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Chapter 1

Ultra-precision Machining and High

Speed Machining EBfFZ N THEEMTHRA

1. Finishing Operations i 1.

1.1 Honing #E
Honing is an operation used primarily to give holes a fine

surface finish. The honing tool consists of a set of aluminum-oxide

or silicon-carbide bonded abrasives called stones. They are mounted

on a mandrel that rotates in the hole, applying a radial force with

a reciprocating axial motion, this action produces across-hatched

problem. The stones can be adjusted radically for different hole sizes.

Honing is also done on external cylindrical or flat surfaces and to

remove sharp edges on cutting tools and inserts. Fig. 1.1 is a schematic
illustration of a honing tool used to improve the surface finish of bored

or ground holes.

Fig. 1.1 The cutting locus of honing head and honing oilstone

I-work piece; 2-honing stick; 3-grinding flat; 4-shaft coupling

The fineness of surface finish can be controlled by the type and

size of abrasive used, the pressure applied, and speed. Surface

speeds range from about 45m/min to 90m/min. A fluid is used to
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remove chips and to keep temperatures low. If not done properly,

honing can produce holes that are neither straight nor cylindrical, but ’

with shapes that are bell-mouthed or tapered.

1.2 Super-finishing #EmT

In super-finishing the pressure applied is very light and the
motion of the stone has a short stroke. The process is controlled so
that the grains do not travel along the same path on the surface of the
work piece being finished. Fig. 1.2 is the schematic illustrations of the

super-finishing process for a cylindrical part.

Fig. 1.2 A tool for grind excircle

1-jacket; 2-grind jacket; 3-adjusting screw; 4-hand shank

1.3 Lapping &%

Lapping is a finishing operation used on flat or cylindrical :

surfaces. The lap is usually made of cast iron, copper, leather, or

cloth. The abrasive particles are embedded in the lap, or they maybe

carried through a slurry. Depending on the hardness of the work

piece, lapping pressures range from 7kPa to 140kPa. Dimensional
tolerances on the order of +0.0004 to ei can be obtained with the use

of fine abrasives up to grit size 900. Surface finish can be as smooth as

0.025um to 0.1pum.
1.4 Polishing #

Polishing is a process that produces a smooth surface finish. Two
basic mechanisms are involved in the polishing process: (a) fine-scale

abrasive removal; (b) softening and smearing of surface layers by

frictional heating during polishing. The shiny appearance of polished

m
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surfaces results from the smearing action.

Polishing is done with disks or belts made of fabric, leather etc '

that are coated with fine powders of aluminum oxide or diamond. Parts

with irregular shapes, sharp corners, and sharp projections are difficult
to polish.

2. High-Speed Machining s T

Most of the time, any process which employ a spindle that can

operate at high rpm is labeled HSM. In fact, like the introduction of

NC and later CNC, HSM is a revolutionary process that will change |
the way metal removal. Usually, HSM is understood to take place
when cutter surface speed exceeds 610m/min. This definition is |

based on single-point turning and face-milling operations. Also, to be

considered HSM, spindle speed must exceed 10000 rpm.
The combination of spindle power, spindle speed, and machine-

axis feed rates produces a greater metal removal rate than conventional

metal cutting technology. When correctly applied, the process |

optimizes all the factors involved in the cutting operation by applying

methods that fully exploit the machine's performance. It creates a

perfect balance of all parameters that control metal removal.

The final goal of firms that build high-speed machining systems is '

to deliver reliable and sustainable solutions with improved processes

and performance, reduced production time, greatly reduced hand |

finishing, improved quality, and lower production cost.

Before introducing HSM, machine tool builders have to consider
a number of important factors including: weight of mobile com-

ponents, center of gravity, rigidity/stability, axis drives, CNC,

accuracy, machine configuration, machine programming, training and

maintenance.

Weight of the moving components of the system is the most |
important criterion. Mobile parts need not only to move rapidly, but to
obtain the maximum possible acceleration in the minimum distance. In
the case of a wide, tall machine, acceleration is the enemy and causes

the machine to tip up. To eliminate this problem, the center of gravity

must be at the lowest possible position.
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Rigidity/stability is the key to HSM. A system that is not rigid |

produces poor results, and may cause a real disaster. Chatter, surface

)

finish, and accuracy, as well as tool, spindle, and machine life all

depend upon system rigidity.

Developing and fabricating a large, high-speed machine
caused a company to revise the traditional conception of a machine,
particularly of the driving system and of the weight of mobile

components. The classical ball screws and nuts, racks and pinions, and

gearboxes created worries.
Linear motors are the only way to solve the problem. Installing

linear motors eliminate all intermediary parts such as belt drives,

gearboxes, ball screws, and pinions, which are not very rigid. The |

linear motors permit more accurate calculation of the required
parameters.

It is necessary to protect the linear motors against dust and

contaminants, and to develop a cooling system and heat transfer for

the machine structures.

In spite of high feed rates, high acceleration, a relatively
light machine, and part geometry, the HSM system has to provide |

very good positioning accuracy and repeatability. The feedback

measurement devices used, such as linear scales and lasers, bare

directly mounted on the axis. In addition to the accuracy aspect, the
laser feedback system also makes it possible to automatically change

the machine axis position as temperature fluctuates. In other words,

the cutter follows the part movements driven by thermal effects. This

capability is important because all machine tool builders would like
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to install their equipment in a building that has a temperature control

system.

What are the basic requirements for HSM? Many factors

influence the performance of high-speed machines. They must be |

balanced to optimize the final results. As a rule, performance improves

when chatter is eliminated. It's easiest to remove chatter when all

L]

the elements in the process combine to produce a system with high

rigidity.

For many years, HSM is considered a process only suited for
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light-duty finishing operations. In fact, many of the machines now in

operation are still used for this limited part of the production process. |

This situation is gradually changing. Pressure to use HSM has come,
in particular, from the aerospace industry's need to produce structural
monolithic components in aluminum. In that field, HSM has been
adopted as a process able to produce a part from rough to finish using
the same machine.

Much information on HSM involves aluminum, but what about

the other metals? Machine tool builders, software developers, and in

particular, cutting-tool makers offer a spectrum of products. Unique

problems abound when machining harder.

With harder to machine materials, such as heat-resistant alloys,

the tool spends more time in one location, compared to aluminum.
Therefore, there is more heat generation and more pressure on the

workpiece that might cause adverse deformation. This is very critical

in complex or thin cross sections.
Coolant for HSM operations is a controversial issue. Dry, mist, and

flood cooling are all used. The problem is that, at present, there is through

the tool no way to get coolant to the actual cutting surface, even with very |

high pressure, through the tool delivery systems. So the coolant in all
cases has only peripheral influence on tool and workpiece temperature.

For machining of 50 HRC metals, which is called hard machi-

ning, air cooling is recommended to avoid thermal shock. Below that !
hardness, high-speed roughing and finishing is almost dry machining.
The only exceptions are gummy materials, like aluminum or some

stainless steel. Compressed air, or an oil mist in an air stream, is |

recommended to move the chips, not fluids that can cause thermal

cracking of the tool coating. Mist coolant is used sometimes when

you need a very low surface roughness. It's used for the lubricant
properties, not for the heat dissipation quality.

In die and mold machining, it's recommended to run dry to avoid
thermal shock to the cutting tool. For applications in heat-resistant
materials, such as titanium, heavy volumes of coolant are recommended
to avoid chemical and abrasive wear at high speed. At the same time,

the tendency for some thermal cracks must be accepted.
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The latest tool designs represent a change in philosophy from
multilayer coatings to a single nanocoat about 0.001pum thick. This = wx#z
design gives longer tool life because it has a 75% lower coefficient of = g 4%
friction than TiAIN and is three times harder. With this lubricity there T
is less heat, and less oxidation and wear. It can handle materials up to = ax
80 HRC and tool life can be increased 5 to 10 times. Coatings may
or may not be an advantage. For example, in aerospace work, you
cannot use a coating that contains aluminum on titanium because of |

contamination problems. But generally, cutting tools used on all heat-

@
>

resistant alloys use coatings.

Machine tools made specifically for HSM have some unique
features. In evaluating these designs, when it comes to HSM of harder
materials, machines can feed faster than tools can cut. Speeds of 610
to 914m/min are possible in aluminum, but with steel of 50 HRC, |
122 to 137m/min are more common. You can achieve a chip load of = w#7n#

0.5 — 1.3mm per tooth with aluminum, but 0.08 — 0.2mm in hard steel
is more standard. Chip load is the driving force when it comes to
machining harder materials.

It's finally clear that HSM is a viable production process with | TH
capabilities beyond the finishing area, and that the limits of the metal = s
removal rate achieved by HSM are determined by a series of factors
linked to the performance limitations of all the elements involved in
HSM. These elements include ; |

(1) The machine. High feed rate is not sufficient. It must WK | R4S
be complemented by high structural rigidity, high acceleration/ = s % /i
deceleration, and a CNC capable of supporting the machine's enhanced = s /%3
performance. |

(2) Spindle. High rpm is not all that's needed to produce a high ETH
metal removal rate. High power, high torque, and rigidity are required = a5
to ensure improved tool life and good surface finish.

(3) Cutters. While very good solutions are available for materials | AR
like aluminum, the cutters still make it difficult to achieve a dramatic B4 4
breakthrough in the machining of exotic materials, like titanium and | Rak | TF
inconel, at high speed. In some cases, cutter substantially influences = a4/ xms

part-production costs. This point emphasizes the importance of cutting
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tests and cost studies before making any decisions about adopting

HSM.

(4) Fixturing. Fixturing is very often the weakest link in the
system. If the fixture is not rigid enough to avoid chatter during the

cutting process, the most rigid and dynamic machine, equipped with a i

powerful spindle and the proper tooling, is worthless.

(5) Human resource. Human resource is probably the most

important factor in the successful application of HSM. It's often
ignored, leading to disappointing results. Users must select the right
individuals to program, operate, and manage the HSM installation,
and it's also important to give them the training and support them to

implement the new technology.
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Chapter 2
B mIHEAR

1. Introduction sy

1.1 What is laser? #tg2H4
The word laser is an acronym that stands for "light amplification

by stimulated emission of radiation". In a fairly unsophisticated

sense, a laser is nothing more than a special flashlight. Energy goes
in, usually in the form of electricity, and light comes out. But the
light emitted from a laser differs from that from a flashlight, and the
differences are worth discussing.

You might think that the biggest difference is that lasers are more

powerful than flashlights, but this conception is more often wrong

than right. True, some lasers are enormously powerful, but many are

much weaker than even the smallest flashlight. So power alone is not

a distinguishing characteristic of laser light. Actually, there are three

differences between light from a laser and light from a flashlight. First,

the laser beam is much narrower than a flashlight beam. Second, the

white light of a flashlight beam contains many different colors of light, |

while the beam from a laser contains only one, pure color. Third, all
the light waves in a laser beam are aligned with each other, while the
light waves from a flashlight are arranged randomly.

Lasers come in all sizes — from tiny diode lasers small enough to
fit in the eye of a needle to huge military and research lasers that fill a
three-story building. And different lasers can produce many different
colors of light which depend on the length of its waves. Listed in Table
2.1 are some of the important commercial lasers. In addition to these

fixed-wavelength lasers, tunable lasers and semiconductor lasers are

also commercially available.

Laser Processing Technology
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Table 2.1 Fixed-wavelength commercial lasers

Laser Wavelength ‘ Average Power Range
wot Wk RRORIE o]
Carbon dioxide (CO,) 1 o .
10.6pm |Milliwatts <& /. to tens of kilowatts
AL . ‘
1.06pum Milliwatts to hundreds of watts
Nd:YAG §% : 2t
1.06pm ]Pulscd only
Nd:glass ¥ : B 53
694.3nm (visible) Pulsed only

Cr:ruby % : 21547

632.8nm (visible) |Microwatts {8 /L, to tens of milliwatts
5 |

Helium-neon 23 7

514.5nm (visible) Milliwatts to tens of watts
Argon-ion 5 & B |
488.0nm (visible) ‘Ml“lWaIIS to watts

248.0nm Milliwatts to a hundred watts

Krypton-fluoride 7

The "light" produced by carbon dioxide lasers and neodymium
lasers cannot be seen by the human eye because it is in the infrared
portion of the spectrum. Red light from a ruby or helium-neon laser,
and green and blue light from an argon laser, can be seen by the
human eye. But the krypton-fluoride laser's output at 248nm is in the
ultraviolet range and cannot be directly detected visually.

Interestingly, few of these lasers produce even as much power
as an ordinary 100W light bulb. What's more, lasers are not even
very efficient. To produce 1W of light, most of the lasers listed in
Table 1 would require hundreds or thousands of watts of electricity.

What makes lasers worthwhile for many applications, however, is the

narrow beam they produce. Even a fraction of a watt, crammed into a
super narrow beam, can do things no light bulb could ever do.

Table 2.1 is by no means a complete list of the types of lasers
available today, indeed, a complete list would have dozens, if not
hundreds, of entries. It is also incomplete in the sense that many
lasers can produce more than a single, pure color. Nd:YAG lasers, for
example, are best known for their strong line at 1.06um, but these
lasers can also lase at dozens of other wavelengths. In addition, most
helium-neon lasers produce red light, but there are other helium-neon
lasers that produce green light, yellow light, or orange light, or infrared
radiation. Also obviously missing from Table 2.1 are semiconductor
diode lasers, with outputs as high as IW in the near infrared portion of

the spectrum, and dye lasers with outputs up to several tens of watts in
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