam machining are outlined in Tables 9.4 and 9.5.

Important physical parameters in LBM are the reflectivity and thermal con-
Zuctivity of the workpiece surface and its specific heat and latent heats of melting and

=vaporation; the lower these quantities, the more efficient is the process. The cutting
Zepth £ may be expressed as

.

vd’
where P is the power input, v is the cutting speed, and D is the laser-beam spot
“ameter. The surface produced by LBM is usually rough and has a heat-affected zone
“=at, in critical applications, may have to be removed or heat treated. Kerf width is
<= important consideration, as it is in other cutting processes such as sawing, wire
=DM, and electron-beam machining.

t (9.23)

TABLE 9.5
General Applications of Lasers in Manufacturing

Application Laser Type

Cutting
Metals PCO,; CWCO,; Nd:YAG; ruby
Plastics CWCO,
Ceramics PCO,
Drilling
Metals PCO,; Nd:YAG; Nd:glass; ruby
Plastics Excimer
Marking
Metals PCO,; Nd:YAG
Plastics Excimer
Ceramics Excimer
Surface treatment (metals) CWCO,
Welding (metals) PCO,; CWCO,; Nd:YAG; Nd:glass; ruby

Note: P = pulsed; CW = continuous wave.

FIGURE 9.36

(a) Schematic illustration of
the laser-beam-machining
process. (b) and (c) Examples
of holes produced in
nonmetallic parts by LBM.
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Chapter 9

Material-Removal Processes: Abrasive,

Chemical, Electrical, and High-Energy Beams

tion with a gas stream, such as oxygen, nitrog==
hin sheet materials. High-pressure inert-2
d aluminumy; it leaves

Laser beams may be used in combina
or argon (laser-beam torch), for cutting t
assisted (e.g., nitrogen) laser cutting is used for stainless steel an
oxide-free edge that can improve weldability. Gas streams also have the important funce
of blowing away molten and vaporized material from the workpiece surface.

Laser-beam machining is used widely in cutting and drilling metals, nonmet=
and composite materials (Figs. 9.36b and c). The abrasive nature of composite 1
terials and the cleanliness of the operation have made laser-beam machining ==
attractive alternative to traditional machining methods. Holes as small as 0.005 ==
(0.0002 in.), with hole depth-to-diameter ratios of 50 to 1, have been produced in +

although a more practical minimum is 0.025 mm (0.001 in.). Extre

ious materials,
-power lasers can cause damaz

caution should be exercised with lasers, as even low
to the retina of the eye if proper precautions are not observed.

Laser-beam machining is being used increasingly in the electronics and aus
motive industries. Bleeder holes for fuel-pump covers and lubrication holes in tras
mission hubs, for example, are being drilled; the cooling holes in the first-stage var
of the Boeing 747 jet engines are also produced by lasers. Significant cost savir=
have been achieved by laser-beam machining, such that it now competes Wi
electrical-discharge machining in this respect.

Laser beams are also used for (1) welding (see Section 12.4), (2) small-scale /-
treating of metals and ceramics to modify their surface mechanical and tribologic
properties (see Section 4.4), and (3) marking of parts with letters, numbers, codes, <=
Marking can be done by processes such as with ink; with mechanical devices such -
punches, pins, styli, scroll rolls, or stamps; by etching; and with lasers. Although ==
equipment is more expensive than for other methods, marking and engraving v
lasers has become increasingly common, due to the process’ accuracy, reproducib
ty, flexibility, ease of automation, and on-line application in manufacturing.

The inherent flexibility of the laser-beam cutting process with fiber-optic-bez=
delivery, simple fixturing, low setup times, the availability of multi-kW machines a=-
2D and 3D computer-controlled systems are attractive features; thus, laser cutr
can compete successfully with cutting of sheet metal using the traditional punchi==
processes described in Section 7.3. There are now efforts to combine the two proce:

es for improved overall efficiency.

9.14.2 Electron-beam machining and plasma-arc cutting

The source of energy in electron-beam machining (EBM) is high-velocity electror

which strike the surface of the workpiece and generate heat (Fig. 9.37). The applic
tions of this process are similar to those of laser-beam machining, except that EE
FIGURE 9.37 Schematic High-voltage cable (30 kV, dc)
illustration of the electron-

beam-machining process. Cathoded
Unlike LBM, this process athode grid Anode
requires a vacuum, and LB
hence workpiece size is ) -
g = Valve )
limited. Optical T Electron stream
:;eszzzg _~ Magnetic lens
=\ | =
Viewing ; . Deflection coils
port J—— == ===
Vacuum chamber ¢ Workpiece —
E = High-vacus
pump
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requires a vacuum. These machines use voltages in the range of 50-200 kV to accel-
erate the electrons to speeds of 50% to 80% of the speed of light. The interaction of
the electron beam with the workpiece surface produces hazardous X rays; conse-
quently, the equipment should be used only by highly trained personnel. Electron-beam
machining is used for very accurate cutting of a wide variety of metals. Surface finish
is better and kerf width is narrower than that for other thermal-cutting processes.
(See also the discussion in Section 12.4 on electron-beam welding.)

In plasma-arc cutting (PAC), plasma beams (ionized gas) are used for rapid cut-
ting of nonferrous and stainless-steel plates. The temperatures generated are very
high (9400°C, or 17,000°F, in the torch for oxygen as a plasma gas); consequently,
the process is fast, kerf width is small, and the surface finish is good. Material removal
rates are much higher than in the EDM and LBM processes, and parts can be machined
with good reproducibility. Plasma-arc cutting is highly automated today, through the
use of programmable controls.

A more traditional method is oxyfuel-gas cutting (OFC), using a torch as in
welding. It is particularly useful for cutting steels, cast irons, and cast steels. Cutting
occurs mainly by oxidation and burning of the steel, with some melting taking place
2s well. Kerf widths are usually in the range of 1.5-10 mm (0.06-0.4 in.).

9.15 | Water-Jet, Abrasive Water-Jet,
and Abrasive-Jet Machining

We know that when we put our hand across a jet of water or air, we feel a consider-
zble concentrated force acting on our hand. This force results from the momentum
-hange of the stream and, in fact, is the principle on which the operation of water or
zas turbines is based. This principle is also used in water-jet, abrasive water-jet, and
zbrasive-jet machining, described as follows:

1. Water-jet machining (WJM). In water-jet machining, also called
bydrodynamic machining (Fig. 9.38a), the force from the jet is used in cutting
and deburring operations. The water jet acts like a saw and cuts a narrow groove

Accumulator

Controls
Fluid ST Valve
supply
Mixer 7 Sapphire
w=d filter - e 5 nozzle
Hydraulic unit .
Workpiece ;’E:. It

(a)

IGURE 9.38 (a) Schematic illustration of water-jet machining. (b) Examples of various
~-ametallic parts cut by a water-jet machine. Source: Jet Edge.
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