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The use of computers continues to change how ma-
chine tools are used to manufacture products. Com-
puters have improved until there are now highly
sophisticated units capable of controlling the opera-
tion of a single machine, a group of machines, or
even a complete manufacturing plant. Section 14,
“Computer-Age Machining,” now includes not only
computer numerical control machine tools, such as
turning and machining centers, but also newer man-
ufacturing technologies. To increase manufacturing
productivity, machine tools have been equipped with
modular tooling and work-holding systems, as well as
new cutting tools to produce accurate parts faster
and at competitive prices.

Today’s industries are putting more emphasis on
using new manufacturing technologies and manufac-
turing intelligence systems to improve their produc-
tivity and remain competitive in the world. Section
14 gives an overview of 10 technologies or processes
that are giving manufacturers an advantage over their
competition. A few of these are Artificial Intelligence,
Open Architecture CNC, Step NC, Virtual Reality, e-
Manufacturing, Nanotechnology, and Cyber Manage-
ment Systems. Through the use of CDs and
videotapes, students can learn how the machine tool
trade will be changing in the future.

This book is based on the authors’ many years
of trade experience and experience as specialists in
teaching. To keep up-to-date with technological
change, the authors have researched the latest tech-
nical information available and have visited indus-
tries that are leaders in their field. Key personnel in
manufacturing firms and leading educators reviewed
many sections of this book, so that accurate and up-
to-date information is presented. The authors are
grateful to the reviewers for the technical and practi-
cal suggestions that were incorporated into the text.

The business and manufacturing world today is
very different from what it was as little as 5 or 10
years ago. Ever more highly productive advanced
technology and global competition are the driving
forces behind this never-ending change. It seems
that new technological developments are occurring
every month, and the days when we used to do the
same thing month after month are gone.

Globalization and the fierce competition it has
brought have created a need for industry to produce
high-quality products quickly and at less cost. This is
a real challenge for some industries that have not
kept pace with the constant-changing technology and
that still hope 5- to 10-year-old technology will keep
them in business. In order to survive, we must de-
velop and use manufacturing systems that produce
better products, faster, and at lower cost than our
competitors. These highly productive systems are
available to anyone in the world. Those companies
that use them first are very likely to survive, while
those that do not will gradually fade away.

The purposes of this text are to assist instructors
in providing the basic training on conventional ma-
chine tools; to cover basic programming for CNC
machines (such as turning and machining centers);
and to introduce new manufacturing technologies
and processes. To make this course interesting and
challenging for students, videotapes can be used to
cover new technologies. They are available on loan or
for a small fee from technical societies, manufactur-
ers, and publishers. The instructor's manual includes
sources of videotapes, along with answers to the review
questions in the text. A student workbook is also
available.

Steve F. Krar
Arthur R. Gill
Peter Smid
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INTRODUCTION TO
MACHINE TOOLS

The progress of humanity throughout the ages has been governed by the types of tools avail-
able. Ever since primitive people used rocks as hammers or as weapons to kill animals for food,
tools have governed our standard of living. The use of fire to extract metals from ore led to the
development of newer and better tools. The harnessing of water led to the development of hy-
dropower, which greatly improved humanity’s well-being.

With the industrial revolution in the mid-18th century, early machine tools were developed
and were continually improved. The development of machine tools and related technologies ad-
vanced rapidly during and immediately after World Wars | and 1. Since World War |, processes
such as computer numerical control, electro-machining, computer-aided design (CAD), computer-
aided manufacturing (CAM), and flexible manufacturing systems (FMS) greatly altered manu-
facturing methods.

Today we are living in a society greatly affected by the development of the computer. Com-
puters affect the growing and sale of food, manufacturing processes, and even entertainment.
Although the computer influences our everyday lives, it is still important that you, as a student or
an apprentice, be able to perform basic operations on standard machine tools. This knowledge will
provide the necessary background for a person seeking a career in the machine tool trade.
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History of Machines

OBJECTIVES

After completing this unit, you will be familiar with:
The development of tools throughout history

The standard types of machine tools used in
shops

The newly developed space-age machines and
processes

The history of machine tools began during the stone age
(over 50,000 years ago), when the only tools were hand
tools made of wood, animal bones, or stone (Fig. 1-1).

Between 4500 and 4000 B.C., stone spears and axes
were replaced with copper and bronze implements, and
power supplied by humans was in a few cases replaced
with animal power. It was during this bronze age that hu-
man beings first enjoyed “power-operated” tools.

Around 1000 B.c., the iron age dawned, and most
bronze tools were replaced with more durable iron im-
plements. After smiths learned to harden and temper iron,
its use became widespread. Tools and weapons were
greatly improved, and animals were domesticated to pro-
vide power for some of these tools, such as the plow. Dur-
ing the iron age, all commodities required by humans,
such as housing and shipbuilding materials, wagons, and
furniture, were handmade by the skilled craftspeople of
that era.

About 300 years ago, the iron age became the ma-
chine age. In the 17th century, people began exploring
new sources of energy. Water power began to replace
human and animal power. With this new power came

4 Introduction to Machine Tools

The high standard of living we enjoy today did not
just happen. It has been the result of the develop-
ment of highly efficient machine tools over the past
several decades. Processed foods, automobiles, tele-
phones, televisions, refrigerators, clothing, books,
and practically everything else we use are produced
by machinery.

improved machines and, as production increased, more
products became available. Machines continued to be
improved, and the boring machine made it possible for
James Watt to produce the first steam engine in 1776,
beginning the industrial revolution. The steam engine
made it possible to provide power to any area where it
was needed. With quickening speed, machines were im-
proved and new ones invented. Newly designed pumps
reclaimed thousands of acres of the Netherlands from
the sea. Mills and plants which had depended on water
power were converted to steam power to produce flour,
cloth, and lumber more efficiently. Steam engines re-
placed sails and steel replaced wood in the shipbuilding
industry. Railways sprang up, unifying countries, and
steamboats connected the continents. Steam-driven
tractors and improved farm machinery lightened the
farmer’s task. As machines improved, further sources of
power were developed. Generators were made to pro-
duce electricity, and diesel and gasoline engines were
developed.

With further sources of energy available, industry
grew and new and better machines were built. Progress
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M Figure 1-1 The development of hand tools over the years. (DoAll Company)

continued slowly during the first part of the 20th century
except for spurts during the two world wars. World War 11
sparked an urgent need for new and better machines,
which resulted in more efficient production (Fig. 1-2).

Since the 1950s, progress has been rapid and we are
now in the space age. Calculators, computers, robots, and
automated machines and plants are commonplace. The
atom has been harnessed and nuclear power is used to
produce electricity and to drive ships. We have traveled to
the moon and outer space, all because of fantastic tech-
nological developments. Machines can mass produce
parts to millionths of an inch accuracy. The fields of
measurement, machining, and metallurgy have become
sophisticated. All these factors have produced a high
standard of living for us. All of us, regardless of our oc-
cupation or status, are dependent on machines and/or
their products (Fig. 1-3 on p. 6).

Through constant improvement, modern machine
tools have become more accurate and efficient. Improved
production and accuracy have been made possible M Figure 1-2 New machine tools were developed
through the application of hydraulics, pneumatics, flu- during the mid-20th century.  (DoAll Company)
idics, and electronic devices such as computer numerical
control to basic machine tools.

History of Machines 5
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M Figure 1-3 Machine tools produce tools and machines for manufacturing all

types of products. (DoAll Company)

Common Machine Tools

Machine tools are generally power-driven metal-cutting
or -forming machines used to shape metals by:

>

>
>

The removal of chips
Pressing, drawing, or shearing

Controlled electrical machining processes

Any machine tool generally has the capability of:

> Holding and supporting the workpiece

\%

Holding and supporting a cutting tool

Imparting a suitable movement (rotating or recip-
rocating) to the cutting tool or the work

Feeding the cutting tool or the work so that the
desired cutting action and accuracy will be achieved

The machine tool industry is divided into several

different categories, such as the general machine shop, the
toolroom, and the production shop. The machine tools
found in the metal trade fall into three broad categories:

1.

2.

Chip-producing machines, which form metal to
size and shape by cutting away the unwanted
sections. These machine tools generally alter the
shape of steel-produced products by casting,
forging, or rolling in a steel mill.

Non-chip-producing machines, which form metal
to size and shape by pressing, drawing, punching,

Introduction to Machine Tools

or shearing. These machine tools generally alter
the shape of sheet steel products and produce parts
which need little or no machining by compressing
granular or powdered metallic materials.

3. New-generation machines, which were developed
to perform operations that would be very difficult,
if not impossible, to perform on chip- or non-chip-
producing machines. Electro-discharge, electro-
chemical, and laser machines, for example, use
either electrical or chemical energy to form metal
to size and shape.

4. Multi-tasking machines, a combined machining and
turning center, can produce virtually any shape of
part, starting with a rough piece of material to a
finished part in a single machine setup. These
machines consist of a turning center with two inde-
pendent spindles and a vertical machining center
having a rotary tool spindle. They combine Informa-
tion Technology (IT) and Manufacturing Tech-
nology (MT) for the efficient multiple-face
machining of workpieces. Besides the conventional
turning and milling operations, it is possible to hob
gears, machine molds, and cylindrical grind in the
same work setup.

The performance of any machine tool is generally
stated in terms of its metal-removal rate, accuracy, and re-
peatability. Metal-removal rate depends upon the cutting
speed, feed rate, and depth of cut. Accuracy is determined
by how precisely the machine can position the cutting tool



M Figure 1-4 Common machine tools found in a
machine shop. (DoAll Company)

to a given location once. Repeatability is the ability of the
machine to position the cutting tool consistently to any
given position.

A general machine shop contains a number of stan-
dard machine tools that are basic to the production of a va-
riety of metal components. Operations such as turning,
boring, threading, drilling, reaming, sawing, milling, filing,
and grinding are most commonly performed in a machine
shop. Machines such as the drill press, engine lathe, power
saw, milling machine, and grinder are usually considered
the basic machine tools in a machine shop (Fig. 1-4).

» Standard Machine Tools
DRILL PRESS

The drill press or drilling machine (Fig. 1-5), probably the
first mechanical device developed prehistorically, is used
primarily to produce round holes. Drill presses range from
the simple hobby type to the more complex automatic and
numerical control machines used for production purposes.
The function of a drill press is to grip and revolve the cut-
ting tool (generally a twist drill) so that a hole can be pro-
duced in a piece of metal or other material. Operations
such as drilling, reaming, spot facing, countersinking,
counterboring, and tapping are commonly performed on a
drill press.

ENGINE LATHE

The engine lathe (Fig. 1-6) is used to produce round work.
The workpiece, held by a work-holding device mounted on
the lathe spindle, is revolved against a cutting tool, which
produces a cylindrical form. Straight turning, tapering, fac-
ing, drilling, boring, reaming, and thread cutting are some
of the common operations performed on a lathe.

M Figure 1-5 A standard upright drill press. (DoAll
Company)

M Figure 1-6 An engine lathe is used to produce
round work. (Clausing Industrial, Inc.)

METAL SAW

The metal-cutting saws are used to cut metal to the proper
length and shape. There are two main types of metal-
cutting saws: the bandsaw (horizontal and vertical) and the
reciprocating cutoff saw. On the vertical bandsaw (Fig. 1-7
on p. 8) the workpiece is held on the table and brought into

History of Machines 7



M Figure 1-7 A contour-cutting bandsaw.  (DoA/l
Company)

contact with the continuous-cutting saw blade. It can be
used to cut work to length and shape. The horizontal band-
saw and the reciprocating saw are used to cut work to
length only. The material is held in a vise and the saw blade
is brought into contact with the work.

MILLING MACHINE

The horizontal milling machine and the vertical milling
machine (Fig. 1-8) are two of the most useful and versa-
tile machine tools. Both machines use one or more rotat-
ing milling cutters having single or multiple cutting edges.
The workpiece, which may be held in a vise, fixture, ac-
cessory, or fastened to the table, is fed into the revolving
cutter. Equipped with proper accessories, milling ma-
chines are capable of performing a wide variety of opera-
tions, such as drilling, reaming, boring, counterboring,
and spot facing, and of producing flat and contour sur-
faces, grooves, gear teeth, and helical forms.

GRINDER

Grinders use an abrasive cutting tool to bring a workpiece
to an accurate size and produce a high surface finish. In
the grinding process, the surface of the work is brought

8 Introduction to Machine Tools

B Figure 1-8 A vertical milling machine. (Clausing
Industrial, Inc.)

B Figure 1-9 A surface grinder is used to grind flat
surfaces. (DoAll Company)

into contact with the revolving grinding wheel. The most
common types of grinders are the surface, cylindrical, cut-
ter and tool, and bench or pedestal.

Surface grinders (Fig. 1-9) are used to produce
flat, angular, or contoured surfaces on a workpiece.



Cylindrical grinders are used to produce internal
and external diameters, which may be straight,
tapered, or contoured.

Cutter and tool grinders are generally used to
sharpen milling machine cutters.

Bench or pedestal grinders are used for ofthand
grinding and the sharpening of cutting tools such
as chisels, punches, drills, and lathe and

planer tools.

SPECIAL MACHINE TOOLS

Special machine tools are designed to perform all the oper-
ations necessary to produce a single component. Special-
purpose machine tools include gear-generating machines;
centerless, cam, and thread grinders; turret lathes; and
automatic screw machines.

» Computer Numerical
Control Machines

Computer numerical control (CNC) has brought tremen-
dous changes to the machine tool industry. New machine
tools, controlled by computers, have allowed industry to
produce parts quickly and to accuracies undreamed of
only a few years ago. The same part can be reproduced, to
the exact accuracy, any number of times if the part pro-
gram has been properly prepared. The operating com-
mands that control the machine tool are executed with
amazing speed, accuracy, efficiency, and reliability. In

(a)

many cases throughout the world, conventional machine
tools operated by hand are being replaced by CNC ma-
chine tools operated by computers.

Chucking and turning centers (Fig. 1-10a and b), the
CNC equivalent of the engine lathe, are capable of machin-
ing round parts in a minute or two that would take a skilled
machinist an hour to produce. The chucking center is de-
signed to machine parts in a chuck or some form of holding
and driving device. The turning center, similar to a chuck-
ing center, is designed mainly for shaft-type workpieces
that must be supported by some type of tailstock center.

The machining centers (Fig. 1-11a and b), the CNC
equivalent of the milling machine, can perform a variety
of operations on a workpiece by changing its own cutting
tools. There are two types of machining centers, the verti-
cal and the horizontal. The vertical machining center
(Fig. 1-11a), whose spindle is in a vertical position, is
used primarily for flat parts where three-axis machining is
required. The horizontal machining center (Fig. 1-11b),
whose spindle is in a horizontal position, allows parts to
be machined on any side in one setup if the machine is
equipped with an indexing table. Some machining centers
have both vertical and horizontal spindles that can change
from one to another very quickly.

Electrical discharge machines (EDM) (Fig. 1-12)
use a controlled spark erosion process between the cutting
tool and the workpiece to remove metal. The two most
common EDM machines are the wire-cut and the vertical
ram type. The wire-cut EDM uses a traveling wire to cut
the internal and external shapes of a workpiece. The ver-
tical ram-type EDM, commonly called the die sinking
machine, generally feeds a form tool down into the work-
piece to reproduce its form.

(b)

[ | Figure 1-10 Chucking (a) and turning centers (b) are capable of producing round parts quickly and accurately.

(Mazak Corp.)

History of Machines 9
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(a)

[ | Figure 1-11 (a) The vertical machining center is used primarily for flat parts when three-axis machining is required.
(Cincinnati Machine)

(b)

[ | Figure 1-11 (b) The horizontal machining center can machine any side of a part if it is equipped with an indexing
table. (Cincinnati Machine)
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M Figure 1-12 EDM machines remove metal by an electric spark-erosion process. (Charmilles Technology Corp.)

Electro-discharge machining, electrochemical ma-
chining, electrolytic grinding, and laser machining have
made it possible to machine new space-age materials and
to produce shapes which were difficult or often impossi-
ble to produce by other methods.

The numerical control principle has also been ap-
plied to robots, which are now capable of handling mate-
rials and changing machine tool accessories as easily and
probably more efficiently than a person can (Fig. 1-13).
Robotics has become one of the fastest-growing areas of
the manufacturing industry.

Since its development, the laser has been applied to
several areas of manufacturing. Lasers are now used in-
creasingly for cutting and welding all types of metals—
even those that have been impossible to cut or weld by
other methods. Laser beams can pierce diamonds and any
other known material and are also used in extremely ac-
curate measuring and surveying devices, and as sensing
devices.

With the introduction of numerous special machines
and special cutting tools, production has increased tremen-
dously over that attained with standard machine methods.
Many products are produced automatically by a continu-
ous flow of finished parts from these special machines.
Product control and high production rates allow us to en-
joy the pleasure and convenience of automobiles, power

M Figure 1-13 Robots are finding ever-increasing
applications in industry. (GE Fanuc)

lawn mowers, automatic washers, stoves, and scores of
other modern products. Without the basic machine tools
required for mass production and automation, the costs of
many luxuries that we now enjoy would be prohibitive.

History of Machines 11



» Major Developments in
Metalworking over the
Past Half Century

Prior to the 20th century, manufacturing methods changed
very slowly. Mass production had not developed nearly to
the stage that we know now. It wasn’t until the early
1930s that new and outstanding developments in manu-
facturing began to affect manufacturing processes. Since
then, progress has been so rapid that now some of the
newer developments astound most of us. It is because of
this progress over the past 60 years or so that we in North
America enjoy one of the highest standards of living in
the world.

Manufacturing prior to 1932 was done on standard
types of machine tools with little or no automation. En-
gine lathes, turret lathes, drill presses, shapers, planers,
and horizontal milling machines were the common ma-
chine tools of the day. Most of the cutting tools were made
of carbon steel or early grades of high-speed steel, which
were not very efficient by today’s standards. Production
was slow and much of the work was finished by hand.
This resulted in the high cost of the items produced in re-
lation to wages paid to the workers.

In the early 1930s, machine tool manufacturers took
advantage of the lull in production and sales caused by the
Great Depression to upgrade their machines by improving
flexibility and controls. Thus began the trend leading to
the machines of the present.

According to the Society of Manufacturing Engi-
neers and the AMT—Association for Manufacturing
Technology, the following chronology lists the most im-
portant developments in metalworking during the past
half century.

1942: Heliarc welding was a new process developed for

welding magnesium on a production basis.

1943:  Air gaging provided a means of gaging parts
more quickly and accurately than was previously
possible.

1944: The 60,000 r/min grinder motor was developed
to provide small grinding wheels (1/8 in.
diameter or less) with sufficient speed for
efficient grinding.

1945:  Man-au-trol control was the first hydraulic-
electric control system introduced for automatic
machine control.

1946: The ENIAC digital computer was the first all-
electronic general-purpose computer introduced
and would eventually help with design
problems.

12 Introduction to Machine Tools

1947:

1948:

1949:

1950:

1951:

1952:

1953:

1954:

1955:

1956:

1957:

1958:

1959:

1960:

Automatic size control provided a means of auto-
matically boring, honing, and gauging the size of
engine block cylinders.

Cardamatic milling used punch cards to automat-
ically control the cycle of a milling machine.

Ultrasonic inspection provided a nondestructive
method of testing materials by means of
extremely high-frequency sound waves.

Electronic hardness testing was a quick and
accurate type of test based on the magnetism
retention of a part against a standard.

Method X electrical discharge machining
provided a means of removing metal from the
workpiece by means of a spark of high density
and short duration.

Numerical control introduced a system attached
to a milling machine whereby the table and
cutting-tool movements were controlled by
punched tape.

Project tinkertoy was a system developed to auto-
matically manufacture and assemble electronic
circuit elements.

Indexible insert tooling introduced a throwaway
type of carbide cutting-tool insert, which could be
turned over and used on both sides. This elimi-
nated the need for expensive cutting-tool mainte-
nance.

The numericord system was the first completely
automatic control for machines, provided by
means of electronic control and magnetic tape.

The gear-honing process provided a method used
after heat treating to remove nicks and burrs from
a gear and form it to its correct specifications.

Manufactured diamond was developed by the
General Electric Co. for grinding and machining
hard, abrasive nonferrous and nonmetallic
materials. It was produced by subjecting a form
of carbon and a metal catalyst to high pressure
and high temperature.

The machining center introduced a computer-
controlled machine with a tape-controlled
toolchanger capable of performing milling,
drilling, tapping, and boring on a workpiece as
large as an 18-in. cube.

The APT (automatically programmed tool)
programming language was a 107-word computer
language used by programmers to write programs
using data from engineering drawings.

Ultra-high-speed machining was based on the
principle that at extremely high cutting speeds
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1962:
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1966:

1967:

1968:
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(2500 sf/min and higher) the tool temperature and
horsepower required to machine a workpiece
drop. Speeds of 18,000 sf/min were used and
speeds of up to 36,000 sf/min were planned.

The industrial robot provided a single-armed
device that can manipulate parts or tools through
a sequence of operations or motions as controlled
by computer programs.

Computer-controlled steelmaking introduced a
system in which every steelmaking variable, from
order and raw-material requirements to the
finished product, is computer controlled.

The ADAPT programming language provided a
program compatible with APT language, used
only about half of APT’s vocabulary words, and
was designed for use with small computers to
control machine operations.

DAC-1, design augmented by computers, was a
computer system that allowed the computer to
read drawings from paper or film and to generate
new drawings by use of the keyboard and a
lightpen.

System/360 introduced a large mainframe
computer capable of responding in billionths of a
second and became the standard in industry for
the next decade.

The single-layer metal-bonded diamond
grinding wheel was a diamond-impregnated
grinding wheel, contoured to the profile of the
workpiece, and reduced the grinding time
required for certain parts from 10 hours to

10 minutes.

Computer numerical control provided a computer
control system that combined the functions of
separate tape preparation equipment, numerical
control, and program and part verification into
one unit.

Direct numerical control allowed the operation of
machines directly from the mainframe computer
without the use of tapes.

The programmable controller was a smaller,
single-purpose computer that could control as
many as 64 machines using APT-created programs.

CBN (cubic boron nitride), an extremely hard
abrasive, was developed by the General Electric
Co. for grinding and machining hard, abrasive
ferrous metals. It was produced by subjecting
hexagonal boron nitride along with a catalyst to
high pressure and high temperature.

Polycrystalline superabrasive cutting tool blanks
consist of a layer of diamond or CBN (cubic

1970:

1971:

1972:

1973:

1974:

1974:

1975:

1975:

1976:

1977:

boron nitride) bonded to a cemented carbide
substrate. They are used to cut hard, abrasive,
nonferrous and nonmetallic materials (diamond)
and ferrous materials (CBN).

System GEMINI provided a system whereby a
supervisory computer and a distribution computer
control several machines in the total manufacture
of a part. This system was the forerunner of the
automatic factory.

Robotic sensory capabilities permitted a robot to
“feel” for objects by means of a sensor applied to
the robot’s gripping fingers or vacuum cup.

The Hummingbird press was a 60-ton automated
press with speeds of up to 1600 strokes per
minute and a feed rate of 400 ft/min.

Robotic vision was a robot system that utilized a
television camera and image processing
equipment to permit the robot to “see” and
prevent the arm from bumping other parts as it
travels to the desired location.

Remote machine diagnostics allowed diagnosis of
CNC machine problems in a plant by a computer
in the manufacturer’s head office by tying both
computers into the telephone system.

Group Technology (GT) is a system of classifying
parts on the basis of their similarities and physical
characteristics so that they can be grouped
together for manufacturing using the same
process. This improves manufacturing produc-
tivity by the better use of machine tools and the
efficient flow of parts through the machines.

Computer Integrated Manufacturing (CIM) is an
information system where computers integrate all
manufacturing functions such as CNC, process
planning, resource planning, and CAD/CAM
with processes such as finance, inventory, payroll,
and marketing. The CIM system controls all data
flow within a company.

The super CIMFORM grinding wheel was a
long-life vitrified aluminum oxide grinding wheel
developed for high production. It cut grinding
costs by 25%.

CAM-I automated process planning, when a part
is required, allows the computer to determine the
“family” the part belongs to, calls up the drawing,
makes any necessary modifications, and then
directs the production of the part in the shop.

Distributed plant management systems allowed a
DNC computer system in a plant to be controlled
and programmed by a remote computer that may
not even be located in the same plant.

History of Machines 13
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Automated programmable assembly systems were
designed to increase production by the use of
several programmed robots to assemble
component parts into a unit.

YMS-50 flexible manufacturing systems linked
standard NC machine modules with a parts-
handling device and provided total computer
control of the system.

The variable mission automatic toolhead changer
stores and installs cutting tools, as programmed,
on as many as 18 multiple spindle heads.

Adaptive control uses the power of the computer
to monitor a machining operation and make
adjustments to the speed and feed rates to
optimize a machining operation. It can be used to
sense tool wear, the geometry of the cut, the
hardness and rigidity of the workpiece, and the
position of the tool in relation to the workpiece.

The grinding center provides computer-
controlled grinding that can be programmed for
as many as 48 different grinds on a workpiece.

Just-In-Time manufacturing, a concept developed to
improve productivity, reduce costs, reduce scrap and
rework, use machines efficiently, reduce inventory
and work-in-process (WIP), and make the best use
of manufacturing space. It involves having the right
materials, tools, and machines available at the time
they are required for production.

Artificial Intelligence (Al) is a field of computer
science that deals with computers doing
humanlike functions such as interpretation and
reasoning. It uses robots, vision systems, expert
systems, and language and voice recognition to
perform operations normally requiring human
understanding.

Manufacturing Automation Protocol (MAP) is a
7-layer broadband, token-bus communications
protocol for the factory floor to achieve real-time
cost monitoring, real-time quality monitoring,
and real-time production monitoring. It is
designed to accommodate a broad range of manu-
facturing environments and makes communica-
tion possible among computer-controlled factory
floor equipment.

Microcrystalline aluminum oxide grinding
wheels, commonly called seeded gel or SG
wheels, contain a submicron crystal structure
with billions of particles in each grain. This
feature allows grains to resharpen themselves,
resulting in fewer wheel dressings and
increasing productivity while lowering the cost
per part.

Introduction to Machine Tools
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Direct ironmaking and direct steelmaking
processes are in the developmental stage to
produce iron and steel in one step. The aim is to
develop environmentally sound procedures that
reduce manufacturing time, require less energy,
and lower the manufacturing cost.

Net shape manufacturing involves the production
of components by billet forming, precision and
die casting, sheet forming, injection molding, and
die making that are close to the finished size
required.

Rapid prototyping and manufacturing, also called
stereolithography, combines the technologies of
CAD, computers, and lasers to produce solid
prototype models from a 3-dimensional technical
drawing.

CVD (chemical vapor deposition) was developed
to provide a thin, long-wearing diamond film on
cutting tools, wear parts, heat sinks and electronic
substrates, optical devices, etc.

Concurrent engineering is the integration of
product design, manufacturing processes, and
related technology to provide early manufac-
turing input into the design process.

Agile manufacturing, the newest form of
manufacturing, combines the state-of-the-art
fabrication and product-delivery technologies to
custom-make products to suit customers’
specifications without increasing the price.

This process is especially designed to quickly
respond to continuously changing market
conditions.

The octahedral hexapod is a radical machine
tool design for machining centers. It consists of
a six-legged structure that connects the bed to
the head and the spindle virtually floats in
space. The hexapod has 6-axis contouring
capability, five times the rigidity and two to

10 times more accurate than conventional
machines.

High-velocity manufacturing uses a new axis
drive system, high-force linear motors, to move
machine axes. It is 10 times faster than ball
screws, increases velocity rates three to four
times higher, with greater accuracy and relia-
bility. Spindle speeds range from 0 to 15,000
r/min on machining centers.

Combination conventional/programmable
machines, such as vertical mills, lathes, and surface
grinders, can be used as conventional machine tools
and have limited programming features for repeti-
tive steps or operations. These machines can be
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taught to record a manual path and as a result
increase productivity and part accuracy when doing
repetitive operations on smaller lot jobs.

Artificial Intelligence is a manufacturing tool that
is having a great effect in the areas of artificial
vision, expert systems, robotics, machine control,
natural language understanding, and voice recog-
nition. It is also finding applications in product
design, diagnostics, inspection, planning, and
scheduling.

e-Manufacturing is the technology of networking
and controlling machine tools over the Internet
through hardware and software technology.
Machine tools are turned into Web servers, and
they are integrated into the supply chain in ways
limited only by the manufacturing imagination.
Any process that contributes to a machine tool’s
effectiveness and productivity can see

dramatic efficiency improvements within the
InterNetwork.

The Direct Metal Deposition (DMD)™ process
involves the blending of five common technolo-
gies: lasers, computer-aided design (CAD),
computer-aided manufacturing (CAM), sensors,
and powder metallurgy. It is a form of rapid
prototyping that makes parts and molds from
metal powder that is melted by moving a laser
back and forth, under CNC control, and tracing
out a pattern controlled by a computerized CAD
design.

Virtual Reality (VR) uses computers, hardware,
and software to create objects and/or even
alternate worlds. VR allows a person to create,
manufacture, manipulate, look at, and play with
something that is totally real in every respect,
except it does not physically exist. Immersion
provides the ability to believe that the user is
present in the virtual world and can navigate
through it and function within the simulated envi-
ronment as if it were real.

Step NC is a worldwide standard, developed by
the International Standards Organization (ISO),
to extend STEP (Standard for the Exchange of
Product) model data so that it can be used to
define data for NC (numerical control) machine
tools. STEP is an extensible, comprehensive,
international data standard for product data,
created by an international team to give a clear
and complete representation of product data
throughout its life cycle.

Nanotechnology is the technology that applies to
the controlling of the structure of materials down
to a few atoms or molecules. Researchers have a

2002:
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vision of synthetic molecular nanomachines
made of mechanical parts consisting of actual
gears and axles on a molecular scale. When
these tiny (subminuscule) parts are planned as
self-replicating nanorobots, they would push
atoms and molecules together to build a wide
variety of essential materials.

Cyber Management Systems is where all manu-
facturing information is digitized and accessible
to all departments—Engineering, Production,
Sales, Distributors, On-line Support, and
Administration—through a Central Dataway.
Sharing data between all departments and using
the Internet realize the absolute minimum time
between the start of product design and shipment
of finished products to customers.

Direct Digital Manufacturing used by the
automotive, medical, and aerospace industry

as a part of additive fabrication to build
assembly aids, by orthopedic surgeons to create
customized metal joint implants, by video game
designers to develop the latest in gaming char-
acters.

Ultracapacitors also called Super-Capacitors are
the new emerging energy storage technology.
Currently being used for applications such as DC
motor drives, UPS systems, and electric vehicles.
Ultra-capacitors are incredibly efficient and can
be recycled over 500,000 times without degrada-
tion. They can store amazing amounts of energy
in a relatively small space, are safe, and can
recharge devices in seconds instead of hours. The
perfect storage device for solar energy in

the home.

Self-assembling Nanotechnology was used by IBM
to enhance conventional computer chip manufac-
turing. This ever-changing technology makes it
possible for objects, devices, and even systems to
form other structures without external prodding
or manipulation.

Autonomous Navigation Technology integrates
data from multiple types of sensors such as wheel
encoders, laser range finders, and vision systems.
With real time calculations performed on the
sensor data this technology offers an extraordi-
nary level of navigation autonomy as well as high-
precision positioning. It provides safe motion

in a human environment, human-friendly
man-machine interface, and high-speed

obstacle avoidance with wireless Ethernet
communications.

Intelligent Device Integration (IDI) is currently
used in personal and handheld computers. IDI

History of Machines 15
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offers unprecedented visibility into and manage-
ment of equipment, products, and consumer
interactions by combining sensor data with two-
way wireless communications. Real-time views
of activities and objects will make for a faster
response time and the ability to predict manufac-
turing incidents before they happen.

Integrated 3-D Simulation and Modeling/Desktop
Super Computers have revolutionalized computer
modeling. These super computers enable the user
to see any part or segment instantly with as much

Introduction to Machine Tools

2009:

detail as required with 3-D impact and full
rotation. They will make it possible for the
computer to be used as a microscope, telescope,
and time machine to manage, view, and tool a
complete manufacturing system.

Micro Machining has been around for some time,
but today’s companies are pushing the technology
to new limits with the manufacture of micro-
turned parts with diameters between .1574 and
.0039 inches with variances in microns and a
parts defect rate of 0 PPM (pieces per million).



. Briefly trace the development of tools from the
stone age to the industrial revolution.

2. Why are machine tools so important to our society?

. How have improved production and accuracy been
achieved with basic machine tools?

. Name four categories of machine tools used in
metalworking.

. List five operations that can be performed on each
of the following:

a. Drill press
b. Lathe
¢. Milling machine

. Name four types of grinders found in a machine
shop.

7. List four advantages of CNC machine tools.

8. What is the difference between a chucking center

10.

11.

12.

13.
14.

and a turning center?
Name two types of machining centers.
What is the purpose of a:

a. wire-cut EDM machine?
b. ram-type EDM machine?

What is the importance of the electro-machining
processes?

What effect have computer numerical and
computer control had on manufacturing?

State two applications of robots.

What is the importance of lasers in modern
industry?
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MACHINE TRADE
OPPORTUNITIES

Almost all products used by people, whether in farming, mining, manufacturing, construction,
transportation, communication, or the professions, are dependent on machine tools for their
manufacture. Constant improvements to and efficient use of machine tools affect the standard
of living of any nation. Only through machine tools have we been able to enjoy the automobile,
airplane, television, home furnishings, appliances, and many other products on which we rely
in our daily lives. Through constant improvement, modern machine tools have become more ac-
curate and efficient. Improved production and accuracy have been made possible through the
application of hydraulics and electronic devices such as numerical control, computer numeri-
cal control, direct numerical control, and lasers to basic machine tools.




CUNI] D s

Careers in the

Metalworking Industry

OBJECTIVES

After completing this unit, you will be familiar with:

The various types of jobs available in the metal-
working industry

The type of work each job entails

Advancing technology, new ideas, new products,
and special processes and manufacturing tech-
niques are creating new and more specialized jobs.
To advance in the machine trade, a person must

» New Technologies

Technology is a tool that makes it possible to produce bet-
ter quality goods at lower prices. Our standard of living
has always been built on the ability to produce products
that are in demand throughout the world. Therefore, it can
be said that technology can be used to increase the re-
sources of a nation and generate wealth. It seems that the
most progressive and wealthiest countries in the world are
those that use the latest manufacturing technologies to
make them more productive than other countries.
Technology is continually changing and improving,
with the amount of technology doubling every three to
five years. Machines and manufacturing processes as lit-
tle as 10 years old can be two generations behind those of
the most progressive manufacturing nations of the world.
Not only is it important to keep up with the improvements
in equipment and processes, it is equally or more impor-
tant to prepare our students to enter the technological
workplace. We cannot expect high technology work from

20 Machine Trade Opportunities

keep up-to-date with modern technology. A young
person leaving school may be employed in an
average of five jobs in his or her lifetime, three of
which do not even exist today. Industry is always on
the lookout for bright young people who are consci-
entious and do not hesitate to assume responsi-
bility. To be successful, do the job to the best of
your ability and never be satisfied with inferior
workmanship. Always try to produce quality
products, at a reasonable price, in order to compete
with foreign products which are of serious concern
to North American industry.

low technology workers; training can make the difference
between success and failure. The ever-changing technol-
ogy means that industrial workers and students in schools
must be prepared for continual education (life-long learn-
ing) if they expect to survive in the technological world in
which we live.

TECHNOLOGY CURRICULUMS

Rapidly changing technology in the metalworking industry
makes it imperative for educators to stay abreast of new
improvements and manufacturing processes. To best serve
industry and increase the productivity of the nations, edu-
cators must continually introduce new material into their
curriculum to prepare students to enter the technological
world of today. Old “time-proven” methods and processes
have been outmoded by new technology. The educational
institutions that recognize this and take the appropriate
steps will produce graduates who are a credit to their school
and make a valuable contribution to the country.



TECHNOLOGY COURSES

Machine shop, which provides the background and ground-
work for all manufacturing technologies, is the prerequisite
for all students planning to enter the exciting manufactur-
ing world. Along with the knowledge of the basic machin-
ing process, a good understanding of computer numerical
control (CNC) is essential. In the world today, with ap-
proximately 90% of the machine tools manufactured for
CNC use, a good knowledge of this area is as important as
being able to read and write. A strong background opens up
many exciting careers to the progressive student, such as
artificial intelligence, computer-aided design, computer-
automated manufacturing, flexible manufacturing systems,
group technology, just-in-time, lasers, metrology, robotics,
statistical process control, superabrasive technology, etc.
(Fig. 2-1).

MODULAR TRAINING SYSTEM

A modular training system (Fig. 2-2) offers technical/
vocational training covering the skills required for modern
manufacturing in the metalworking trade, where computers
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are playing an ever-increasing role. The training program,
developed by a leading machine tool manufacturer and
used by many educators throughout the world, consists of
individual modules that can readily be incorporated into a
technical education curriculum.

The training modules start with the conventional
machine tools and processes; progress through the
CNC modules; and incorporate skills relating to quality
control, machine maintenance, and low-cost automation.
In easy-to-learn stages, these modules prepare a student
for the complex task of learning how to operate, program,
and build a modern flexible manufacturing system.

A brief summary of the main areas of the modular
training system follows.

> Conventional machining covers the fundamentals
of conventional machine tools and the machining
processes associated with each machine tool.
These skills are necessary so that students learn the
basics of machining metal workpieces and develop
a feeling for machining the part most efficiently.
No metalworking profession or related technology
should be without these basic skills.

> CNC machining covers the skills and knowledge
necessary to program and operate CNC machine
tools. This must include the most cost-effective
way of producing error-free CNC part programs
from the simple to the complex workpiece. CNC
training is essential for anyone looking for a
rewarding career in manufacturing technology
because of the large number of these machines
used in industry.

> CAD/CAM techniques provide the skills to design
parts on a computer and then use this data for
machining the parts on CNC machine tools.
Without the flexibility, ease of design, and time
saving made possible by CAD/CAM techniques, a
manufacturer cannot successfully compete today.

> Quality control covers the methods and tools used
for measuring dimensions, shapes, and surface
textures of finished workpieces. The data collected
in this process can be used to improve and
eliminate errors from manufacturing processes.
Quality control is one of the most important parts
in the manufacturing process. It plays a vital role
in improving the competitive position of the
manufacturer.

> Maintenance covers the routine upkeep, aligning
and adjusting machines, troubleshooting, and
repairs of conventional and CNC machine tools.
This maintenance, commonly called preventive
maintenance, ensures that machine tools operate
properly to provide a continuous manufacturing
operation, with minimum downtime for
maintenance.
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> Automation provides training in automating the
loading and unloading of workpieces for CNC
machine tools, material handling, and quality
control of the manufacturing process. This low-
cost automation is used by many manufacturers
that cannot implement the more complex flexible
manufacturing technology.

> Flexible manufacturing—This module enables
students to identify the elements of a flexible
manufacturing system, its programming, the
planning of manufacturing processes, and design
of the system. (All the prior modules of this
program provide the fundamental skills for the
flexible manufacturing program.) The flexible
manufacturing system is able to adapt to changes
in the number of parts required and the type of part
machined, accept new or different products, make
design changes to parts, and allow them to be
expanded quickly.

Many different careers are available in the metal-
working industry. Choosing the right one depends on the
skill, initiative, and qualifications of an individual. Metal-
working offers exciting opportunities to any ambitious
young person who is willing to accept the challenge of
working to close tolerances and producing intricate parts.
To be successful in this trade, the individual must also
possess characteristics such as care of self, orderliness,
accuracy, confidence, and safe work habits.

» Apprenticeship Training

One of the best ways to learn a skilled trade is through an
apprenticeship program. An apprentice is a person who is
employed to learn a trade under the guidance of skilled
tradespeople (Fig. 2-3). The apprenticeship program is set
up as a joint agreement between the sponsoring apprentice
company, the Department of Labor Federal Bureau of Ap-
prenticeship, and the trade union. It is usually about two
to four years’ duration and includes on-the-job training
and related theory or classroom work. This period of time
may be reduced by the completion of approved courses or
because of previous experience in the trade.

To qualify for an apprenticeship, the individual should
have completed a high school program or its equivalent. Me-
chanical ability with a good standing in mathematics, sci-
ence, English writing skills, and mechanical drawing is
desirable. Apprentices earn as they learn; the wage scale in-
creases periodically during the training program.

Upon completion of an apprenticeship program, a
certificate is granted, which qualifies a person to apply for
journeyman status in the trade. Further opportunities in the
trade are limited only by the person’s initiative and inter-
est. It is quite possible for an apprentice eventually to be-
come an engineer, tool designer, supervisor, or shop owner.



M Figure 2-3 An apprentice learns the trade under the
guidance of a skilled tradesperson.  (DoAll Company)

» Machine Operator

Machine tool operators are classified as semiskilled
tradespeople (Fig. 2-4). They are usually rated and paid
according to their job classification, skill, and knowledge.
The class A operator possesses more skill and knowledge
than class B and C operators. For example, a class A op-
erator should be able to operate the machine and:

> Make necessary machine setups

Adjust cutting tools

>
> Calculate cutting speeds and feeds
> Read and understand drawings

>

Read and use precision measuring tools

With the continued advancement in computer-
controlled machines and programmable robots, gradually
operators’ jobs will be minimized. However, some machine
tool operators may qualify with advanced technology
courses and remain employed as operators on computer nu-
merical control (CNC) turning centers, machining centers,
and CNC robots.

[ | Figure 2-4 A machine operator generally operates only one type of machine.
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» Maintenance Machinist

The maintenance machinist needs a combination of me-
chanical, rigging, and carpentry skills. The time for ap-
prenticeship varies but usually ranges from two to four
years and includes the necessary related theory for the job.
During the apprenticeship, the trainee works with qualified
tradespeople. A maintenance machinist may be required to:

> Move and/or install machinery, including produc-
tion lines

> Read drawings and calculate sizes, fits, and toler-
ances of machine parts

> Repair machines by replacing and fitting new parts

> Dismantle and install equipment

To become a maintenance machinist apprentice, a
student should have good technical training and be a high
school graduate. A general knowledge of electricity, car-
pentry, sheet metal, and the machine tool trade is helpful.

The job outlook is good. Most large industries are
expected to employ a workforce of maintenance machin-
ists to maintain and install machinery and production lines
for the foreseeable future.

» Machinist

Machinists (Fig. 2-5) are skilled workers who can effi-
ciently operate all standard machine tools. Machinists
must be able to read drawings and use precision measur-
ing instruments and hand tools. They must have acquired
enough knowledge and developed sound judgment to per-
form any bench, layout, or machine tool operation. In ad-
dition, they should be capable of making mathematical
calculations required for setting up and machining any
part. Machinists should have a thorough knowledge of

M Figure 2-5 A machinist is skilled in the operation of

all machines. (Cincinnati Lathe & Tool Company)
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metallurgy and heat treating. They should also have a ba-
sic understanding of welding, hydraulics, electricity, and
pneumatics and be familiar with computer technology.

TYPES OF MACHINE SHOPS

A machinist may qualify to work in a variety of shops.
The three most common are maintenance, production, and
jobbing shops.

A maintenance shop is usually connected with a
manufacturing plant, lumber mill, or foundry. A mainte-
nance machinist generally makes and replaces parts for all
types of setup and cutting tools and production machin-
ery. The machinist must be able to operate all machine
tools and be familiar with bench operations such as lay-
out, fitting, and assembly.

A production shop may be connected with a large
factory or plant that makes many types of identical ma-
chined parts, such as pulleys, shafts, bushings, motors,
and sheet-metal pieces. A person working in a production
shop generally operates one type of machine tool and of-
ten produces identical parts.

A jobbing shop is generally equipped with a variety
of standard machine tools and perhaps a few production
machines, such as a turret lathe and punch and shear
presses. A jobbing shop may be required to do a variety of
tasks, usually under contract to other companies. This
work may involve the production of jigs, fixtures, dies,
molds, tools, or short runs of special parts. A person work-
ing in a jobbing shop generally is a qualified machinist,
toolmaker, or mold maker and is required to operate all
types of machine tools and measuring equipment.

» Tool and Diemaker

A tool and diemaker is a highly skilled craftsperson who
must be able to make different types of dies, molds, cutting
tools, jigs, and fixtures (Fig. 2-6). These tools may be used

M Figure 2-6 A tool and diemaker can operate all
machine tools and plan procedures for making tools, dies,
and fixtures. (Diamond Innovations, at www.abrasivesnet.com)



in the mass production of metal, plastic, or other parts. For
example, to make a die to produce a 90° bracket in a punch
press, the tool and diemaker must be able to select, ma-
chine, and heat treat the steel for the die components. He
or she should also know what production method will be
used to produce the part since this information will help to
produce a better die. For a mold used to produce a plastic
handle in an injection molding machine, the tool and
diemaker must know the type of plastic used, the finish re-
quired, and the process used in production.

To qualify as a tool and diemaker, a person should
serve an apprenticeship, have above-average mechanical
ability, and be able to operate all standard machine tools.
This work also requires a broad knowledge of shop math-
ematics, print reading, machine drafting, principles of de-
sign, machining operations, metallurgy, heat treating,
computers, and space-age machining processes.

» CNC Machine
Operator/Programmer

The wide use of CNC machine tools in the metalworking
industry creates a big demand for a person skilled in com-
puter numerical control (Fig. 2-7). The duties of a CNC
machine operator will vary from shop to shop. In some
shops, the person will be responsible only for the setup
and operation of the machine tool, while in others it may
also involve preparing the computer program.
A CNC machine operator must be able to:

> Visualize a CNC program

> Understand machining processes and the sequence
of operations

> Make machine setups

M Figure 2-7 CNC machine tool operators and program-
mers are in high demand. (© Brand X Pictures/PunchStock)

> Calculate speeds and feeds

> Select cutting tools

A CNC programmer must possess all the skills of a CNC
machine operator and must:

> Be skilled in print reading

> Have a good knowledge of computer programming
languages and procedures

> Be able to visualize machining processes and
operations

» Technician

A technician is a person who works at a level between the
professional engineer and the machinist. The technician
may assist the engineer in making cost estimates of prod-
ucts, preparing technical reports on plant operation, or
programming a numerical control machine.

» Technologist

A technologist works at a level between a graduate engi-
neer and a technician. Most technologists are three- or
four-year graduates from a community or technical col-
lege. Their studies generally include physics, advanced
mathematics, chemistry, engineering graphics, computer
programming, business organization, and management.

An engineering technologist may do many jobs
normally performed by an engineer, such as design stud-
ies, production planning, laboratory experiments, and su-
pervision of technicians. This permits the engineer to
work in other important areas. Technologists are often
employed to serve in a middle management position
within a large company. A technologist may be employed
in many areas, such as quality and cost control, production
control, labor relations, training, and product analysis. A
technologist may qualify as an engineer by obtaining
further education at the university level and by passing a
qualifying examination.

» Quality Control Inspector

An inspector (Fig. 2-8 on p. 26) checks and examines ma-
chined parts to determine whether they meet the specifi-
cations on the drawing. If the parts are not within the
limits shown on the drawing, they will not fit together and
function properly when assembled. This task is very im-
portant since parts made in one country may be assembled
in another or be interchanged with worn or broken parts.
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M Figure 2-8 Inspectors check the dimensions of
finished parts and products. (The L.S. Starrett Co.)

An inspector should have a technical or vocational
education and be familiar with measuring tools and inspec-
tion processes. On-the-job training may take from several
weeks to several years, depending on the job, the items to
be inspected, and the technical knowledge required. An in-
spector may need varying degrees of skill depending on the
size, cost, type, and tolerances required on the finished
workpiece. A good inspector should be able to:

> Understand and read mechanical drawings
> Make basic mathematical calculations

> Use micrometers, gages, comparators, and
precision measuring instruments

» Instrument Makers

Instrument makers are highly skilled tool and diemakers
who work directly with scientists and engineers. Instru-
ment makers should be able to operate all precision ma-
chine tools in order to make measuring instruments,
gages, and special machines for testing purposes. Gener-
ally, instrument makers must have more training than a
machinist or a tool and diemaker. They must work to
closer tolerances and limits than a machinist. Also, they
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usually must perform all the work on the instrument or
gage being produced.

Instrument makers generally serve four or five years
of apprenticeship. They may also learn the craft by trans-
ferring from a toolmaker or machinist trade and further
training on the job.

With new processes in manufacturing, the demand for
instrument makers will remain fairly close to the demand for
skilled tradespeople. Instrument makers are employed by
research centers, scientific laboratories, manufacturers of
gages and measuring tools, and government and standards
organizations.

» Professions

Many areas are open to the engineering graduate. Teach-
ing is one of the most satisfying and challenging profes-
sions. Graduation from a college, including teacher training
course work, is required. On-the-job industrial experi-
ence is not always a prerequisite, but it will prove help-
ful in teaching. However, some states and/or schools
require on-the-job experience to qualify for technical
and vocational certification. With industrial experience a
person may teach industrial arts or in certain subject ar-
eas in a technical school, vocational school, or commu-
nity college.

Engineers in industry are responsible for designing
and developing new products and production methods and
for redesigning and improving existing products. Most
engineers specialize in a specific discipline of engineer-
ing, such as:

> Industrial
Metallurgical
Aerospace
Mechanical

Electrical

V V. V V V

Electronics

A bachelor’s degree in engineering is usually re-
quired to enter the profession. However, in some branches
of engineering, such as tool and manufacturing, the indi-
vidual progresses through a program of practical experi-
ence and obtains a certificate after passing a qualifying
examination. Because of the variety of engineering jobs
available, many women, as well as men, are entering the
profession.

A technician should have completed high school
and have at least two additional years of education at a
community college, technical institute, or university. A
technician must also possess a good knowledge of draft-
ing, mathematics, and technical writing.

Opportunities for technicians are becoming more
plentiful because of the development of machine tools



M Figure 2-9 A technician is often required to check
the setup and operation of a machine program. (Emco
Maier Corp.)

such as computer numerical control, turning centers,
and electro-machining processes. Technicians are usu-
ally trained in only one area of technology, such as elec-
trical, manufacturing, machine tool, or metallurgy.
Some technicians may need knowledge beyond that of
their specialty field. For example, a machine tool tech-
nician (Fig. 2-9) should have a knowledge of industrial
machines and manufacturing processes to know the best
method of manufacturing a product. However, it is not
necessary for a technician to perform as a skilled ma-
chinist. A technician may qualify as a technologist after
at least one year of on-the-job training under a technol-
ogist or an engineer.

» Trade Organizations

Society today could not exist without manufacturing, and
manufacturing could not exist without machine tools,
which are the power base of the modern industrial world.
The dramatic changes in technology over the past 25 years
have made it imperative to learn about and implement new
manufacturing technology in order to stay competitive in
the world. Two major machine tool-related organizations
have been leaders in seeing that their members stay
abreast of this rapidly changing world: AMT—The Asso-
ciation for Manufacturing Technology and the Society of
Manufacturing Engineers (SME). Both are involved in the
continual updating of programs for students, educators,
tradespeople, and manufacturing personnel.

AMT—THE ASSOCIATION FOR
MANUFACTURING TECHNOLOGY

AMT (formerly the National Machine Tool Builders’
Association) is a nonprofit trade association represent-
ing U.S. companies in the machine tool building and
related manufacturing industries. This association has

- B

M Figure 2-10 A management conference. (AMT—
The Association for Manufacturing Technology)

been preparing its members for the change created by the
ever-changing manufacturing technology. Supported by
executives of member companies, AMT develops pro-
grams to meet member needs in marketing, technology,
production, training, communications, and financial ad-
ministration (Fig. 2-10).

The association has seen the need to develop skilled
personnel for all phases of the machine tool industry. An
extensive scholarship program is supported by AMT for
technical training.

AMT and its member companies provide the ma-
chines, tools, and equipment for young machinists to
compete in the VICA National Precision Machining
Competition at the Skills U.S.A. Championships. Since
1990, it has hosted the International Machining Trials at
its biannual International Manufacturing Technology
Show (IMTS), to select contestants who will represent
the United States in the International Skills Competi-
tion. AMT has also developed effective training proce-
dures and textbooks used in vocational schools and
technical colleges.

THE SOCIETY OF MANUFACTURING
ENGINEERS

The Society of Manufacturing Engineers (SME) is an in-
ternational society dedicated to advancing the manufac-
turing profession through the sharing of technical
information. Its goal is to advance the knowledge of
manufacturing technology of its over 80,000 members
throughout the world.

To encourage engineering as a profession among
young people in vocational schools, technical institutions,
and community colleges, SME sponsors about 300 stu-
dent chapters with over 9000 members. The society also
assists colleges and technical institutions with curriculum
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development, career guidance resources, and grants for an organization such as SME is essential to keep up with

equipment and software. Over the years SME has become the ever-changing technology. It is open to students,
a storehouse for the most up-to-date technological knowl- teachers, machinists, technicians, and manufacturing en-
edge through its publications of technical papers, text- gineers who wish to advance their careers through life-
books, magazines, films, and videotapes. Membership in long learning.
(] = |
1. What four effects does technology have on the 8. Define a tool and diemaker.
country and its ability to manufacture goods? 9. How can a person become a tool and diemaker?

2. Name four of the most important careers available 10

: . . How do the duties of a CNC programmer differ
to those with a good background in CNC.

from those of a CNC machine operator?

3. List the seven key elements of a modular training 11. Explain the difference between a technician and a
system. technologist.
4. Define an apprentice. 12. Briefly define the duties of an inspector and an
5. Name three desirable qualities a person should instrument maker.
have for apprenticeship training. 13. What qualifications must a person have to become
6. Explain the difference between a machinist and a a technical teacher?
machine operator. 14. List four areas in industry that require an

7. Briefly explain the difference between a jobbing engineer’s qualifications.
and a production shop.
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Getting the Job

OBJECTIVES

After completing this unit, you will be able to:
Prepare a comprehensive résumé
Arrange for a job interview

Prepare for and follow up on the job interview

» Assess Your Abilities

To help determine where your interests lie, ask yourself

the following questions:
> What type of work do I like?
> What type of work do I dislike?

What jobs have I done with some success?

vV Vv

What skills have I acquired at school?

\Y

What have I done in my part-time work that has
been outstanding?

> Do I enjoy taking apart and repairing appliances
and items which are not working?

» Explore Your Interests

After having narrowed the field, then:

> Research information on the chosen subject(s)
(Fig. 3-1).

NI 3

After graduation or leaving school, your most
important task probably is that of finding a full-time
job. Choosing the right job is very important.

After consulting with the school guidance
counselor, state employment service, and any other
agency that may be helpful, start looking into the
job that appeals to you. In most areas, aptitude and
interest tests are available to help you decide on the
career you wish to explore.

M Figure 3-1 Research as much as possible about a job
that appeals to you. (©@Joe Raedle/Newsmakers/Getty Images)

> Talk to people who do the type of work that you
are considering. Ask them about the job and job
opportunities.

> Talk further with your school guidance counselor.

> Consult state or federal employment services.
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When you have gathered enough information to dis-
cuss reasonably the type of work you are interested in,
check the classified ads in the newspapers.

» Writing a Résumeé

‘When you have decided on the job you wish to apply for, pre-
pare a résumé listing the following facts in a logical order:

> Your full name

> Address, including zip code, and telephone
number, including area code

\Y

Social security number

\Y

Father’s and mother’s names and address(es)

\%

Education—schools attended and grade or level
completed

\Y

Other special training that may be helpful, for
example, first-aid courses

\Y

Special interests and hobbies

\Y

Sports in which you are active or interested

\%

Any organizations to which you belong or in which
you are active

> Previous employment. List the names of firms and
places where you have worked and in reverse chrono-
logical order. Include the following information:

Dates of employment

Type of work and equipment operated (if any)
Supervisor’s name

Salary

Reason for leaving (be honest because this infor-
mation is usually available if the prospective
employer chooses to phone your former employer)

> A list of at least three persons who can be
contacted for character references. Include
addresses and telephone numbers. Be sure to ask
permission to use their names before listing them
on an application.

Many state employment services and government
agencies have pamphlets that can be used as a guide to
prepare résumés. Also available is information on how to
get and keep a job, which can be especially valuable to a
person looking for that first job.

» Facts About Interviews
ARRANGING AN INTERVIEW

After completing your résumé, submit it with a cover let-
ter to the personnel manager of the company you are in-
terested in. Be sure to include a request for an interview.
In many cases you may phone the company and make an
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appointment for an interview. In this case, leave the résumé
with the person who interviews you.

QUESTIONS COMMONLY ASKED
DURING AN INTERVIEW

Prior to the interview, consider the following questions,
which are often asked by employers, and the probable rea-
son for asking them. You should be prepared with satis-
factory answers.

Question: Why would you like to work here?

Reason:  To see if you have gathered any information
about the company before the interview.

Question: What were your best subjects at school?

Reason:  This will reveal some of your interests and
abilities.

Question: What sports or activities did you partici-
pate in when attending school?

Reason:  To find out your interests and abilities
outside of school. Also to see if you can
work as part of a team.

Question: What type of job do you hope to have five
years from now?

Reason:  To assess your ambition and initiative.

Question: At what salary would you expect to start?

Reason:  To see if you are familiar with the going rates
and to see how you assess your abilities.

Question: What do you have to offer for the job?

Reason:  To give you a chance to outline your abilities.

Question: What type of books or plays are you inter-
ested in?

Reason:  To assess your interests and often your
environment.

Question: How did you get along with your previous
employer?

Reason:  Your answer may reveal whether you are a
complainer and a person who is hard to get
along with.

Question: Why are you applying for this job?

Reason:  To see if you have checked into this partic-

ular job and aren’t just looking for any job.

THE INTERVIEW

When preparing for the interview, you should consider the
following:

> Be sure of the address, the office, and the time.

> Know the name and position of the person who
will be interviewing you. This information can be
obtained by a phone call to the company prior to
the interview.



M Figure 3-2 Be at ease while you are interviewed.
(© Bob Daemmrich)

> Be neatly dressed and groomed. Remember, a
neat applicant usually commands more attention
(Fig. 3-2).

> Be punctual.

> Display confidence when you introduce yourself to
the interviewer.

> During the interview, be honest. Emphasize your
good qualities and abilities, but don’t bluff.

> Know enough about the company to enter into a
discussion with the interviewer.

AFTER THE INTERVIEW

> Thank the interviewer and ask when you may
expect to hear from him or her (Fig. 3-3).

> If you are offered a job, accept it (or reject it) as
soon as possible. Never let the prospective
employer await your decision indefinitely. If you
aren’t interested, explain why.

> The next day, send the interviewer a short letter
expressing your appreciation for the valuable time
he or she took for the interview.

1. List four things that you should consider when
attempting to assess your abilities.

2. Name four ways to obtain further information
about a trade or job.

3. Assume that you are applying for a job; prepare a
personal résumé that you would submit to an
employer.

M Figure 3-3 Always thank the interviewer—it may
pay offl  (© Bill Aron/PhotoEdit)

>

»

If you don’t hear from the company in a reason-
able time (seven to 10 days) call and ask for the
person who interviewed you. Ask if he or she has
made a decision yet and, if not, when you might
expect one.

If you don’t get the first job, apply to other
companies. Don’t stop looking.

Try to learn from each interview, which will even-
tually help you to get the right job.

After several unsuccessful interviews, you might
seek professional counseling from the Department
of Labor, a vocational school, or a community
college.

Points to Remember

> The job will not find you. You must find the job.

> Know the type of work that you want and don’t

offer to take just any job.

Look for the type of work that you feel will be
interesting. You will be more successful if you like
your work.

4. Name three methods of arranging an interview.

. List four important points that you must consider

in preparing for an interview.

Name four important actions that you can take to
follow up an interview.
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SAFETY

There has never been a more meaningful saying than “Safety Is Everyone’s Business.” To be-
come a skilled craftsperson, it is very important for you to learn to work safely, taking into con-
sideration not only your own safety but the safety of your fellow workers. In general, everyone
has a tendency to be careless about safety at times. We take chances every day by not wearing
seat belts, walking under ladders, cluttering the work area, and doing many other careless and
unsafe things. People tend to feel that accidents always happen to others. However, be sure to
remember that a moment of carelessness can result in an accident that can affect you for the
rest of your life. A loss of eyesight because of not wearing safety glasses or the loss of a limb
because of loose clothing caught in a machine can seriously affect or end your career in the ma-
chine tool trade. Think safe, work safe, and be safe.
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Safety in the Machine Shop

OBJECTIVES

After completing this unit, you will be able to:

Recognize safe and unsafe work practices in
a shop

Identify and correct hazards in the shop area

Perform your job in a manner that is safe for you
and other workers

» Safety on the Job

The safety programs initiated by accident prevention as-
sociations, safety councils, government agencies, and
industrial firms are constantly attempting to reduce the
number of industrial accidents. Nevertheless, each year
accidents that could have been avoided result not only in
millions of dollars’ worth of lost time and production but
also in a great deal of pain, many lasting physical hand-
icaps, or even the death of workers. Modern machine
tools are equipped with safety features, but it is still the
operator’s responsibility to use these machines wisely
and safely.

Accidents don’t just happen; they are caused. The
cause of an accident can usually be traced to carelessness
on someone’s part. Accidents can be avoided, and a per-
son learning the machine tool trade must first develop safe
work habits.
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AII hand and machine tools can be dangerous if used
improperly or carelessly. Working safely is one of the
first things a student or an apprentice should learn
because the safe way is usually the correct and most
efficient way. A person learning to operate machine
tools must first learn the safety regulations and
precautions for each tool or machine. Far too many
accidents are caused by careless work habits. It is
easier and much more sensible to develop safe work
habits than to suffer the consequences of an accident.
Safety is everyone’s business and responsibility.

A safe worker should:

> Be neat, tidy, and safely dressed for the job he or
she is performing

> Develop a responsibility for personal safety and
the safety of fellow workers

> Think safely and work safely at all times

» Safety in the Shop

Safety in a machine shop may be divided into two broad
categories:

> Those practices that will prevent injury to workers

> Those practices that will prevent damage to
machines and equipment. Too often damaged
equipment results in personal injuries.



When considering these categories, we must consider
personal grooming, proper housekeeping (including
machine maintenance), safe work practices, and fire
prevention.

PERSONAL GROOMING

The following rules should be observed when working in
a machine shop.

1. Always wear approved safety glasses in any area
of the machine shop. Most plants now insist that
all employees and visitors wear safety glasses or
some other eye protection device when entering a
shop area. Several types of eye protection devices
are available for use in the machine shop:

a. The most common are plain safety glasses
with side shields (Fig. 4-1a). These glasses
offer sufficient eye protection when an
operator is operating any machine or
performing any bench or assembly operation.
The lenses are made of shatterproof glass, and
the side shields protect the sides of the eyes
from flying particles.

b. Plastic safety goggles (Fig. 4-1b) are
generally worn by anyone wearing prescrip-
tion eyeglasses. These goggles are soft,
flexible plastic and fit closely around the
upper cheeks and forehead. Unfortunately,
they have a tendency to fog up in warm
temperatures.

c. Face shields (Fig. 4-1c) may also be used by
those wearing prescription glasses. The plastic
shield gives full face protection and permits
air circulation between the face and the shield,
thus preventing fogging up in most situations.
These shields, as well as approved protective
clothing and gloves, must be worn when an
operator is heating and quenching materials
during heat-treating operations or when there
is any danger of hot flying particles. In
industry, some companies provide their
employees with prescription safety glasses,
which eliminate the need for protective
goggles or shields.

SAFETY PRECAUTIONS Never think that
because you are wearing glasses your eyes are
safe. If the lenses are not made of approved

safety shatterproof glass, serious eye injury
can still occur.

M Figure 4-1 Types of safety glasses: (a) plain;

(b) plastic goggles; (c) face shields. ((a) © George
Disario/CORBIS; (b) © Dana White/PhotoEdit; (c) Phillip A.
Nickerson Jr./U.S. Navy/Getty Images)
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M Figure 4-2 Loose clothing can easily be caught in
moving parts of machinery. (Kelmar Associates)

2. Never wear loose clothing when operating any
machine (Fig. 4-2).

a. Always roll up your sleeves or wear short sleeves.

b. Clothing should be made of hard, smooth
material that will not catch easily in a machine.
Loose-fitting sweaters should not be worn for
this reason.

c. Remove or tuck in a necktie before starting a
machine. If you want to wear a tie, make it a
bow tie.

d. When wearing a shop apron, always tie it at
the back and never in front of you so that the
apron strings will not get caught in rotating
parts (Fig. 4-3).

3. Remove wrist watches, rings, and bracelets; these
can get caught in the machine, causing painful and

often serious injury (Fig. 4-4).

4. Never wear gloves when operating a machine.

5. Long hair must be protected by a hair net or an
approved protective shop cap (Fig. 4-5 on p. 37).
One of the most common accidents on a drill press
is caused by long, unprotected hair getting caught
in a revolving drill.

6. Canvas shoes or open-toed sandals must never be
worn in a machine shop because they offer no
protection to the feet against sharp chips or falling
objects. In industry, most companies make it
mandatory for employees to wear safety shoes.

HOUSEKEEPING

The operator should remember that good housekeeping
will never interfere with safety or efficiency; therefore, the
following points should be observed.

1. Always stop the machine before you attempt to
clean it.
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M Figure 4-3 Tie aprons behind your back to keep the
ties from being caught in machinery.

&7

M Figure 4-4 Wearing rings and watches can cause
serious injury. (Kelmar Associates)

2. Always keep the machine and hand tools clean.
Oily surfaces can be dangerous. Metal chips left on
the table surface may interfere with the safe
clamping of a workpiece.

3. Always use a brush and not a cloth to remove any
chips. Chips stick to cloth and can cause cuts when
the cloth is used later.



M Figure 4-5 Long hair must be protected by a hair
net or an approved shop cap. (Kelmar Associates)

M Figure 4-6 Grease and oil on the floor can cause
dangerous falls.

4. Oily surfaces should be cleaned with a cloth.

. Do not place tools and materials on the machine

table—use a bench near the machine.

6. Keep the floor free from oil and grease (Fig. 4-6).

10.

Sweep up the metal chips on the floor frequently.
They become embedded in the soles of shoes and
can cause dangerous slippage if a person walks on
a terrazzo or concrete floor. Use a scraper,
mounted on the floor near the door, to remove
these chips before leaving the shop (Fig. 4-7).

. Never place tools or materials on the floor close to

a machine where they will interfere with the
operator’s ability to move safely around the
machine (Fig. 4-8).

. Return bar stock to the storage rack after cutting

off the required length (Fig. 4-9).

Never use compressed air to remove chips from a
machine. Not only is it a dangerous practice
because of flying metal chips, but small chips and
dirt can become wedged between machine parts
and cause undue wear.

M Figure 4-7 Remove chips from the soles of your
shoes before leaving the shop. (Kelmar Associates)

M Figure 4-8 Poor housekeeping can lead to
accidents. (© Prographics)

M Figure 4-9 Store stock safely in a material stock
rack. (Kelmar Associates)

SAFE WORK PRACTICES

1. Do not operate any machine before understanding
its mechanism and knowing how to stop it quickly.
Knowing how to stop a machine quickly can
prevent a serious injury.

2. Before operating any machine, be sure that the
safety devices are in place and in working order.
Remember, safety devices are for the operator’s
protection and should not be removed.
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M Figure 4-11 The machine must be stopped before
you measure a workpiece. (Kelmar Associates)

M Figure 4-10 Power switches must be locked off
before you repair or adjust a machine. (Allen Bradley Co.)

3. Always disconnect the power and lock it off at the
switch box when making repairs to any machine
(Fig. 4-10). Place a sign on the machine noting that
it is out of order.

) M Figure 4-12 Follow recommended lifting proce-
4. Always be sure that the cutting tool and the dures to avoid back injury. (Kelmar Associates)

workpiece are properly mounted before starting the

machine.

9. Get first aid immediately for any injury, no matter
how small. Report the injury and be sure that the
smallest cut is treated to prevent the chance of a
serious infection.

5. Keep hands away from moving parts. It is
dangerous practice to “feel” the surface of
revolving work or to stop a machine by hand.

6. Always stop a machine before measuring,
cleaning, or making any adjustments. It is
dangerous to do any type of work around moving
parts of a machine (Fig. 4-11). 11. Do not attempt to lift heavy or odd-shaped objects

that are difficult to handle on your own.

10. Before you handle any workpiece, remove all burrs
and sharp edges with a file.

7. Never use a rag near the moving parts of a
machine. The rag may be drawn into the machine, 12. For heavy objects, follow safe lifting practices:

along with the hand that is holding it. a. Assume a squatting position with your knees

8. Never have more than one person operate a bent and back straight.
machine at the same time. Not knowing what the b. Grasp the workpiece firmly.
other person would or would not do has caused c. Lift the object by straightening your legs and
many accidents. keeping your back straight (Fig. 4-12). This
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13.

14.

15.

16.

17.

procedure uses the leg muscles and prevents
injury to the back.

Be sure the work is clamped securely in the vise or
to a machine table.

Whenever work is clamped, be sure the bolts are
placed closer to the workpiece than to the
clamping blocks.

Never start a machine until you are sure that the
cutting tool and machine parts will clear the
workpiece (Fig. 4-13).

Use the proper wrench for the job, and replace nuts
with worn corners.

It is safer to pull on a wrench than to push on it.

FIRE PREVENTION

1.

Always dispose of oily rags in proper metal
containers.

. Be sure of the proper procedure before lighting a

gas furnace.

Know the location and the operation of every fire
extinguisher in the shop.

1.

2.

What must be learned before operating a machine
tool for the first time?

List three qualities of a safe worker.

Personal Grooming

3.

6.

Name three types of eye protection that may be
found in a shop.

State four precautions that must be observed with
regard to clothing worn in a shop.

Why should gloves not be worn when operating a
machine?

How must long hair be protected?

Housekeeping

7.
8.

Why must a cloth not be used to remove chips?

Why should shoe soles be scraped before leaving
the shop?

. Know the location of the nearest fire exit from the

building.

. Know the location of the nearest fire-alarm box

and its operating procedure.

. When using a welding or cutting torch, be sure to
direct the sparks away from any combustible
material.

M Figure 4-13 Make sure that the cutting tool and
machine parts will clear the workpiece. (Kelmar Associates)

9. State two reasons why compressed air should not

be used for cleaning machines.

Safe Work Practices

10. State three precautions to observe before operating

any machine.

11. Describe the procedure to follow for lifting a heavy

object.

12. What should you do immediately after receiving

any injury?

Fire Prevention

13. What three fire prevention factors should everyone

become familiar with before starting to work in a
machine shop?
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JOB PLANNING

Machine shop work consists of machining a variety of parts (round, flat, contour) and ei-
ther assembling them into a unit or using them separately to perform some operation. It is im-
portant that the sequence of operations be carefully planned in order to produce a part quickly
and accurately. Improper planning or following a wrong sequence of operations often results
in spoiled work.
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Engineering Drawings

OBJECTIVES

After completing this unit, you will be able to:

Understand the meaning of the various lines
used on engineering drawings

Recognize the various symbols used to convey
information

Read and understand engineering drawings or
prints

Engineering drawing is the common language by
which draftspersons, tool designers, and engineers
indicate to the machinist and toolmaker the physical
requirements of a part. Drawings are made up of a
variety of lines, which represent surfaces, edges, and
contours of a workpiece. By adding symbols,
dimension lines and sizes, and word notes, the

» Types of Drawings
and Lines

To describe the shape of noncylindrical parts accurately
on a drawing or print, the draftsperson uses the ortho-
graphic view or projection method. The orthographic view
shows the part from three sides: the front, top, and right-
hand side (Fig. 5-1). These three views enable the
draftsperson to describe a part or an object so completely
that the machinist knows exactly what is required.
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draftsperson can indicate the exact specifications of
each individual part. Geometric dimensioning and
tolerancing (GD&T) has become a universal language
on engineering (technical) drawings for specifying a
part’s exact geometry or shape and how the part
should be inspected and gaged. The American ANS/
Y14.5, the American Standard, ASME Y14.5M-1994
(formerly ANSI Y14.5M-1982 R 1988), and the ISO
R1 101 standards are very similar with only a few
variations.

A complete product is usually shown on an
assembly drawing by the drafter. Each part or
component of the product is then shown on a
detailed drawing, which is reproduced as copies
called prints. The prints are used by the machinist
or toolmaker to produce the individual parts that
eventually will make up the complete product.

Some of the more common lines and symbols will
be reviewed briefly.

Cylindrical parts are generally shown on prints in
two views: the front and right side (Fig. 5-2). However, if
a part contains many details, it may be necessary to use the
top, bottom, or left-side views to describe the part accu-
rately to the machinist.

In many cases, complicated interior forms are difficult
to describe in the usual manner by a draftsperson. Whenever
this occurs, a sectional view, which is obtained by making an
imaginary cut through an object, is presented. This imagi-
nary cut can be made in a straight line in any direction to best
expose the interior contour or form of a part (Fig. 5-3).
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M Figure 5-1 Three views of orthographic projection
make it easier to describe the details of a part.
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M Figure 5-2 Cylindrical parts are generally shown in
two views.

_

M Figure 5-3 Section views are used to show compli-
cated interior forms.

A wide variety of standard lines are used in engi-
neering drawings for the designer to indicate to the ma-
chinist exactly what is required. Thick, thin, broken,
wavy, and section lines are used on shop or engineering
drawings. See Table 5.1 on p. 44 for examples, including

the description and purpose of some of the more common
lines used on shop drawings.

»» Drafting Terms
and Symbols

Common drafting terms and symbols are used on shop
and engineering drawings for the designer to describe
each part accurately. If it were not for the universal use of
terms, symbols, and abbreviations, the designer would
have to make extensive notes to describe exactly what is
required. These notes not only would be cumbersome but
could be misunderstood and therefore result in costly
errors. Some of the common drafting terms and symbols
are explained in the following paragraphs and examples.

Limits (Fig. 5-4) are the largest and the smallest per-
missible dimensions of a part (the maximum and mini-
mum dimensions). Both sizes would be given on a shop
drawing.

EXAMPLE

751 largest dimension

749 smallest dimension

A

% _ .711 e ‘ +.001
( ,7119 '7i0 -.003

M Figure 5-4 Limits
show the largest and
smallest size of a part.

M Figure 5-5 Tolerance is
the permissible variation of a
specified size.

Tolerance (Fig. 5-5) is the permissible variation of
the size of a part. The basic dimension plus or minus the
variation allowed is given on a drawing.

EXAMPLE

+.001
—.003

The tolerance in this case would be .004 (the difference
between +.001 oversize or —.003 undersize).
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III Common lines used on shop drawings

Example Name Description Use
Object lines Thick black lines appoximately Indicate the visible
p .030 in. wide (the width may vary form or edge of an
to suit drawing size). object.
------------------ Hidden lines Medium-weight black lines of .125 in. Indicate the hidden
b long dashes and .060 in. spaces. contours of an object.
Center lines Thin lines with alternating long lines Indicate the centers of
and short dashes. holes, cylindrical
i s e e —Long lines from .500 to 3 in. long. objects, and other
¢ —Short dashes .060 to .125 in. long, sections.
spaces .060 in. long.
Dimension lines Thin black lines with an arrowhead Indicate the dimensions
e at each end and a space in the center of an object.
—

for a dimension.

Cutting-plane lines

Thick black lines make up a series of
one long line and two short dashes.
Arrowheads show the line of sight
from where the section is taken.

Show the imagined
section cut.

Cross section lines

Fine, evenly spaced parallel lines at
45°, Line spacing is in proportion to
the part size.

Show the surfaces
exposed when a
section is cut.

1. Clearance fits, whereby a part may revolve or
move in relation to a mating part

2. Interference fits, whereby two parts are forced
together to act as a single piece

y
(
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Scale size is used on most shop or engineering
drawings because it would be impossible to draw parts to
exact size; some drawings would be too large, and others
would be too small. The scale size of a drawing is gener-
ally found in the title block and indicates the scale to
which the drawing has been made, which is a representa-

_

M Figure 5-6 Allowance is the intentional difference
in the sizes of mating parts.

Allowance (Fig. 5-6) is the intentional difference in
the sizes of mating parts, such as the diameter of a shaft
and the size of the hole. On a shop drawing, both the shaft
and the hole would be indicated with maximum and min-
imum sizes to produce the best fit.

Fit is the range of tightness between two mating
parts. There are two general classes of fits:
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tive measurement.

Scale Definition
1:1 Drawing is made to the actual size of the
part, or full scale.
1:2 Drawing is made to one-half the actual size of
the part.
2:1 Drawing is made to twice the actual size of
the part.




» Units of Measurement

Although the metric system of measurement is the inter-
national standard of measurement, the inch system is still
widely used in the United States and Canada. Therefore,
it is important that the machinist understand both dimen-
sioning systems to be able to work in either system.

The dimensions in this book are primarily decimal
inch; however, at times dual dimensions are provided,
with the inch dimension first and its metric equivalent in
parentheses. A note on, or near, the title block of the
drawing should identify whether inch, metric, or dual
MILLIMETER

di ion is bei d—f le,
imension is being use or example INCH

and/or MILLIMETER (INCH)

» Manufacturing Methods

The drawing should only define a part and not specify
how the part is to be made or the operations to produce the
part. Generally only the hole diameter is shown without
indicating whether it should be drilled, reamed, bored, or
produced by any other method. Where a dimension is crit-
ical, its tolerance or limits should be provided on the
drawing so the craftsperson will use the proper method to
produce the part to the required accuracy.

» Basic Dimensioning

Dimensioning is used on working drawings to explain to
the machinist the shapes and sizes required to manufac-
ture a part. The type of material for the part, the number
of parts required, and special notes are generally found in
the title block of the drawing.

» Dimensioning Tolerances

Each dimension on a drawing should have a tolerance to
define the accuracy of a specific operation or the part.
Common machine trade practice show the tolerance on di-
mension as a + or — unit of the last digit—for example:

> .12 (two decimal places) indicate a tolerance of =
.010 in.

> .345 (three decimal places) indicate a tolerance of
+.001 in.

> .6789 (four decimal places) indicate a tolerance of
+.0001 in.

Whenever the tolerance varies from these examples, it
may be shown as specific limits (high or low) for a di-
mension, or as plus or minus tolerancing.

» Inch Dimensions

> Fractional sizes—for example, 1/2 in.—are stated
to two decimal places (such as .50 in.), indicates it
is not a critical size.

> Whole dimensions are shown with a minimum of
two zeros to the right of the decimal point—e.g.,
5.00 in., not 5 in.

> No zero is used to the left of the decimal for any
value of less than 1 inch—for example, .36 in., not
0.36 in., and .625 in., not 0.625 in.

> Sizes that are critical dimensions are shown in
three or four decimal places and, where
necessary, the tolerance or limit dimensions are
included.

» Metric Dimensions

> A zero must be used to the left of the decimal for
all sizes less than 1 millimeter—for example,
0.35 mm, not .35 mm.

> Where the dimension is a whole number, no
decimal point or zero follows the number—for
example, 4 mm, not 4.0 mm.

> Where the dimension is larger than the whole
number by a decimal fraction, the last digit to
the right of the decimal point is not followed
by a zero—for example, 6.5 mm, not
6.50 mm.

SYMBOLS

Some of the symbols and abbreviations used on shop
drawings indicate the surface finish, type of material,
roughness symbols, and common machine shop terms and
operations.

A few of the common symbols used in this book are
as follows:

£ angularity
. basic dimension

\/ countersink

— depth/deep

<« between ¢ diameter
__ conical taper _1_ perpendicularity
. counterbore/spotface R radius

Countersinks, counterbores, and spotfaces can be
shown on drawings by abbreviations or dimension sym-
bols, with the symbols being preferred. Samples of some
common symbols in use are shown in Fig. 5-7 on p. 46.
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/_/ Flatness

All points on the indicated surface
must lie in a single plane, within
the specified tolerance zone.

— Straightness

All points on the indicated surface
or axis must lie in a straight fine in
the direction shown, within the
specified tolerance zone.

O Circularity (roundness)

‘\

if the indicated surface is
sliced by any piane perpendicular
to its axis, the resulting outline
must be a perfect circle, within the
specified tolerance zone.

All points on the indicated surface
must lie in a perfect cylinder
around a center axis, within the
specified tolerance zone.

7\ Linear profile

All points on any full slice of the
indicated surface must be on its
theoretical two-dimensionat profile,
as defined by basic dimensions.
within the specified tolerance zone.
The profile may or may not be
oriented with respect to datums.

—A—

£\ Surface profile

All points on the indicated surface
must lie on its theoretical three-
dimensional profile, as defined by
basic dimensions, within the
specified tolerance zone. The
profile may or may not be oriented
with respect to datums.

M Figure 5-7 Common geometric symbols and definitions.

» Dimensioning Systems

Dimensions are used on prints to give the distance be-
tween two points, lines, planes, or some combination of
points, lines, and planes.

> The numerical value gives the actual measurement
(distance).

> The dimension line indicates the direction in which
the value applies.
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(Carr Lane Mfg. Co.)

> The arrowheads indicate the points between which
the value applies.

The decimal system, used for machine shop and
computer numerical control work, uses only decimal frac-
tions for all dimensional values. In computer numerical
control work, two types of dimensioning are used:

1. Incremental system where all dimensions are given
from a previously known point.

2. Absolute system where all dimensions or positions
are given from a fixed zero or origin point.



_|_ Perpendicularity (Squareness)
[L[.002 [A

All points on the indicated
surface, axis, or line must lie in
a single plane exactly 90° from
the designated datum plane or
axis, within the specified
tolerance zone.

L Angularity

All points on the indicated surface
or axis must lie in a single plane
at exactly the specified angle
from the designated datum plane

/[ —_A—_]| or axis, within the specified

tolerance zone.

// Parallelism

R /7] 002 [A| Al points on the indicated
| surface or axis must lie in a
single plane parallel to the
—A— | designated datum plane or axis,
within the specified tolerance

zone.

M Figure 5-7 (Continued)

» Workplace
Communication

Since the early 1950s, manufacturing has become a part
of the global economy. It is not uncommon to have dif-
ferent components of a product made in various coun-
tries throughout the world and assembled in another
country. In order for these components to be made to
specifications, it is important that the graphic represen-

/ Circular runout

~1.002 |A Each circular element of the

indicated surface is aflowed to

L deviate only the specified
' f \ amount from its theoretical

-H— r— I form and orientation during
\J 360° rotation about the

designated datum axis.

The entire indicated surface is
allowed to deviate only the
specified amount from its
theoretical form and orientation
during 360° rotation about the
designated datum axis.

@ Concentricity

If the indicated surface is

sliced by any plane perpen-
dicular to the designated datum
axis, every slice’s center of
area must lie on the datum
axis, within the specified

[©].002 JA]cylindrical toierance zone

(controls rotational balance).

'EB Position (replaces —-symmetry)
j__—l The indicated feature’s axis

must be located within the
specified tolerance zone from
its true theoretical position,
correctly oriented relative to the
4X @ 125 ¢ 002 designated datum plane or axis.

[©].002 M[A]

tation (symbols and characteristics) used on engineering
drawings be universal and easily understood throughout
the world.

The International Standards Organization (1SO)
was established in 1946, and the goal of one of its tech-
nical committees (TC#10) was to develop a set of uni-
versally accepted standards for technical drawings. The
American Society of Mechanical Engineers (ASME) es-
tablishes the standards for the United States through its
ASME Y14.5 committee, made up of representatives
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from industry, education, and technical organizations.
Members of the ASME Y14.5 committee also serve on
the ISO TC10 subcommittee, so that standards accept-
able to most countries are developed.

Over the years there has been a constant refine-
ment of drawing standards by modifying the work of the
two committees to come up with mutually acceptable
standards. The ASME Y 14.5—1994 publication on Di-
mensioning and Tolerancing lists the latest standards
universally accepted throughout the world. Some of the
most common geometric symbols, characteristics, and
definitions are shown in the following table and text:

Common machine shop abbreviations

CBORE Counterbore

CSK Countersink

DIA Diameter

1G] Diameter

HDN Harden

L Lead

LH Left hand

mm Millimeter

NC National coarse

NF National fine

P Pitch

R Radius

Re Rockwell hardness test
RH Right hand

THD Thread or threads

TIR Total indicated runout
TPI Threads per inch

UNC Unified national coarse
UNF Unified national form
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SURFACE SYMBOLS

Surface finish is the deviation from the nominal surface
caused by the machining operation. Surface finish in-
cludes roughness, waviness, lay, and flaws and is mea-
sured by a surface finish indicator in microinches (jin.).

The surface finish mark, used in many cases, indi-
cates which surface of the part must be finished. The num-
ber in the V' indicates the quality of finish required on
the surface (Fig. 5-8). In the example shown in Fig. 5-8,

the roughness height or the measurement of the
finely spaced irregularities caused by the cutting tool can-
not exceed 40 win.

If the surface of a part must be finished to exact
specifications, each part of the specification is indicated
on the symbol (Fig. 5-9) as follows:

40 Surface finish in microinches
.002 Waviness height in thousandths of an inch
.001 Roughness width in thousandths of an inch

| Machining marks run perpendicular to the
boundary of the surface indicated

The following symbols indicate the direction of the
lay (marks produced by machining operations on work
surfaces).

= Parallel to the boundary line of the surface
indicated by the symbol

X Angular in both directions on the surface
indicated by the symbol

M Multidirectional

C Approximately circular to the center of the
surface indicated by the symbol

R Approximately radial to the center of the
surface indicated by the symbol

Fig. 5-10 shows the drafting symbols used to indicate
some of the most common materials used in a machine
shop.

002
40

M Figure 5-8 surface
finish symbols indicate the
type and finish of the
surface.

.001

s/ |

k\\\\\‘

M Figure 5-9 Surface

finish specifications.




Material Symbols

Iy Represents copper, brass,
bronze, etc.

o

XX}X Represents aluminum,
o magnesium, and their alloys

M Figure 5-10 Symbols used to indicate types of material.

1. How can a drafter indicate the exact specifications
required for a part?

2. What is the purpose of:

a. An assembly drawing?
b. A detailed drawing?

3. What is the purpose of an orthographic view?
4. Why are section views shown?
5. What lines are used to show:

a. The form of a part?

b. The centers of holes, objects, or sections?

c. The exposed surfaces of where a section
is cut?

Represents steel and wrought iron

Represents cast iron and
malleable iron

. Define:

a. Limits
b. Tolerance
c. Allowance

. How is half-scale indicated on an engineering

drawing?

. Define each part of the surface-finish symbol

.003

\/ 002

. What do the following abbreviations mean?

a. CBORE
b. HDN

c. mm

d. THD

e. TIR
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Machining Procedures
for Various Workpieces

OBJECTIVES

After completing this unit, you should be able to: Planning the procedures for machining any part so

that it can be produced accurately and quickly is very
important. Many parts have been spoiled because the
incorrect sequence was followed in the machining
process. Although it would be impossible to list the
exact sequence of operations that would apply to
every type and shape of workpiece, some general
rules should be followed to machine a part accurately
and in the shortest time possible.

Plan the sequence of operations and machine
round work mounted between lathe centers

Plan the sequence of operations and machine
round work mounted in a lathe chuck

Plan the sequence of operations to machine flat
workpieces

ini 2. Rough-turn all steps and shoulders to within .030 in.
>> Ma Ch Iini ng Proced ures (0.79 mm) of the length required (Fig. 6-1).
for RO un d WO rk > Be sure to measure all lengths from one end of

the workpiece.
Most of the work produced in a machine shop is round and

is turned to size on a lathe. In industry, much of the round
work is held in a chuck. A larger percentage of work in
school shops is machined between centers because of the
need to reset work more often. In either case, it is impor-
tant to follow the correct machining sequence of opera-
tions to prevent spoiling work, which often happens when
incorrect procedures are followed.

~—1.000 .750 1.000 .625

GENERAL RULES FOR ROUND WORK

1. Rough-turn all diameters to within .030 inch (in.) ’L_590—<—
[0.79 millimeter (mm)] of the size required. 159

> Machine the largest diameter first and progress 2.340
to the smallest. 3.340

> If the small diameters are rough-turned first, it
is quite possible that the work would bend when M Figure 6-1 A sample part, showing rough- and
the large diameters are machined. finish-turned lengths. (Kelmar Associates)
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If all measurements are not taken from the end
of the workpiece, the length of each step would
be .030 in. (0.79 mm) shorter than required. If
four steps were required, the length of the fourth
step would be .125 in. (3.17 mm) shorter than
required (4 X .030 in., or 4 X 0.79 mm) and
would leave too much material for the finishing
operation.

3. If any special operations such as knurling or
grooving are required, they should be done next.

Cool the workpiece before starting the finishing
operations.

> Metal expands from the friction caused by the
machining process, and any measurements
taken while work is hot will be incorrect.
When the workpiece is too cold, the diameters

of round work will be smaller than required.

>

5. Finish-turn all diameters and lengths.

> Finish the largest diameters first and work down
to the smallest diameter.

> Finish the shoulder of one step to the correct
length and then cut the diameter to size.

WORKPIECES REQUIRING
CENTER HOLES

Sometimes it is necessary to machine the entire length of
a round workpiece. When this is required, usually on
shorter workpieces, center holes are drilled in each end.
The workpiece shown in Fig. 6-2 is a typical part that can
be machined between the centers on a lathe.

Machining Sequence

1. Cut off a piece of steel .125 in. (3 mm) longer and

.125 in. (3 mm) larger in diameter than required.

> In this case, the diameter of the steel cut off
would be 1.625 in. (41 mm) and its length

Hold the workpiece in a three-jaw chuck, face one
end square, and then drill the center hole.

Face the other end to length and then drill the
center hole.

Mount the workpiece between the centers on a lathe.

. Rough-turn the largest diameter to within .030 in.
(0.79 mm) finish size or 1.530 in. (39 mm).

Note: The purpose of the rough cut is to remove excess
metal as quickly as possible.

6. Finish-turn the diameter to be knurled.

Note: The purpose of the finish cut is to cut work to the
required size and produce a good surface finish.

7. Knurl the 1.500-in. (38-mm) diameter.
8. Machine the 45° chamfer on the end.

9. Reverse the work in the lathe, being sure to protect the

knurl from the lathe dog with a piece of soft metal.
Rough-turn the 1.250-in. (31-mm) diameter
(Fig. 6-2) to 1.280 in. (32 mm) (Fig. 6-3 on p. 52).

> Be sure to leave the length of this section .125 in.
(3 mm) short [7.375 in. (327 mm) from the end]
to allow for finishing the .125-in. radius.

Rough-turn the 1.125-in. (28-mm) diameter
(Fig. 6-3) to 1.160 in. (29 mm).

> Leave the length of this section .030 in.
(0.79 mm) short [4.970 in. (177 mm) from the
end] to allow for finishing the shoulder.

10.

11.

12. Rough-turn the .875-in. (22-mm) diameter to

905 in. (23 mm).

> Leave the length of this section .030 in.
(0.79 mm) short [1.970 in. (50 mm) from the
end] to allow for finishing the shoulder.

13. Rough-turn the .500-in. (13-mm) diameter to

530 in. (13.48 mm).
> Machine the length of this section to .720 in.

would be 9.625 in. (409 mm). (18 mm).
9.500
2.000 2.500 3.000 1.250
/R.125 »(« .085x45°
@1.500 — — } } ] 2.563
\ \ 1/2-13 UNC
250x45° 21P KNURL ©1.250 — ©1.125 — 2.875 — @.400 —
M Figure 6-2 A sample of a round shaft that can be machined. (Kelmar Associates)
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a1

7.470
4.970
1.970
/ R.125 250
530 — — — —
@1.280 — @1.160 — @.905 — @.530 —
M Figure 6-3 Rough-turned diameters and lengths of a shaft. (Kelmar Associates)
7.500
5.000
2.000
R.125
/ 750
@1.500 — — —
250x45° \ 21P KNURL @1.250 — @1.125 — 0.875— @.500 —
M Figure 6-4 The shaft turned to diameter and length.  (Kelmar Associates)

14.

15.

16.

17.

52

Cool the work to room temperature before starting
the finishing operations.

Finish-turn the 1.250-in. (32-mm) diameter to
7.375 in. (327 mm) from the end.

Mount a .125-in. (3-mm) radius tool and finish the
corner to the correct length (Fig. 6-4).

Finish-turn the 1.125-in. (28-mm) diameter to
5.000 in. (177 mm) from the end.

Job Planning

18.

19.

20.

21.

Finish-turn the .875-in. (22-mm) diameter to
2.000 in. (50 mm) from the end.

Set the compound rest to 8° and machine the taper
to size.

Finish-turn the .500-in. (13-mm) diameter to
750 in. (19 mm) from the end.

With a cutoff tool, cut the groove at the end of the
.500-in. (13-mm) diameter (Fig. 6-5).



2.000

.750

inme =

| .563

: =
1/2-13 UNC

@1.125 —

.065x45°

.875 — @.400 — .100

M Figure 6-5 Special operations completed on a shaft.
(Kelmar Associates)

22. Chamfer the end of the section to be threaded.
23. Set the lathe for threading and cut the thread to size.

» Workpieces Held
in a Chuck

The procedure for machining the external surfaces of
round workpieces held in a chuck (three-jaw, four-jaw,
collet, etc.) is basically the same as for machining work
held between lathe centers. However, if both external and

internal surfaces must be machined on work held in a chuck,
the sequence of some operations is changed.

Whenever work is held in a chuck for machining, it is
very important that the workpiece be held short for rigidity
and to prevent accidents. Never let work extend more than
three times its diameter beyond the chuck jaws unless it is
supported by some means, such as a steady rest or center.

MACHINING EXTERNAL AND
INTERNAL DIAMETERS IN A CHUCK

To machine the part shown in Fig. 6-6, the following se-
quence of operations is suggested.

1. Cut off a piece of steel .125 in. (3 mm) larger in
diameter and .500 in. (13 mm) longer than
required.

> In this case, the rough diameter would be
2.125 in. (54 mm).

> The length would be 3.875 in. (98 mm), to
allow the piece to be gripped in the chuck.

2. Mount and center the workpiece in a four-jaw
chuck, gripping only .310 to .380 in. (8 to 9.5 mm)
of the material in the chuck jaws.

> A three-jaw chuck would not hold this size
workpiece securely enough for the internal and
external machining operations.

- 3.375
~ 2125 ——
—~—1.125 —
2.000 - - - @1.500 @1.750
7]
125
—~—1.000

@157 UNC

M Figure 6-6 A round part requiring internal and external machining.  (Kelmar Associates)
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3. Face the end of the work square.

> Remove only the minimum amount of material
required to square the end.

4. Rough-turn the three external diameters, starting
with the largest and progressing to the smallest to
within .030 in. (0.79 mm) of size and length.

5. Mount a drill chuck in the tailstock spindle and
center-drill the work.

6. Drill a 4-in. (13-mm) diameter hole through
the work.

7. Mount a 'Ye-in. (24 mm) drill in the tailstock and
drill through the work.

8. Mount a boring bar in the toolpost and bore the
1-in. (25-mm) ream hole to .968 in. (24.58 mm) in
diameter.

9. Bore the 1/-in.-7 UNC threaded section to the tap-
drill size, which is 1.107 in. (28 mm).

Tap-drill size = TDS =D — P

where D = diameter

P = pitch

10. Cut the groove at the end of the section to be
threaded to length and a little deeper than the
major diameter of the thread.

11. Mount a threading tool in the boring bar and cut
the 1%-in.-7 UNC thread to size.

12. Mount a 1-in. (25-mm) reamer in the tailstock and
finish the hole to size.

13. Finish-turn the external diameters to size and
length, starting with the largest and working down
to the smallest.

14. Reverse the workpiece in the chuck and protect the
finish diameter with a piece of soft metal between
it and the chuck jaws.

15. Face the end surface to the proper length.

» Machining Flat
Workpieces

Since there are so many variations in size and shape of flat
workpieces, it is difficult to give specific machining rules
for each. Some general rules are listed, but they may have
to be modified to suit particular workpieces.

1. Select and cut off the material a little larger than
the size required.
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2. Machine all surfaces to size in a milling machine
in a proper sequence of surfaces.

3. Lay out the physical contours of the part, such as
angles, steps, radii, and so on.

4. Lightly prick-punch the layout lines that indicate
the surfaces to be cut.

5. Remove large sections of the workpiece on a
contour bandsaw.

6. Machine all forms, such as steps, angles, radii, and
grooves.

7. Lay out all hole locations and, with dividers, scribe
the reference circle.

8. Drill all holes and tap those which require threads.
9. Ream holes.

10. Surface-grind any surfaces that require it.

OPERATIONS SEQUENCE FOR
A SAMPLE FLAT PART

The part shown in Fig. 6-7 is used only as an example to
illustrate a sequence of operations that should be followed
when machining similar parts. These are not meant to be
hard-and-fast rules, only guides.

The sequence of operations suggested for the sam-
ple part shown in Fig. 6-7 is different from those sug-
gested for machining a block square and parallel as
outlined in Unit 69 because:

1. The part is relatively thin and has a large surface area.

2. Since at least .125 in. (3 mm) of work should be
above the vise jaws, it would be difficult to use a
round bar between the work and movable jaw for
machining the large flat surfaces.

3. A small inaccuracy (out-of-squareness) on the
narrow edge would create a greater error when the
large surface was machined.

procedure

1. Cut off a piece of steel .625 in. (16 mm) X
3.375 in. (86 mm) X 5.625 in. (143 mm) long.

2. In a milling machine, finish one of the larger
surfaces (face) first.

Note: Leave .010 in. (0.25 mm) on each surface to
be ground.

3. Turn the workpiece over and machine the other
face to .500 in. (13 mm) thick.



5.500

* 30°

3.625

»ﬁ 625 —=—

—.500 T=—

O P

‘ 16 5 HOLES
3.250 —_— = | - — 1 — / — — - -
2.750
| ©.250 - 2 HOLES | R.250 B
‘ ©.375 CBORE ‘ 2.250
J .260 DP \ 1625
Hr—-—-Q 2E
/ AN 500
A |
5
= REAM
16 ~— 875
2 HOLES
THRU 625 2.250 ‘ 1.750

M Figure 6-7 A typical flat part that must be laid out and machined. (Kelmar Associates)

10.

11.

12.

. Machine one edge square with the face.

. Machine an adjacent edge square (at 90°) with the

first edge.

. Place the longest finished edge (A) down in the

machine vise and cut the opposite edge to 3.250 in.
(83 mm) wide.

. Place the narrower finished edge (B) down in the

machine vise and cut the opposite edge to 5.500 in.
(140 mm) long.

. With edge A as a reference surface, lay out all the

horizontal dimensions with an adjustable square, a
surface gage, or a height gage (Fig. 6-8).

With edge B as a reference surface, lay out all the
vertical dimensions with an adjustable square, a
surface gage, or a height gage (Fig. 6-9 on p. 56).
Use a bevel protractor to lay out the 30° angle on
the upper right-hand edge.

With a divider set to .250 in. (6 mm), draw the arcs
for the two center slots.

With a sharp prick punch, lightly mark all the
surfaces to be cut and the centers of all hole
locations.

Machining Procedures for Various Workpieces

A

M Figure 6-8 Lay out all horizontal lines using edge A
as the reference surface. (Kelmar Associates)

13. Center-punch and drill 1/2-in. (13-mm) diameter

holes for the two center slots.

14. On a vertical bandsaw, cut the 30° angle to within

0.30 in. (0.79 mm) of the layout line.

Place the workpiece in a vertical mill and machine
the two .500-in. (13-mm) slots.

15.

16. Machine the step on the top edge of the workpiece.

99



B

M Figure 6-9 Lay out all vertical lines using edge B as

the reference surface. (Kelmar Associates)
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17.

18.

19.
20.

21.

22,
23.

24,
25.

Set the work to 30° in the machine vise and finish
the 30° angle.

Prick-punch the hole locations, scribe reference
circles, and then center-punch all hole centers.

Center-drill all hole locations.

Drill and counterbore the holes for the % in.—20 NC
SCIews.

Tap drill the %s in.-18 thread holes (F drill or
6.5 mm).

Drill the %-in. (6-mm) ream holes to '%: in. (5.5 mm).

Countersink all holes to be tapped slightly larger
than their finished size.

Ream the /-in. (6-mm) holes to size.
Tap the %6 in.—18 UNC holes.



. Why is it not advisable to rough-turn small
diameters first?

2. To what size should work be rough-turned?

. Why must all measurements be taken from one end
of a workpiece?

. Why is it important that the workpiece be cooled
before finish-turning?

. Why can a workpiece be bent during the knurling
operation?

. Why is the work cut off longer than required when
machining in a chuck?

10.

11.

12.

. How far should a 6-in. long workpiece, 1 in. in

diameter, extend beyond the chuck jaws?

. How deep should the groove be cut for the internal

section to be threaded?

How is a finish diameter protected from the
chuck jaws?

How much material should be left on a flat surface
for grinding?

When using a bandsaw to remove excess material,
how close to the layout line should the cut be made?

When machining flat surfaces, what surface should
be machined first?
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MEASUREMENT

The world has depended on some form of measurement system since the beginning of civiliza-
tion. The Egyptians, for example, used a unit of length called the cubit, a unit equal to the length
of the forearm from the middle finger to the elbow. James Watt, on the other hand, improved his
steam engine by maintaining its tolerances to the thickness of a thin shilling, an English coin. The
days of such crude measurements, however, are gone. Today we live in a demanding world where
products must be built to precise tolerances. These same products may start out as components
built by several subindustries and then be used by other industries in the manufacture of final
consumer products. From start to finish, a product may be utilized by several industries located
in separate places, often nations away, and then be sold at still other locations. Interchangeable
manufacture, world trade, and the need for high precision have all contributed to the need for a
highly accurate international measurement system. In 1960, the International System of Units
(SI) was developed to satisfy this need.

Presently, there are two major systems of measurement used in the world. The inch sys-
tem, often called the English system of measurement, is still widely used in the United States
and Canada. Because over 90% of the world’s population uses some form of metric measure-
ment, the need for universal adoption of metric measurement is evident.




» Metric (Decimal) Systems

On December 8, 1975, the U.S. Senate passed Metric
Bill S100 “to facilitate and encourage the substi-
tution of metric measurement units for customary
measurement units in education, trade, commerce
and all other sections of the economy of the United
States. . . .” On January 16, 1970, the Canadian
government adopted Sl for implementation through-
out Canada by 1980.

Although both the United States and Canada
are now committed to conversion to the metric sys-
tem as rapidly as possible, it is likely to be some years
before all machine tools and measuring devices are
redesigned or converted. The change to the metric
system in the machine shop will be gradual because
of the long life expectancy of the costly machine tools
and measuring equipment involved. It is probable,
therefore, that people involved in the machine tool
trade will have to be familiar with both the metric and
the inch systems during the long changeover period.

» The Changeover Period

Although precision tool manufacturers produce most
measuring tools in metric sizes, the use of these tools
is not widespread because of the reluctance of in-
dustry to make the costly changeover. Consequently,
many present-day machinists will probably have to be
familiar with both the inch and the metric systems of
measurement.

Since the changeover will be gradual, it is safe
to assume that students graduating from schools for
the next several years must be taught a dual system
of measurement (inch and metric) until the majority
of industries have changed to the metric system. With
this in mind, we have used dual measurements
throughout this book so that the student will be able
to work effectively in both systems.

To address these problems, we adopted the fol-
lowing policy for this book to enable you to work ef-
fectively in both systems now, while permitting an
easy transition to full metric use as new materials and
tools become available:

1. Where general measurements or references to
quantity are not related specifically to metric
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standards, tools, or products, inch units are
given with the metric equivalent in parentheses.

2. Where the student may be exposed to
equipment designed to both metric and inch
standards, separate information is given on
both types of equipment in exact dimensions.

3. Where only inch standards, tools, or products
exist, inch measurements are given with a
metric conversion to two decimal places
provided in parentheses.

» Inch/Metric Dimensioning
Standards

The inch and metric dimensions in this book follow
the 1994 American National Standards Institute
(ANSI) guidelines. They are as follows.

INCH DIMENSIONS

> A zero is not used before the decimal point for
values less than 1 inch (.125 in.).

> A dimension is expressed to the same number
of decimal places as its tolerance. Zeros are
added to the right of the decimal point where
necessary (2.350 in., tolerance +.001).

METRIC DIMENSIONS

> A zero is used before the decimal point for
values less than 1 millimeter (0.15 mm).

> Where the dimension is a whole number, neither
the decimal point nor a zero is shown (12 mm).

> For dimensions larger than a whole number by
a decimal fraction of a millimeter, the last
digit to the right of the decimal point is not
followed by a zero (25.5 mm).

FRACTIONAL/INCH SYSTEM

Due to the ever-increasing use of CNC and the use of
digital data, fractional sizes do not lend themselves
to most manufacturing operations. ANSI has for
many years recommended that fractional dimensions
not be used in dimensioning drawings and they be re-
placed with decimal dimensions.



Fractional dimensions may still be used to identify
the sizes of holes produced by drills ordinarily stocked
in fraction sizes and for standard taps and screw thread
sizes. Therefore, wherever possible in this book, frac-
tional sizes have been replaced by decimal sizes.

» Symbols for Use with Si

Following is a list of some common S| quantities,
names, and symbols that you are likely to encounter
in your work in the machine shop:

Quantity Name Symbol

length* meter m

volume* liter ¢ and |

mass* gram g

time minute min
second S

force newton N

pressure, stress* pascal Pa

temperature degree Celsius °C

area* square meter m?

velocity (speed)

meters per minute and
meters per second

m/min and m/s

angles degrees °
minutes '
seconds !

electric potential volt \Y

electric current ampere A

frequency hertz Hz

electric capacitance farad B

Following is a list of prefixes often used with the quantities indicated by an asterisk (*) in the previous list:

Prefix Meaning Multiplier Symbol
micro one-millionth .000 001 n

milli one-thousandth .001 m
centi one-hundredth .01 ©

deci one-tenth 1 d

deka ten 10 da
hecto one hundred 100 h

kilo one thousand 1 000 k
mega one million 1 000 000 M
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Basic Measurement

OBJECTIVES

After completing this unit, you should be able to:
Identify several types of steel rules

Measure round and flat work to %.-in. accuracy
with a rule

Measure with spring calipers and a rule

» Inch System

The unit of length in the inch system is the inch, which
may be divided into fractional or decimal fraction divi-
sions. The fractional system is based on the binary system,
or base 2. The binary fractions commonly used in this sys-
tem are /%, %, %, /s, /22, and %s. The decimal-fraction system
has base 10, so any number may be written as a product of
10 and/or a fraction of 10.

Value Fraction Decimal
one-tenth Yo 1
one-hundredth Yoo .01
one-thousandth Y1000 .001
one ten-thousandth V10,000 .0001
one hundred-thousandth V100,000 .00001
one millionth 4,000,000 .000001

62 Measurement

Basic measurement can be termed as those mea-
surements taken by use of a rule or any other
nonprecision measuring tool, whether it be on the
inch or metric standard.

» Metric System

Linear metric dimensions are expressed in multiples and
submultiples of the meter. In the machine tool trade, the
millimeter is used to express most metric dimensions.
Fractions of the millimeter are expressed in decimals.

A brief comparison of common inch and metric
equivalents shows:

1yd = 36in.
1m = 39.371in.
1000m = 1km
1 km = 0.621 mi
1 mi = 1.609 km

Table 7.1 shows inch-metric comparisons for common
inch-metric system measurements.

Note: In machine shop metric measurements, most
dimensions will be given in millimeters (mm). Large
dimensions will be given in meters (m) and millimeters
(mm). For metric-inch conversion tables and decimal
equivalents, see the Appendix of Tables at the end of
this book.



Inch/Metric conversion

Metric Size
Millimeter Centimeter Decimeter Meter
Inch Size (mm) (cm) (dm) (m)
1in. 25.4 2.54 0.254 0.0254
1ft 304.8 30.48 3.048 0.3048
1 yd 914.4 91.44 9.144 0.9144

» Fractional Measurement

Fractional dimensions, often called scale dimensions, can
be measured with such instruments as rulers or calipers.
The steel rules used in machine shop work are graduated
either in binary-fractional divisions of 1, %4, %4, 4, /s, 5, and
%4 of an inch (Fig. 7-1) or in decimal fractional divisions:
decimeters, centimeters, millimeters, and half-millimeters
(Fig. 7-2). Divisions of /% of an inch or 0.50 mm are about
as fine as can be seen on a rule without the use of a mag-
nifying glass. Precision measuring instruments such as mi-
crometers and verniers are required when metric-drawn
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M Figure 7-1 Fractional divisions of an inch.  (Kelmar
Associates)
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B Figure 7-2 Metric rules are usually graduated in
millimeters and half-millimeters.  (Kelmar Associates)

prints show any dimensions of less than 0.50 mm or when
inch-drawn prints show any dimensions in decimals.

» Steel Rules
METRIC STEEL RULES

Metric steel rules (Fig. 7-3), usually graduated in mil-
limeters and half-millimeters, are used for making linear
metric measurements that do not require great accuracy. A
wide variety of metric rules are available in lengths from
15 cmto 1 m. The 15-cm rule shown in Fig. 7-3 is 2.4 mm,
or about %: in., shorter than a standard 6-in. rule.

FRACTIONAL STEEL RULES

The common binary fractions found on inch steel rules are
Yea, V52, Vs, and % of an inch. Several varieties of inch steel
rules may be used in machine shop work, such as spring-
tempered, flexible, narrow, and hook. Lengths range from
1 to 72 in. Again, these rules are used for measurements
that do not require great accuracy. Spring-tempered
quick-reading 6-in. rules (Fig. 7-4 on p. 64) with No. 4
graduations are the most frequently used inch rules in ma-
chine shop work. These rules have four separate scales,
two on each side. The front is graduated in eighths and
sixteenths and the back is graduated in thirty-seconds and
sixty-fourths of an inch. Every fourth line is numbered to
make reading in thirty-seconds and sixty-fourths easier
and quicker.

Hook rules (Fig. 7-5 on p. 64) are used to make accu-
rate measurements from a shoulder, step, or edge of a work-
piece. They may also be used to measure flanges and circular
pieces, and for setting inside calipers to a dimension.
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M Figure 7-3 A 15-cm metric rule.
Starrett Co.)
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M Figure 7-4 A spring-tempered (quick-reading) 6-in.
rule.  (The L. S. Starrett Co.)
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M Figure 7-5 A hook rule is used to make accurate
measurements from an edge or a shoulder.  (The L. S.
Starrett Co.)
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M Figure 7-6 Short-length rules are used for

measuring small openings.  (The L. S. Starrett Co.)

Short-length rules (Fig. 7-6) are useful in measuring
small openings and hard-to-reach locations where an or-
dinary rule cannot be used. Five small rules come to a set;
they range between 1/4 and 1 in. in length and can be in-
terchanged in the holder.

Decimal rules (Fig. 7-7) are most often used when it
is necessary to make linear measurements smaller than
%+ in. Since linear dimensions are sometimes specified on
drawings in decimals, these rules are useful to the ma-
chinist. The most common graduations found on decimal
rules are .100 (o of an inch), .050 (% of an inch), .020 (%%
of an inch), and .010 (i of an inch). A 6-in. decimal rule
is shown in Fig. 7-8.

MEASURING LENGTHS

With a reasonable amount of care, fairly accurate mea-
surements can be made using steel rules. Whenever possi-
ble, butt the end of a rule against a shoulder or step
(Fig. 7-9) to ensure an accurate measurement.

Through constant use, the end of a steel rule be-
comes worn. Measurements taken from the end, therefore,
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M Figure 7-7 Decimal graduations on a rule provide an
accurate and simple form of measurement.  (Kelmar
Associates)
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M Figure 7-8 Common graduations found on a 6-in.
decimal rule.  (The L. S. Starrett Co.)

M Figure 7-9 Butting a rule against a shoulder.
(Kelmar Associates)

are often inaccurate. Fairly accurate measurements of flat
work can be made by placing the 1-in. or 1-cm graduation
line on the edge of the work, taking the measurement, and
subtracting 1 in. or 1 cm from the reading (Fig. 7-10).
When measuring flat work, be sure that the edge of the
rule is parallel to the edge of the work. If the rule is placed
at an angle to the edge (Fig. 7-11), the measurement will
not be accurate. When measuring the diameter of round
stock, start from the 1-in. or 1-cm graduation line.

THE RULE AS A STRAIGHTEDGE

The edges of a steel rule are ground flat. The rule may
therefore be used as a straightedge to test the flatness of
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M Figure 7-10 Measuring with a rule starting at the
1-cm line.  (Kelmar Associates)

M Figure 7-11 The rule must be held parallel to the
edge of the workpiece; otherwise, the measurement will
not be correct.  (Kelmar Associates)

workpieces. The edge of a rule should be placed on the
work surface, which is then held up to the light. Inaccura-
cies as small as a few thousandths of an inch, or 0.05 mm,
can easily be seen by this method.

» Qutside Calipers

Outside calipers are not precision tools; however, they can
be used to approximately measure the outside surface of
either round or flat work. They are made in several styles,
such as spring joint and firm joint calipers. The outside
spring joint caliper is most commonly used; however, it
cannot be read directly and must be set to a steel rule or a
standard-size gage. Calipers should not be used when an
accuracy of less than .015 in. (0.39 mm) is required.
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M Figure 7-12 Setting an outside caliper to size with
arule. (Kelmar Associates)

M Figure 7-13 Checking a diameter with an outside

caliper.  (Kelmar Associates)

USING OUTSIDE CALIPERS

When calipers are set to a rule, it is important that the end

of the rule be in good condition, not worn or damaged.
Use the following procedure:

1. Hold both legs of the caliper parallel to the edge of
the rule. Turn the adjusting nut until the end of the

lower leg just splits the desired graduation line on
the rule (Fig. 7-12).

2. Place the caliper on the work with both legs of the
caliper at right angles to the centerline of the work
(Fig. 7-13).

3. The diameter is correct when the caliper just slides
over the work by its own weight.

Basic Measurement
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» Inside Calipers

Inside calipers are used to measure the diameter of holes
or the width of keyways and slots. They are made in sev-
eral styles, such as spring joint and firm joint calipers.

MEASURING AN INSIDE DIAMETER

Fairly accurate measurements of holes and slots may be
made using an inside caliper and a rule. Use the following
procedure:

1. Place one leg of the caliper near the bottom edge
of the hole (Fig. 7-14).

2. Hold the caliper leg in this position with a finger.
3. Keep the caliper legs vertical or parallel to the hole.

4. Move the top leg in the direction of the arrows and
turn the adjusting nut until a slight drag is felt on
the caliper leg.

5. Find the size of the setting by placing the end of a
rule and one leg of the caliper against a flat surface.

[

M Figure 7-14 Adjusting an inside caliper to the size
of a hole.  (Kelmar Associates)
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6. Hold the legs of the caliper parallel to the edge of
the rule and note the reading on the rule.

TRANSFERRING MEASUREMENTS

When an accurate measurement is required, the caliper
setting should be checked with an outside micrometer.
Use the following procedure:

1. Check the accuracy of the micrometer (Unit 9).

2. Hold the micrometer in the right hand so that you
can easily adjust it with the thumb and forefinger
(Fig. 7-15).

3. Place one leg of the caliper on the micrometer
anvil and hold it in position with a finger.

4. Rock the top leg of the caliper in the direction of
the arrows.

5. Adjust the micrometer thimble until only a slight
drag is felt as the caliper leg passes over the
measuring face.

M Figure 7-15 An inside caliper setting checked with

a micrometer.  (Kelmar Associates)



6. State the purpose of:

. Name two systems of measurement presently used 7. Name two types of outside calipers.
in North America. 8. What is the procedure for setting an outside caliper
. What is the common unit of length in the SI to a size?
system? 9. Explain how you would know when the work is the
. How are metric rules usually graduated? same size as the caliper setting.
4. Name four types of steel rules used in machine 10. Explain the procedure for setting an inside caliper
shop work. to the size of a hole.
. Describe a rule with No. 4 graduations. 11. In point form, list the procedure for checking an

inside caliper setting with a micrometer.

a. Hook rules b. Decimal rules
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Squares and Surface Plates

OBJECTIVES

After completing this unit, you will be able to identify
and explain the uses of:

The machinist’s combination square
Three types of solid and adjustable squares

Two types of surface plates

» Machinist’s Combination
Square

The combination square is a basic tool used by the ma-
chinist for quickly checking 90° and 45° angles. It is part
of a combination set (Fig. 8-1) that includes the square
head, the center head, the bevel protractor, and a gradu-
ated grooved rule to which the various heads may be at-
tached. In addition to its use for laying out and checking
angles, the combination square may also be used as a
depth gage (Fig. 8-2) or to measure the length of work to
reasonable accuracy. Further uses of the combination set
will be discussed in the unit on layout work (Unit 19).

» Precision Squares

Precision squares are used chiefly for inspection and
setup purposes. They are hardened and accurately ground
and must be handled carefully to preserve their accuracy.
A great variety of squares are manufactured for specific
purposes. The squares are all variations of either the solid
square or the adjustable square.

68 Measurement

The square is a very important tool used by the
machinist for layout, inspection, and setup purposes.
Squares are manufactured to various degrees of
accuracy, ranging from semiprecision to precision
squares. Precision squares are hardened and accu-
rately ground.

»» Beveled-Edge Squares

The better quality standard squares used in inspection have
a beveled-edge blade, which is hardened and ground. The
beveled edge allows the blade to make line contact with the
work, thereby permitting a more accurate check. Two meth-
ods of using a beveled-edge square for checking purposes
are illustrated in Figs. 8-3 and 8-4. In Fig. 8-3, if the work is
square (90°), both pieces of paper will be tight between the
square and the work. In Fig. 8-4 on p. 70, the light is shut out
only where the blade makes line contact with the surface of
the work. Light shows through where the blade of the square
does not make contact with the surface being checked.

» Toolmaker’s Surface Plate
Square

The toolmaker’s surface plate square (Fig. 8-5 on p. 70)
provides a convenient method of checking work for
squareness on a surface plate. Since it is of one-piece con-
struction, there is little chance of any inaccuracy develop-
ing, as is the case with a blade and beam square.
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[ | Figure 8-1 The combination set may be used for laying out and checking work.
(The L.S. Starrett Co.)

ek

M Figure 8-2 The combination (adjustable) square
used as a depth gage. (Kelmar Associates)

M Figure 8-3 Using paper between the blade of the
square and the workpiece to check for squareness.

= = (Kelmar Associates)
» Cylindrical Squares
Cylindrical squares are commonly used as master squares nearly true cylinder, and the ends are ground and lapped
against which other squares are checked. The square con- square with the axis. The ends are recessed and notched to
sists of a thick-walled alloy steel cylinder that has been decrease the inaccuracy from dust and to reduce friction.
hardened, ground, and lapped. The outside diameter is a When a cylindrical square is used, it must be set carefully
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M Figure 8-4 Light shines through where the blade of
the square does not make line contact with the surface.
(Kelmar Associates)

M Figure 8-5 A
toolmaker’s surface plate
square.

M Figure 8-6 A direct-
reading cylindrical square
being used to check a
part for squareness.

on a clean surface plate and rotated slightly to force parti-
cles of dust and dirt into the end notches; the square can
then make the proper contact with the surface plate.
Cylindrical squares provide perfect line contact with the
part being checked.

Another type of cylindrical square is the direct-
reading cylindrical square (Fig. 8-6), which indicates di-
rectly the amount that the part is out of square. One end of
the cylinder is lapped square with the axis, while the other
end is ground and lapped slightly out of square. The cir-
cumference is etched with several series of dots that form
elliptical curved lines. Each curve is numbered at the top
to indicate the amount, in ten-thousandths of an inch
(.0001), that the workpiece is out of square over the length
of the square. Absolute squareness, or zero deviation, is
indicated by an etched, vertical dotted line on the square.

When used, the square is carefully placed in contact
with the work and turned until no light is seen between it
and the part being inspected. The uppermost curved line
in contact with the work is noted and followed to the top,
where the number shows the amount the work is out of
square. This square may also be used as a conventional
cylindrical square if the opposite end, which is ground and
lapped square with the axis, is used.
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M Figure 8-7 A diemaker’s square is useful for
checking die clearance. (The L. S. Starrett Co.)
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M Figure 8-8 The direct-reading diemaker’s square
indicates the angle at which the blade is set. (The L. S.
Starrett Co.)

» Adjustable Squares

The adjustable square, while not providing the accuracy
of a good solid square, is used by the toolmaker where it
would be impossible to use a fixed square.

A diemaker’s square (Fig. 8-7) is used to check
the clearance angle on dies. The blade is adjusted to the
angle of the workpiece by means of a blade-adjusting
screw. This angular setting must then be checked with
a protractor. Another form of diemaker’s square is the
direct-reading type, which indicates the angle at which
the blade is set (Fig. 8-8).
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M Figure 8-9 The amount that a part is out of square
can be read on an adjustable micrometer square. (Ash
Precision Equipment Inc.)

» Adjustable Micrometer
Square

The adjustable micrometer square (Fig. 8-9) may be
used to check a part for squareness accurately. When a
piece of work is being checked and light shows be-
tween the blade and the work, turn the micrometer head
until the full length of the blade, which may be tilted,
touches the work. The amount the part is out of square
may be read from the micrometer head. When the mi-
crometer head is set at zero, the blade is perfectly
square with the beam.

» Straightedges

A straightedge is used to check surfaces for flatness and
to act as a guide for scribing long, straight lines in layout
work. Straightedges are generally rectangular bars of
hardened and accurately ground steel, having both edges
flat and parallel. They are supplied with either plain or
beveled edges. Long straightedges are generally made of
cast iron with ribbed construction.

» Surface Plates

A surface plate is a rigid block of granite or cast iron, the
flat surface of which is used as a reference plane for lay-
out, setup, and inspection work. Surface plates generally
have a three-point suspension to prevent rocking when
mounted on an uneven surface.

Cast-iron plates are well ribbed and supported to re-
sist deflection under heavy loads. They are made of close-
grained cast iron, which has high strength and good
wear-resistance qualities. After a cast-iron surface plate

M Figure 8-10 Granite surface plates are not
affected by changes in humidity and temperature.
(Kelmar Associates)

has been machined, its surface must be scraped by hand to
a flat plane. This operation is long and tedious; therefore,
the cost of these plates is high.

Granite surface plates (Fig. 8-10) have many ad-
vantages over cast-iron plates and are replacing them in
many shops. They may be manufactured from gray, pink,
or black granite and are obtainable in several degrees of
accuracy. Extremely flat finishes are produced by lapping.
The advantages of granite plates are:

1. They are not appreciably affected by temperature
change.

2. Granite will not burr, as does cast iron; therefore,
the accuracy is not impaired.

3. They are nonmagnetic.
4. They are rustproof.

5. Abrasives will not embed themselves as easily in
the surface; thus, they may be used near grinding
machines.

CARE OF SURFACE PLATES

1. Keep surface plates clean at all times, and wipe
them with a dry cloth before using.

2. Clean them occasionally with solvent or surface-
plate cleaner to remove any film.

3. Protect them with a wooden cover when they are
not in use.

4. Use parallels whenever possible to prevent damage
to plates by rough parts or castings.

5. Remove burrs from the workpiece before placing it
on the plate.

6. Slide heavy parts onto the plate rather than place
them directly on the plate; a part might fall and
damage the plate.

7. Remove all burrs from cast-iron plates by honing.

8. When they are not in regular use, cover cast-iron
plates with a thin film of oil to prevent rusting.

9. Center punching or prick punching layout lines
should not be done on a surface plate, since these
plates will not withstand impact forces.
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Precision Squares Surface Plates
1. Name two types of solid squares and state the 6. What is the purpose of a surface plate?
advantage of each. 7. Name three types of granite used in making
2. Why are beveled-edge squares used in inspec- surface plates.
tion work? 8. State five advantages of granite over cast-iron
3. What procedure should be followed when using a surface plates.
cylindrical square? 9. List eight ways of caring for surface plates.

4. State the purpose of a diemaker’s square.

5. How can the angle of the workpiece be determined
using each type of diemaker’s square?
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Micrometers

OBJECTIVES

After completing this unit, you should be able to:

Identify the most common types of outside
micrometers and their uses

Measure the size of a variety of objects to within
.001-in. accuracy

Read vernier micrometers to .0001-in. accuracy

Measure the size of a variety of objects to within
0.01-mm accuracy

Although fixed gages are convenient for checking
the upper and lower limits of external and internal
dimensions, they do not measure the actual size of
the part. The machinist must use some form of
precision measuring instrument to obtain this desired
size (Fig. 9-1a). Precision measuring tools—Units

» Principle of the Inch
Micrometer

To understand the principle of the inch micrometer, the
student should be familiar with two important thread
terms:

> Pitch, which is the distance from a point on one
thread to a corresponding point on the next thread.
For inch threads, pitch is expressed as 1/N (number
of threads). For metric threads, it is expressed in
millimeters.

9-18—may be divided into five categories: tools
used for outside measurement, inside measurement,
depth measurement, thread measurement, and
height measurement.

The micrometer caliper, usually called the
micrometer, is the most commonly used measuring
instrument when accuracy is required. The standard
inch micrometer, shown in a cutaway view in Fig. 9-1b
(on p. 74), measures accurately to .001 in. Since
many phases of modern manufacturing require greater
accuracy, the vernier micrometer, capable of even finer
measurements, is used to an increasing extent.

The standard metric micrometer measures in
hundredths of a millimeter, whereas the vernier
metric micrometer measures up to 0.002 mm.

The only difference in construction and
reading between the standard inch and the vernier
micrometer is the addition of the vernier scale on
the sleeve above the index or centerline.

> Lead, which is the distance a screw thread advances
axially in one complete revolution or turn.

Since there are 40 threads per inch on the microme-
ter, the pitch is /o (.025) in. Therefore, one complete rev-
olution of the spindle will either increase or decrease the
distance between the measuring faces by /o (.025) in. The
I-in. distance marked on the micrometer sleeve is divided
into 40 equal divisions, each of which equals %o (.025) in.

If the micrometer is closed until the measuring faces
just touch, the zero line on the thimble should line up with
the index line on the sleeve (barrel). If the thimble is re-
volved counterclockwise one complete revolution, one
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M Figure 9-1a Micrometers can be used for a variety
of measuring applications. (Brown & Sharpe)
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M Figure 9-1b Cutaway view of a standard micrometer
with a ratchet stop. (The L.S. Starrett Co.)

line will appear on the sleeve. Each line on the sleeve in-
dicates .025 in. Thus, if three lines were showing on the
sleeve (or barrel), the micrometer would have opened 3 X
.025, or .075 in.

Every fourth line on the sleeve is longer than the
others and is numbered to permit easy reading. Each num-
bered line indicates a distance of .100 in. For example, #4
showing on the sleeve indicates a distance between the
measuring faces of 4 X .100, or .400 in.
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M Figure 9-2 An inch micrometer reading of .288 in.
(Kelmar Associates)

The thimble has 25 equal divisions about its cir-
cumference. Since one turn moves the thimble .025 in.,
one division represents /s of .025, or .001. Therefore, each
line on the thimble represents .001 inch.

TO READ A STANDARD INCH
MICROMETER

1. Note the last number showing on the sleeve.
Multiply that number by .100.

2. Note the number of small lines visible to the right
of the last number shown. Multiply that number
by .025.

3. Note the number of divisions on the thimble from
zero to the line that coincides with the index line
on the sleeve. Multiply that number by 001.

4. Add the three products to get the total reading.
In Fig. 9-2:

> #2 is shown on the sleeve 2 X .100 = .200
> Three lines are visible past
the number 3 X.025 =.075
> #13 line on thimble
coincides with the
index line 13 X .001 = .013
Total reading .288 in.

» Vernier Micrometer

The inch vernier micrometer (Fig. 9-3) has, in addition to
the graduations found on a standard micrometer, a vernier
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M Figure 9-3 An inch vernier micrometer caliper with
a friction thimble. (The L. S. Starrett Co.)

scale on the sleeve. This vernier scale consists of 10 divi-
sions that run parallel to and above the index line. These
10 divisions on the sleeve occupy the same distance as
nine divisions (.009) on the thimble. One division on the
vernier scale, therefore, represents /o X .009, or .0009 in.
Since one graduation on the thimble represents .001, or
.0010 in., the difference between one thimble division and
one vernier scale division represents .0010 — .0009, or
.0001. Therefore, each division on the vernier scale has a
value of .0001 in.

TO READ A VERNIER MICROMETER

1. Read the vernier micrometer as you would a
standard micrometer.

2. Note the line on the vernier scale that coincides
with a line on the thimble. This line will indicate
the number of ten-thousandths that must be added
to the reading in step 1.

Refer to Fig. 9-4. The reading of the vernier mi-
crometer is as follows:

> #2 is shown on the sleeve 2 X .100 = .200
> One line is visible past

the number 1 X.025 =.025
> The #11 line on the

thimble is just past the

index line 11 X .001 = .011

> In Fig. 9-4, the #3 line
on the vernier scale
coincides with a line

on the thimble 3 X .0001 = .0003

Total reading .2363 in.

= "

M Figure 9-4 An inch vernier micrometer reading of
.2363 in.  (Kelmar Associates)

» Metric Micrometer

The metric micrometer (Fig. 9-5) is similar to the inch mi-
crometer with two exceptions: the pitch of the spindle
screw and the graduations on the sleeve and thimble. The
pitch of the screw is 0.5 mm; therefore, a complete revo-
lution of the thimble increases or decreases the distance
between the measuring faces 0.5 mm. Above the index
line on the sleeve, the graduations are in millimeters (from
0 to 25), with every fifth line numbered. Below the index
line, each millimeter is subdivided into two equal parts of
0.5 mm, which corresponds to the pitch of the thread. It is
apparent, therefore, that two turns of the thimble will be
required to move the spindle 1 mm.

i3 '_ﬁ
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M Figure 9-5 A metric micrometer measures in
hundredths of a millimeter. (The L. S. Starrett Co.)

Micrometers 75



M Figure 9-6 A metric micrometer reading of 17.61
mm.  (Kelmar Associates)

The circumference of the thimble is divided into 50
equal divisions, with every fifth line numbered. Since one
revolution of the thimble advances the spindle 0.5 mm, each
graduation on the thimble equals % X 0.5 mm = 0.01 mm.

TO READ A METRIC MICROMETER

1. Note the number of the last main division showing
above the line to the left of the thimble. Multiply
that number by 1 mm.

2. If there is a half-millimeter line showing below the
index line, between the whole millimeter and the
thimble, then add 0.5 mm.

3. Multiply the number of the line on the thimble that
coincides with the index line times 0.01.

4. Add these products.
In Fig. 9-6, there are:

> 17 lines above the index

line 17X1 =17
> 1 line below the index
line I1xX5 =5
> 11 lines on the thimble 11 X .01 = .11
Total reading 17.61 mm

» Metric Vernier
Micrometer

The metric vernier micrometer, in addition to the gradua-
tions found on the standard micrometer, has five vernier
divisions on the barrel, each representing 0.002 mm. In
the vernier micrometer reading illustrated in Fig. 9-7,
each major division (below the index line) has a value of
1 mm. Each minor division (above the index line) has a
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M Figure 9-7 A metric vernier micrometer reading of
10.164 mm.

value of 0.5 mm. There are 50 divisions around the thim-
ble, each having a value of 0.01 mm.

TO READ A METRIC VERNIER
MICROMETER

1. Read the micrometer as you would a standard
metric micrometer.

2. Note the line on the vernier scale that coincides
with a line on the thimble. This line will indicate
the number of two-thousandths of a millimeter that
must be added to the reading from step 1.

Refer to Fig. 9-7. The reading of the metric vernier
micrometer would be:

> Major divisions

(below the index line) 10 X 1 =10
> Minor divisions
(above the index line) 0X05 =20

> Thimble divisions 16 X 0.01 = 0.16

> The second vernier
division coincides
with a thimble line

2 X 0.002=_0.004

Total reading 10.164 mm

»» Combination Inch-Metric
Micrometer

With the gradual shift to metric measurement, a dual di-
mension system will be needed for some time. The combi-
nation inch-metric micrometer (Fig. 9-8a) will give
readings in both inch and metric sizes. It has a digital read-
ing for one system and a standard barrel and thimble read-
ing for the other.
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M Figure 9-8 (a) A combination inch-metric microm-
eter with a digital reading for one system; (b) a combina-
tion inch—-metric micrometer that has dual scales on the
sleeve and the barrel. (MTI Corp.)

Another type of inch-metric micrometer (Fig. 9-8b)
has dual scales on the sleeve and the thimble. A horizon-
tal scale on the sleeve (usually black) and the left-hand
scale on the thimble represent inch readings. The angular
scale on the sleeve (usually red) and the right-hand scale
on the thimble represent metric readings.

» Micrometer Adjustments

Proper care and use of a micrometer is necessary to preserve
its accuracy and keep adjustments to a minimum. Minor ad-
justments to micrometers can easily be made; however, it is
extremely important that all parts of the micrometer be kept
free from dust and foreign matter during any adjustment.

TO REMOVE PLAY IN THE
MICROMETER THREADS

To remove play (looseness) in the spindle threads due to
wear:

1. Back off the thimble, as shown in Fig. 9-9.

2. Insert the C-spanner into the slot or hole of the
adjusting nut.

3. Turn the adjusting nut clockwise until play
between the threads has been eliminated.

M Figure 9-9 Removing the play in micrometer
spindle screw threads. (The L. S. Starrett Co.)

Note: After the micrometer has been adjusted, the
spindle should advance freely while the ratchet stop or
friction thimble is being turned.

» Testing the Accuracy
of Micrometers

The accuracy of a micrometer should be tested periodi-
cally to ensure that the work produced is the size required.
Always make sure that both measuring faces are clean be-
fore checking a micrometer for accuracy.

To test a 1-in. or 25-mm micrometer, first clean the
measuring faces. Then turn the thimble using the friction
thimble or ratchet stop until the measuring faces contact
each other. If the zero line on the thimble coincides with
the center (index) line on the sleeve, the micrometer is ac-
curate. Micrometers can also be checked for accuracy by
measuring a gage block or other known standard.

The reading of the micrometer must be the same as
the gage block or standard. Any micrometer that is not ac-
curate should be adjusted by a qualified person.

TO ADJUST THE ACCURACY
OF A MICROMETER

Should the accuracy of a micrometer require adjustment,
follow this procedure:

1. Clean the measuring faces and inspect them for
damage.

2. Close the measuring faces carefully by turning the
ratchet stop or friction thimble.
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M Figure 9-10 Resetting the accuracy of a microm-
eter. (The L. S. Starrett Co.)

3. Insert the C-spanner into the hole or slot provided
in the sleeve (Fig. 9-10).

4. Carefully turn the sleeve until the index line on the
sleeve coincides with the zero line on the thimble.

5. Recheck the accuracy of the micrometer by
opening the micrometer and then closing the
measuring faces by turning the ratchet stop or
friction thimble.

» Special-Purpose
Micrometers

Although the design of most micrometers is fairly stan-
dard, certain refinements may be added to the basic design,
if desired. Items such as the lock ring, ratchet, friction
thimble, carbide measuring faces, and anvil extensions in-
crease the accuracy and range of these instruments. Some
of the more common types of micrometers used in the ma-
chine tool industry are shown in Figs. 9-11 to 9-17.

The direct-reading micrometer (Fig. 9-11) has grad-
uations on the thimble and barrel as in a standard mi-
crometer, in addition to a digital readout built into the
frame. The exact micrometer reading at any point within
its range is shown in the readout. Some micrometers com-
bine both the standard inch reading on the thimble and
barrel with a millimeter reading.

The large-frame micrometer (Fig. 9-12) is made for
easier, faster precision measuring of large outside diame-
ters (up to 60 in.). The frame is made of special steel to give
it extreme rigidity and the lightest possible weight. Inter-
changeable anvils give each micrometer a range of 6 in.
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M Figure 9-11 A direct-reading micrometer has gradu-
ations like those in a standard micrometer and a digital
readout built into the frame. (The L. S. Starrett Co.)

M Figure 9-12 A large-frame micrometer has inter-
changeable anvils that increase the range of the microm-
eter. (The L. S. Starrett Co.)

THE L.S. STARRETT Co.
ATHoL, Mass., US.A.
NO.220

M Figure 9-13 The Mul-T-Anvil micrometer is used for
measuring tubing and distances from a slot to an edge.
(The L. S. Starrett Co.)

The Mul-T-Anvil micrometer (Fig. 9-13) comes
equipped with round and flat anvils, which are inter-
changeable. The round (rod) anvil is used to measure
the wall thickness of tubing and cylinders and for mea-
suring from a hole to an edge. The flat anvil is used to
measure the distance from the inside of slots and
grooves to an edge.

The indicating micrometer (Fig. 9-14) uses an in-
dicating dial and a movable anvil to permit accurate
measurements to ten-thousandths of an inch (0.002 mm).
This micrometer may be used as a comparator by setting
it to a particular size with gage blocks or a standard and



M Figure 9-14 An indicating micrometer may be used
as a comparator to check parts to ten-thousandths of an
inch (0.002 mm). (MTI Corp.)

M Figure 9-15 The Digi-Matic micrometer provides a
digital display of readings accurate to 50 millionths of an
inch.  (MTI Corp.)

locking the spindle. The tolerance arms are then set to
the required limits and each workpiece can be compared
with the micrometer setting.

The Digi-Matic micrometer (Fig. 9-15) is used as a
hand gage for inspecting small parts. It is accurate up to
50 millionths of an inch (0.00127 mm) and displays read-
ings in both inch or metric sizes.

The Digi-Matic micrometer with statistical process
control (Fig. 9-16) provides a stand-alone inspection sys-
tem that can be used on the production floor. This unit can
be interfaced with a personal or host computer, providing
valuable statistics on production quality.

» Screw Thread Micrometers

Sharp-V, American National, Unified, and International
Organization for Standardization (ISO) threads may be
measured with reasonable accuracy with a screw thread
micrometer. This type of micrometer has a pointed spin-
dle and a double-V swivel anvil, which are shaped to
contact the pitch diameter of the thread being measured
(Fig. 9-17). The micrometer reading indicates the pitch
diameter of the thread, which is equal to the outside
diameter less the depth of one thread.

Each thread micrometer is limited to measuring a
certain range of threads; this range is stamped on the mi-
crometer frame. One-inch thread micrometers are manu-

M Figure 9-16 The Digi-Matic micrometer with statis-
tical process control is a miniature data processor. (MTI
Corp.)

M Figure 9-17 A screw thread micrometer measures
the pitch diameter of a thread. (The L.S. Starrett Co.)

factured in four ranges to cover the following range of
threads per inch (TPI):

8to 13 TPI

14 to 20 TPI
22 to 30 TPI
32 to 40 TPI

Metric-thread micrometers are available in sizes
from O to 25 mm, 25 to 50 mm, 50 to 75 mm, and 75 to
100 mm. A set of 12 anvil and spindle inserts is available
for thread pitches from 0.4 to 6 mm.

To check the accuracy of a thread micrometer, care-
fully bring the measuring faces into light contact; the mi-
crometer reading for this setting should be zero.

When measuring threads, the micrometer gives a
slightly distorted reading because of the helix angle of the

Micrometers 79



thread. To overcome this inaccuracy, set the thread mi-
crometer to a thread plug gage or to a thread that must be
duplicated.

TO MEASURE WITH A THREAD
MICROMETER

1. Select the correct thread micrometer to suit the
number of threads per inch of the workpiece, or
pitch in mm for an ISO thread.

2. Thoroughly clean the measuring surfaces.

3. Check the micrometer for accuracy by bringing the
measuring faces together; the reading should be zero.

4. Clean the thread to be measured.

5. Set the micrometer to the required thread plug
gage and note the reading.

6. Fit the swivel anvil onto the threaded workpiece.

Micrometers

1. How many threads per inch are there on a standard
inch micrometer?

2. What is the value of:

a. Each line on the sleeve?
b. Each numbered line on the sleeve?
c. Each line on the thimble?

3. Read the following standard micrometer settings.
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7. Adjust the spindle until the point just bears against
the opposite side of the thread.

8. Carefully roll the micrometer over the thread to get
the proper “feel.”

9. Note the readings and compare them to the
micrometer reading of the thread plug gage.

Threads may also be checked by the screw thread
comparator micrometer, which has two conical measuring
surfaces. Since it does not measure the pitch diameter, it
is important to set this instrument to a thread plug gage be-
fore measuring a threaded workpiece. The screw microm-
eter is used for a quick comparison of threads, as well as
for checking small grooves and recesses where regular
micrometers cannot be used.

When thread micrometers or comparators are not
available, threads may be accurately checked by the three-
wire method, which we discuss fully in Unit 55.

4. Describe briefly the principle of the vernier
micrometer.

5. Describe the procedure for reading a vernier
micrometer.

6. Read the following vernier micrometer settings.




L

Explain how to adjust a micrometer:

a. To remove play in the spindle threads.
b. For accuracy.

Metric Micrometers

8.

10.

What are the basic differences between a metric
and an inch micrometer?

What is the value of one division on:

a. The sleeve above the index line?
b. The sleeve below the index line?
c. The thimble?

Read the following metric micrometer settings.

Indicating Micrometers

11.

State two uses for an indicating micrometer.

Screw Thread Micrometers

12.

13.

14.

15.

Describe the construction of the contact points of a
screw thread micrometer.

What dimension of the thread is indicated on a
screw thread micrometer reading?

List the four ranges covered by screw thread
micrometers.

How may threads be measured accurately with a
screw thread micrometer?

Micrometers 81



JNIT10

Vernier Calipers

OBJECTIVES

After completing this unit, you will be able to: Vernier calipers are precision measuring tools used to

make accurate measurements to within .001 in. for
inch verniers or to 0.02 mm for metric verniers. The
bar and the movable jaw may be graduated on both
sides or both edges. One side is used to take outside
measurements; the other, to take inside measurements
(Fig. 10-1a). Vernier calipers are available in inch and

Measure workpieces to within an accuracy of metric graduations; however, some types have both
0.02 mm using a metric vernier caliper inch and metric graduations on the same caliper.

Measure workpieces to within an accuracy of
.001 in. using a 25-division inch vernier caliper

Measure workpieces to within an accuracy of
.001 in. using a 50-division inch vernier caliper

» Vernier Calipers

Vernier calipers (Fig. 10-1b) are precision tools used to
make accurate measurements to within .001 in. or 0.02
mm, depending on whether they are inch or metric vernier
calipers.

PARTS OF THE VERNIER CALIPER

The vernier caliper, regardless of the standard of mea-
surement used, consists of an L-shaped frame and a mov-
able jaw.

The L-shaped frame consists of a bar, which shows
the main scale graduations, and the fixed jaw. The mov-
able jaw, which slides along the bar, contains the vernier
scale. Adjustments for size are made by means of an ad-
Jjusting nut. Readings may be locked into place by means
of the clamp screws.

Most bars are graduated on both sides or on both
edges, one for outside measurements and the other for in-
M Figure 10-1a Vernier calipers can be used for side measurements. The outer tips of the jaws are cut away
inside and outside measurements.  (Brown & Sharpe) to form nibs, which permit inside measurements to be
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M Figure 10-1b Parts of a vernier caliper.

taken. Inch vernier calipers are manufactured with both
25- and 50-division vernier scales. The 50-division scale is
much easier to read than the 25-division scale. Metric
vernier calipers graduated in millimeters are also available.

Some vernier calipers are provided with two small
indentations, or points, on the bar and a movable jaw,
which may be used to set dividers accurately to a specific
dimension or radius.

The bar of the vernier caliper with the 25-division
vernier scale on the movable jaw is graduated exactly the
same as a micrometer. Each inch is divided into 40 equal
divisions, each having a value of .025 in. Every fourth
line, representing /o or .100, is numbered. The vernier
scale on the movable jaw has 25 equal divisions, each rep-
resenting .001. The 25 divisions on the vernier scale,
which are .600 in. in length, are equal to 24 divisions on
the bar. The difference between one division on the bar
and one vernier division equals .025 — .024, or .001 in.
Therefore, only one line of the vernier scale will line up
exactly with a line on the bar at any one setting.

MEASURING A WORKPIECE
WITH A 25-DIVISION INCH
VERNIER CALIPER

1. Remove all burrs from the workpiece and clean the
surface to be measured.

2. Open the jaws enough to pass over the work.

3. Close the jaws against the work and lock the right-
hand clamp screw.

4. Turn the adjusting screw until the jaws just touch
the work surface. Be sure that the jaws are in place

gty T
280 290
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N —— : NN s

FINE ADJUSTING NUT

(The L. S. Starrett Company)

by attempting to move the bar slightly sideways
and vertically while turning the adjusting nut.

5. Lock the clamp screw on the movable jaw.

6. Read the measurement shown in Fig. 10-2 as
follows:

> The large #1 on the bar = 1.000
> The small #4 past the #1 4 X .100 = .400
> One line is visible past
the #4 1 X.025 = .025
> The eleventh line of the
vernier scale coincides
with a line on the bar 11 X .001 = .011
Total reading 1.436 in.
T T T

THE LS.STARRETT CO.
ATHOL,MASS.U.S.A. -

1
il

M Figure 10-2 A 25-division inch vernier caliper
reading of 1.436 in. (The L. S. Starrett Company)
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M Figure 10-3 A 50-division inch vernier caliper
reading of 1.464 in.

THE 50-DIVISION INCH VERNIER
CALIPER

Because 25-division vernier calipers are often difficult to
read, many vernier calipers are now manufactured with 50
divisions (equal to 49 on the main scale) on the vernier scale
of the movable jaw. Each of these scales on the bar and
movable jaw is equal to 2.450 in. in length. Each division
on the bar then equals 2.450 divided by 49 divisions, or .050
in. in length. Each division on the vernier scale would equal
2.450 divided by 50 divisions, or .049 in. in length. The dif-
ference in length between one main scale division and one
vernier division equals .050 — .049, or .001 in.

Each line on the main scale of a 50-division vernier
caliper has a value of .050 in. Each line on the vernier
scale has a value of .001 in. In Fig. 10-3:

> The large #1 on the bar =1.000
> The small #4 past the #1 4 X .100 = .400
> 1 line is visible past #4 1 X.050 = .050

> The fourteenth line on the
vernier scale coincides
with a line on the bar
Total reading

14 X .001 = .014
1.464 in.

» The Metric Vernier
Caliper

Vernier calipers are also made with metric readings, and
many have both metric and inch graduations on the same
instrument (Fig. 10-4). The parts of metric vernier
calipers are the same as those of the inch vernier.

The main scale is graduated in millimeters and
every main division is numbered. Each numbered division
has a value of 10 mm; for example, #1 represents 10 mm,
#2 represents 20 mm, etc. There are 50 graduations on the
sliding or vernier scale, with every fifth one numbered.
These 50 graduations occupy the same space as 49 grad-
uations on the main scale (49 mm). Therefore,
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M Figure 10-4 A vernier caliper with both inch and
metric readings.

4
1 vernier division = —
50

= 0.98 mm

The difference between 1 main scale division and 1
vernier scale division is

1 —0.98 =0.02 mm

TO READ A METRIC VERNIER CALIPER

1. The last numbered division on the bar to the left of
the vernier scale represents the number of millime-
ters multiplied by 10.

2. Note how many full graduations are showing
between this numbered division and the zero on
the vernier scale. Multiply this number by 1 mm.

3. Find the line on the vernier scale that coincides
with a line on the bar. Multiply this number by
0.02 mm.

In Fig. 10-5:

> The large #4 graduation
on the bar

> Three full lines past the
#4 graduation

> The ninth line on the
vernier scale coincides
with a line on the bar
Total reading

4 X 10=40
3X1=3

9X0.02= 0.18
43.18 mm
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M Figure 10-5 A metric vernier caliper reading of
43.18 mm.



[ | Figure 10-6 A dial caliper with digital readout provides a quick and accurate method of measure-

ment. (MTI Corp.)

[ | Figure 10-7 The digital electronic caliper can make accurate outside diameter, inside diameter,

step, and depth measurements. (MT/ Corp.)

» Direct-Reading Dial
Caliper

Because it is easier to read, the direct-reading dial caliper
is gradually replacing the standard vernier caliper. Dial
calipers are manufactured in inch and/or metric standards
and are available with digital readout. A dial indicator, the
hand of which is attached to a pinion, is mounted on the
sliding jaw. For the metric dial caliper (Fig. 10-6), one
revolution of the hand represents 2 mm of travel; one rev-
olution on the inch caliper may represent .100 or .200 in.

of travel, depending on the manufacturer. Most direct-
reading calipers have a narrow sliding blade attached to
the sliding jaw (and dial). This narrow blade permits the
dial caliper to be used as an efficient and accurate depth
gage (see Unit 11).

The digital electronic caliper (Fig. 10-7) can provide
readings to a resolution of .0005 in., or 0.01 mm, at the touch
of a button. It is of rugged construction with no rack, pinion,
or glass scale. The digital electronic caliper can make inch
or metric outside diameter, inside diameter, step, and depth
measurements, and it can be connected to Statistical Process
Control (SPC) equipment for inspection purposes.
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Vernier Caliper
1. Describe the principle of:

a. The 25-division vernier
b. The 50-division vernier

2. Describe the procedure for reading a vernier
caliper.

3. What are the following vernier caliper readings?

S0 BT 1oV 20 25 7
||||||»|| || Ll d

|I|I|I|l|l|l LU l III I|I I III||II|III||II|III|I|I|IH|
$56789,12345678:3

(a)

o ' T 1,0 |5' 20 25 1/1000in
a5 i o o 1 U8
||I||||I|III|IH|I I|I|I|III|I ||I I|III|I|I|III|III|III|III|II||II||I|I|I
7809 12 5 6
2
(b)
1 2
123456789'123456
I l‘lill%!lllllililtglIllllllll||'l|-llllllllllll]
0 sl 1'0 1l zlo zls 3|o s'e
.D op1 IN OUTSIDE

54 : D
23456789;12§4§§???
ENEEEENN G EREHE S

[TTTL IO L T O T T T T L]
e Bl S 15 200 25 go 3
.001 IN. OUTSIDE

2

86 Measurement

Metric Vernier Caliper
4. Describe the principle of the metric vernier caliper.

5. Read the following metric caliper settings.
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SUNIT ] =

Inside-, Depth-,
Measuring Instruments

OBJECTIVES

After completing this unit, you should be able to:

Measure hole diameters to within .001-in. (0.02-
mm) accuracy using inside micrometers and
inside micrometer calipers

Measure depths of slots and grooves to an
accuracy of .001 in. (0.02 mm)

Measure heights to an accuracy of .001 in.
(0.02 mm) using a vernier height gage

» Inside-Measuring
Instruments

All inside-measuring instruments fall into two categories:
direct-reading and transfer-type.

With direct-reading instruments, the size of the hole
can be read on the instrument being used to measure the
hole. The most common direct-reading instruments are the
inside micrometer, the Intrimik, and the vernier caliper.

Transfer-type instruments are set to the diameter of
the hole and then this size is transferred to an outside mi-
crometer to determine the actual size. The most common
transfer-type instruments are inside calipers, small hole
gages, and telescope gages.

DIRECT-READING INSTRUMENTS
Inside Micrometer Calipers

The inside micrometer caliper (Fig. 11-1b on p. 88) is
designed for measuring holes, slots, and grooves, from

and Height-

Because of the great variety of measurements
required in machine shop work, many types of
measuring tools are available. These permit the
machinist to measure not only outside sizes but also
inside diameters, depths, and heights (Fig. 11-1a
on p. 88). Direct-reading instruments are most
commonly used and are generally the most accurate;
however, because of the shape or size of the part,
transfer-type instruments may be required.

.200 to 2.000 in. in size for the inch-designed instru-
ments, or 5 to 50 mm in size for metric instruments. The
nibs or ends of the jaws are hardened and ground to a
small radius to permit accurate measurement. A locking
nut provided with this micrometer can be used to lock it
at any desired size.

The inside micrometer caliper is based on the same
principle as a standard micrometer, except that the barrel
readings on some calipers are reversed (as shown in
Fig. 11-1b). Extreme care must be taken in reading this
type of instrument. Other inside micrometer calipers have
the readings on the spindle and are read in the same man-
ner as a standard outside micrometer. Inside micrometer
calipers are special-purpose tools and are not used in mass
production measurement.

To Use an Inside Micrometer Caliper

1. Adjust the jaws to slightly less than the diameter to
be measured.

2. Hold the fixed jaw against one side of the hole and
adjust the movable jaw until the proper “feel” is
obtained.
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M Figure 11-1a Accurate internal measurements can
be made with direct-reading instruments. (Brown &
Sharpe)

M Figure 11-1b An inside micrometer caliper. (The
L. S. Starrett Co.)

Note: Move the movable jaw back and forth to ensure
that the measurement taken is across the true diameter.

3. Set the lock nut, remove the instrument, and check
the reading.

Inside Micrometers

For internal measurements larger than 1.500 in. or 40 mm,
inside micrometers (Fig. 11-2) are used. The inside mi-
crometer set consists of a micrometer head, having a range
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M Figure 11-2 An inside micrometer set can measure
a large range of sizes. (The L. S. Starrett Co.)

of .500 or 1 in.; several extension rods of different lengths,
which may be inserted into the head; and a .500-in. spac-
ing collar. These sets cover a range from 1.500 to over
100 in., or from 40 to 1000 mm for metric tools. Sets that
are used for the larger ranges generally have hollow tubes,
rather than rods, for greater rigidity.

The inside micrometer is read in the same manner as
the standard micrometer. Since there is no locking nut on
the inside micrometer, the thimble nut is adjusted to a
tighter fit on the spindle thread to prevent a change in the
setting while it is being removed from the hole.

To Measure with an Inside Micrometer
1. Measure the size of the hole with a rule.

2. Insert the correct micrometer extension rod after
having carefully cleaned the shoulders of the rod
and the micrometer head.

3. Align the zero marks on the rod and micro-
meter head.

4. Hold the rod firmly against the micrometer head
and tighten the knurled set screw.

5. Adjust the micrometer to slightly less than the
diameter to be measured.

6. Hold the head in a fixed position and adjust the
micrometer to the hole size while moving the rod
end in the direction of the arrows (Fig. 11-3).

Note: When a micrometer has been properly adjusted
to size, there should be a slight drag when the rod end
is moved past the centerline of the hole.

7. Carefully remove the micrometer and note the
reading.

8. To this reading, add the length of the extension rod
and collar.



M Figure 11-3 Using an inside micrometer to measure
the size of a hole.  (Kelmar Associates)

Intrimik

A difficulty encountered in measuring hole sizes with in-
struments employing only two measuring faces is that of
properly measuring the diameter and not a chord of the
circle. An instrument that eliminates this problem is the
Intrimik (Fig. 11-4).

The Intrimik consists of a head with three contact
points spaced 120° apart; this head is attached to a
micrometer-type body. The contact points are forced out
to contact the inside of the hole by means of a tapered
or conical plug attached to the micrometer spindle
(Fig. 11-5). The construction of a head with three contact
points permits the Intrimik to be self-centering and self-
aligning. It is more accurate than other methods because
it provides a direct reading, eliminating the necessity of
transferring measurements to determine hole size as with
telescope or small hole gages.

The range of these instruments is from .275 to
12.000 in., and the accuracy varies between .0001 and
.0005 in., depending on the head used. Metric Intrimiks
have a range from 6 to 300 mm, with graduations in
0.001 mm. The accuracy of the Intrimik should be checked
periodically with a setting ring or master ring gage.

TRANSFER-TYPE INSTRUMENTS

In transfer measurement the size of an object is taken with
an instrument which is not capable of giving a direct read-
ing. The size is then determined by measuring the setting
of the instrument with a direct-reading instrument or gage
of a known size.

Small Hole Gages

Small hole gages are available in sets of four, covering a
range from .125 to .500 (3 to 13 mm). They are manufac-
tured in two types (Fig. 11-6a and b on p. 90).

SR

M Figure 11-4 The Intrimik, which has three contact
points, measures holes accurately. (Brown & Sharpe)

-

M Figure 11-5 Construction of the Intrimik head.
(Brown & Sharpe Company)

Inside-, Depth-, and Height-Measuring Instruments 89



(b)

M Figure 11-6 (a) Small hole gages with a hardened-
ball end; (b) small hole gages with a flat-bottom end.
(The L. S. Starrett Co.)

The small hole gages shown in Fig. 11-6a have a
small, round end, or ball, and are used for measuring holes,
slots, grooves, and recesses that are too small for inside
calipers or telescope gages. Those shown in Fig. 11-6b have
aflat bottom and are used for similar purposes. The flat bot-
tom permits the measurement of shallow slots, recesses,
and holes impossible to gage with the rounded type.

Both types are of similar construction and are ad-
justed to size by turning the knurled knob on the top. This
draws up a tapered plunger, causing the two halves of the
ball to open up and contact the hole.

To Use a Small Hole Gage

Small hole gages require extreme care in setting, since it
is easy to get an incorrect setting when checking the di-
ameter of a hole.

Follow this procedure:

Measure the hole to be checked with a rule.
Select the proper small hole gage.
Clean the hole and the gage.

Wb

Adjust the gage until it is slightly smaller than the
hole and insert it into the hole.

5. Adjust the gage until it can be felt just touching the
sides of the hole or slot.

6. Swing the handle back and forth, and adjust the
knurled end until the proper “feel” is obtained
across the widest dimension of the ball.

7. Remove the gage and check the size with an
outside micrometer.

Note: It is important to obtain the same “feel” when
transferring the measurement and when adjusting the
gage to the hole.
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M Figure 11-7 A set of telescope gages. (The L. S.
Starrett Co.)

Telescope Gages

Telescope gages (Fig. 11-7) are used to obtain the size of
holes, slots, and recesses from .3125 to 6.000 in. (8 to
152 mm). They are T-shaped instruments, each consisting of
a pair of telescoping tubes or plungers connected to a han-
dle. The plungers are spring-loaded to force them apart. The
knurled knob on the end of the handle locks the plungers
into position when it is turned in a clockwise direction.

Note: In some sets, only one plunger moves.

To Measure Using a Telescope Gage
1. Measure the hole size and select the proper gage.
2. Clean the gage and the hole.

3. Depress the plungers until they are slightly smaller
than the hole diameter and lightly tighten the
knurled knob.

4. Insert it into the hole and, with the handle tilted
upward slightly, loosen the knurled knob to release
the plungers.

5. Lightly snug up the knurled knob.

6. Hold the bottom leg of the telescope gage in
position with one hand.

7. Move the handle downward through the center
while slightly moving the top leg from side to side
(Fig. 11-8).
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M Figure 11-8 Setting a telescope gage to the hole
diameter. (Kelmar Associates)

M Figure 11-9 Measuring the telescope gage setting
with a micrometer.  (Kelmar Associates)

8. Tighten the knurled knob to lock the plungers in
position.

9. Recheck the “feel” on the gage by testing it in the
hole again.

10. Check the gage size with outside micrometers, main-
taining the same “feel” as in the hole (Fig. 11-9).

Dial Bore Gages

A quick and accurate method of checking hole diameters and
bores for size, out-of-round, taper, bell-mouth, hourglass, or
barrel shapes is by means of the dial bore gage (Fig. 11-10).

Gaging is accomplished by three spring-loaded cen-
tralizing plungers in the head, one of which actuates the
dial indicator, graduated in ten-thousandths of an inch, or
in 0.01-mm graduations for metric tools.

These instruments are available in six sizes to cover a
range from 3 to 12 in. or from 75 to 300 mm. Each instru-
ment is supplied with extensions to increase its range. The
dial bore gage must be set to size with a master gage; the
hole size is then compared to the gage setting. Should the
hole size vary, it is not necessary to adjust the gage as long
as the size remains within the range of the gage.

Centralizing Plungers.
Gaging Plunger

Extensions
Furnished with
each Size
Dial Bore Gage

)

Range Extension

Reference Contact

M Figure 11-10 Dial bore gages provide a quick and
accurate method of measuring hole diameters. (Brown &
Sharpe)

»» Depth Measurement

Although rules and various attachments can be used for
measuring depth, the depth micrometer and the depth vernier
are most commonly used where accuracy is required.

MICROMETER DEPTH GAGE

Micrometer depth gages are used for measuring the depth
of blind holes, slots, recesses, and projections. Each gage
consists of a flat base attached to a micrometer sleeve. An
extension rod of the required length fits through the sleeve
and protrudes through the base (Fig. 11-11). This rod is
held in position by a threaded cap on the top of the thimble.

M Figure 11-11 A micrometer depth gage and
extension rods. (The L.S. Starrett Co.)
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Micrometer extension rods are available in various
lengths, providing a range of up to 9.000 in., or 225 mm for
metric tools. The micrometer screw has a range of .500 or
1.000 in., or up to 25 mm for metric tools. Depth microme-
ters are available with either round or flat rods, which are not
interchangeable with other depth micrometers. The accu-
racy of these micrometers is controlled by a nut on the end
of each extension rod, which can be adjusted if necessary.

To Measure with a Micrometer
Depth Gage

1. Remove burrs from the edge of the hole and the
face of the workpiece.

2. Clean the work surface and the base of the
micrometer.

3. Hold the micrometer base firmly against the
surface of the work (Fig. 11-12).

4. Rotate the thimble lightly with the tip of one finger
in a clockwise direction until the bottom of the
extension rod touches the bottom of the hole or
recess.

5. Recheck the micrometer setting a few times to
make sure that not too much pressure was applied
in the setting.

6. Carefully note the reading.

Note: The numbers on the thimble and the sleeve are the
reverse of those on a standard micrometer (Fig. 11-13).

M Figure 11-12 Measuring the depth of a shoulder.
(The L. S. Starrett Co.)
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M Figure 11-13 Graduations on a depth micrometer
are reversed from those on an outside micrometer.

(Kelmar Associates)

e/ et

M Figure 11-14 Checking the position of the toolmaker’s
buttons using a vernier depth gage. (The L. S. Starrett Co.)

VERNIER DEPTH GAGE

The depths of holes, slots, and recesses may also be mea-
sured by a vernier depth gage. This instrument is read in
the same manner as a standard vernier caliper. Fig. 11-14
illustrates how the toolmaker’s button may be set up with
this instrument.
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M Figure 11-15 A dial caliper with a depth gage blade.

Depth measurements may also be made with certain
types of vernier or dial calipers that are provided with a
thin sliding blade or depth gage attached to the movable
jaw (Fig. 11-15). The blade protrudes from the end of the
bar opposite the sliding jaw. The caliper is placed verti-
cally over the depth to be measured, and the end of the bar
is held against the shoulder while the blade is inserted into
the hole to be measured. Depth readings are identical to
standard vernier readings.

» Height Measurement

Accurate height measurement is very important in layout
and inspection work. With the proper attachments, the
vernier height gage is a very useful and versatile tool for
these purposes. Where extreme accuracy is required, gage
blocks or a precision height gage may be used.

VERNIER HEIGHT GAGE

The vernier height gage is a precision instrument used in
toolrooms and inspection departments on layout and jig
and fixture work to measure and mark off distances accu-
rately. These instruments are available in a variety of
sizes—from 12 to 72 in. or from 300 to 1000 mm—and
can be accurately set at any height to within .001 in. or
0.02 mm, respectively (Fig. 11-16a). Basically, a vernier
height gage is a vernier caliper with a hardened, ground,
and lapped base instead of a fixed jaw and is always used
with a surface plate or an accurate flat surface. The slid-
ing jaw assembly can be raised or lowered to any position
along the beam. Fine adjustments are made by means of
an adjusting nut. The vernier height gage is read in the
same manner as a vernier caliper.

The vernier height gage is very well suited to accurate
layout work and may be used for this purpose if a scriber is
mounted on the movable jaw (Fig. 11-16b on p. 94). The

y B — 1 : = S
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(The L. S. Starrett Co.)

(a)

M Figure 11-16a Vernier height gages are used for
precise layout, inspection, and tool setups. (Brown &
Sharpe)
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M Figure 11-16h, ¢ (b) A vernier height gage is used for layout and inspection work; (c) the digital height gage is
easy to read and can be set accurately to any dimension. (The L. S. Starrett Co.)

scriber height may be set either by means of the vernier
scale or by setting the scriber to the top of a gage block
buildup of the desired height.

The digital height gage (Fig. 11-16¢) has an easy-
to-read display that can be very quickly set to any dimen-
sion. The readout display is in .0001 in. (0.002 mm), and
it has a zero function that allows the zero to be set at any
position on the job or workpiece. This type of height gage 3
is becoming very popular because it eliminates or reduces
the errors common to height gages having vernier scales.

The offset scriber (Fig. 11-17) is a vernier height
gage attachment that permits setting heights from the face
of the surface plate. When using this attachment, it is not
necessary to consider the height of the base or the width
of the scriber and clamp.

A depth gage attachment may be fastened to the
movable jaw, permitting the measurement of height differ-
ences that may be difficult to measure by other methods.

Another important use for the vernier height gage is
in inspection work. A dial indicator may be fastened to the
movable jaw of the height gage (Fig. 11-18), and distances M Figure 11-17 Offset scribers are used with a
between holes or surfaces can be checked to within an ac- vernier height gage for accurate layout work. (The L. S.
curacy of .001 in. (0.02 mm) on the vernier scale. If Starrett Co.)

S STARRETT CO.
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M Figure 11-18 Using a height gage and dial
indicator to check a height.  (Kelmar Associates)

greater accuracy (.0001 in. or less) is required, the indica-
tor may be used in conjunction with gage blocks.

In Fig. 11-18, the height gage is being used to check
the location of reamed holes in relation to the edges of the
plate and to each other.

To Measure with a Vernier Height Gage
and Dial Indicator

1. Thoroughly clean the surface plate, height gage
base, and work surface.

2. Place a finished edge of the work on the surface plate
and clamp it against an angle plate if necessary.

3. Insert a snug-fitting plug into the hole to be
checked, with about .500 in. (13 mm) projecting
beyond the work.

4. Mount the dial indicator on the movable jaw of the
height gage.

5. Adjust the movable jaw until the indicator almost
touches the surface plate.

6. Lock the upper slide of the height gage and use the
adjusting nut to move the indicator until the dial
registers about one-quarter turn.

7. Set the indicator dial to zero.
8. Record the reading of the vernier height gage.

9. Adjust the vernier height gage until the indicator
registers zero on the top of the plug. Record this
vernier height gage reading.

10. From this reading, subtract the initial reading plus
half the diameter of the plug. This will indicate
the distance from the surface plate to the center of
the hole.

11. Check other hole heights using the same procedure.

To Measure Heights Using Gage Blocks

When hole locations must be accurate to .0005 in.
(0.010 mm) or less, a gage block buildup is made for the
proper dimension from the surface plate to the top of a
plug fitted in the hole.

Follow this procedure:

1. Prepare the required gage block buildup (the center
of the hole height plus one-half the hole diameter).
(See Unit 12.)

2. Mount a suitable dial indicator on a surface or
vernier height gage.

3. Set the dial indicator to register zero on the top of
the gage blocks.

4. Move the indicator over the top of the plug. The
difference between the gage block buildup and the
top of the plug will register on the dial indicator
(Fig. 11-18).

PRECISION HEIGHT GAGE

The precision height gage (Fig. 11-19a on p. 96) pro-
vides a quick and accurate method of setting any height
within the range of the instrument, eliminating the need
for calculating and assembling specified gage blocks for
comparative measurements. A surface plate is used as
the reference surface.

The precision height gage is made from a hard-
ened and ground round steel bar, with ground and
lapped measuring steps or disks spaced exactly at
1.000-in. (25-mm) intervals. The measuring bar or col-
umn is raised or lowered by turning the large microme-
ter thimble, which is graduated by steps of .0001 in., or
0.002 mm if the instrument is metric. The column may
be raised or lowered a full inch or 25 mm, permitting
any reading from zero to the range of the instrument in
increments of .0001 in. or 0.002 mm, respectively.
Some models have a vernier scale below the microme-
ter thimble; readings in increments of .000 010 in. or
0.000 25 mm are then possible. It is important that the
accuracy of precision height gages be checked periodi-
cally with a master set of gage blocks.

The digital height gage (Fig. 11-19b on p. 96) can be
equipped with a contact probe for the precision inspection
of finished parts. The readout display can provide mea-
surements accurate to .0001 in. or at the touch of a button
to 0.002 mm. It can also be connected to statistical process
control (SPC) equipment for analysis, data collection, and
hard-copy documentation.

Height gages are available in models of 6, 12, 24,
and 36 in., and their range may be increased by the use of
riser blocks under the base. Metric gages range from 300
to 600 mm.
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M Figure 11-19 (a) Checking hole locations with a precision height gage and a height transfer gage  (ExCello
Corporation); (b) the digital height gage with an indicator attachment for inspection purposes. (The L. S. Starrett Co.)

To Use a Precision Height Gage 6. Turn the dial of the indicator to zero.

7. Move the dial indicator over the nearest disk of the
precision height gage and raise the column by

turning the micrometer until the dial indicator
2. Clean the bottom of the work to be checked and reads zero.

place it on the surface plate, using parallels and an
angle plate if required.

1. Clean the surface plate and the feet of the
height gage.

8. Check the micrometer reading. This reading will
indicate the distance from the surface plate to the

3. Insert plugs into the holes to be checked. top of the plug.

4. Mount a dial indicator on the movable jaw of a 9. Subtract half the diameter of the plug from this
vernier height gage. reading.

5. Adjust the height gage until the dial indicator
registers approximately .015 in. (0.4 mm) across Note: If the work is set on parallels, this height must be
the top of the plug. subtracted from the precision height gage reading.
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Inside Micrometer Calipers

1. On what type of inside micrometer calipers are the
readings reversed to an outside micrometer?

2. What precautions must be observed in taking a
measurement with an inside micrometer caliper?

Inside Micrometers

3. What construction feature compensates for a lock
nut on inside micrometers?

4. What precautions must be taken when assembling
the inside micrometer and extension rod?

5. What is the correct “feel” with an inside
micrometer?

Small Hole Gages

6. Name two types of small hole gages and state the
purpose of each.

7. What precaution must be observed when using a
small hole gage to obtain a dimension?

Telescope Gages

8. List the steps required to measure a hole with a
telescope gage.

Dial Bore Gages

9. What hole defects may be conveniently measured
with a dial bore gage?

unit 11 review questions

Micrometer Depth Gages

10. How is the accuracy of a micrometer depth gage
adjusted?

11. How must the workpiece be prepared prior to
measuring the depth of a hole or slot with a
micrometer depth gage?

12. Explain the procedure for measuring a depth with a
depth micrometer.

13. How does the reading of a depth micrometer differ
from that of a standard outside micrometer?

Vernier Height Gages
14. State the two main applications for the vernier
height gage.

15. What accessories are required for a vernier height
gage to check accurately the height of a
workpiece?

Precision Height Gages

16. What are the advantages of using a precision
height gage instead of a gage block buildup?

17. What dimension(s) must be subtracted from the
reading so that the correct reading for the height of
a hole being checked will be obtained?
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Gage Blocks

OBJECTIVES

After completing this unit, you will be able to: I
nterchangeable manufacture requires an accurate

Explain the use and application of gage blocks standard of measurement to function efficiently.
Gage blocks, the acceptable standard of accuracy,

Calculate inch and metric gage block buildups have provided industry with a means of maintaining
sizes to specific standards or tolerances (Fig. 12-1a).

Prepare and wring gage blocks together This feature has led to high rates of production and

has made interchangeable manufacture possible.

» Gage Block Manufacture

Gage blocks are rectangular blocks of hardened and ground
alloy steel that have been stabilized through alternate cycles
of extreme heat and cold until the crystalline structure of the
metal is left without strain. The two measuring surfaces are
lapped and polished to an optically flat surface and to a spe-
cific size accurate within a range of 2 to 8 millionths of an
inch (50 to 200 millionths of a millimeter). The size of each
block is stamped on one of its surfaces. Chrome-plated gage
blocks are also available and, when long wear is desirable,
carbide blocks are used. Great care is exercised in their man-
ufacture; the final calibration is made under ideal conditions
where the temperature is maintained at 68°F (20°C). There-
fore, any gage block is accurate to size only when measured
at the standard temperature of 68°F (20°C).

Ceramic gage blocks made of zirconia, one of the
most durable materials on earth, have recently been intro-
duced. They have 10 times the abrasion resistance of com-
mon steel blocks, need no special maintenance, and have
a thermal expansion coefficient close to steel. Some of the
main features of zirconia ceramic gage blocks are:

M Figure 12-1a Gage blocks are measurement
standards used by industry.  (Brown & Sharpe) > Corrosion resistant

> No detrimental effects as a result of handling
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Superior abrasion resistance

Thermal expansion coefficient close to steel

>
>
> Resistant to impact
> Free from burrs

>

Wring together tightly

USES

Industry has found gage blocks to be invaluable tools. Be-
cause of their extreme accuracy, they are used for the fol-
lowing purposes:

1. To check the dimensional accuracy of fixed gages
to determine the extent of wear, growth, or
shrinkage

2. To calibrate adjustable gages, such as micrometers
and vernier calipers, imparting accuracy to these
instruments

3. To set comparators, dial indicators, and height
gages to exact dimensions

4. To set sine bars and sine plates when extreme
accuracy is required in angular setups

5. For precision layout with the use of attachments
6. To make machine tool setups

7. To measure and inspect the accuracy of
finished parts

» Gage Block Sets
INCH STANDARD GAGE BLOCKS

Gage blocks are manufactured in sets that vary from a
few blocks to as many as 115. The most commonly used
is the 83-piece set (Fig. 12-1b). From this set, it is pos-
sible to make over 120,000 different measurements,
ranging from one hundred-thousandths of an inch to over
25 inches. The blocks that comprise an 83-piece set are
listed in Table 12.1 on p. 100.

Two wear blocks are supplied with an 83-piece set.
Some manufacturers supply .050-in. wear blocks; others
provide .100-in. wear blocks. They should be used at each
end of a combination, especially if the blocks will be in con-
tact with hard surfaces or abrasives. Thus, the wear which
occurs during use will be on the two wear blocks only, rather
than on many blocks, prolonging the useful life and accu-
racy of the set. During use, it is considered good practice al-
ways to expose the same face of the wear block to the work
surface. A good habit to acquire is always to have the words
“Wear Block™ appear on the outside of the combination. In
this way, all the wear will be on one surface and the wring-
ing quality of the other surface will be preserved.

M Figure 12-1b An 83-piece set of gage blocks.
(DoAll Company)

METRIC GAGE BLOCKS

Metric gage blocks are supplied by most manufacturers in
sets of 47, 88, and 113 blocks. The most common is the
88-piece set (Table 12.2 on p. 101). Each of these sets con-
tains a pair of 2-mm wear blocks. These blocks are used
at each end of the buildup to prolong the accuracy of the
other blocks in the set.

ACCURACY

Gage blocks in inch and metric standards are manufac-
tured to three common degrees of accuracy, depending on
the purpose for which they are used.

1. The Class AA set, commonly called a laboratory or
master set, 1s accurate to =.000002 in. in the inch
standard; the metric set, to =0.00005 mm. These
gage blocks are used in temperature-controlled
laboratories as references to compare or check the
accuracy of working gages.

2. The Class A set is used for inspection purposes
and is accurate to =.000004 in. in the inch
standard; the metric set, to +0.00015 mm and
—0.00005 mm.

3. The Class B set, commonly called the working
set, is accurate to £.000008 in. in the inch
standard; the metric set, to +0.00025 mm and
—0.00015 mm. These blocks are used in the
shop for machine tool setups, layout work, and
measurement.
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Sizes in an 83-piece set of inch standard gage blocks

First: .0001-in. Series—9 Blocks

.1001 .1002 .1003 .1004 .1005 .1006 .1007 .1008 .1009

Second: .001-in. Series—49 Blocks
.101 .102 .103 .104 .105 .106 .107 .108 .109
.110 111 112 113 114 115 116 117 .118
119 .120 121 122 123 124 125 .126 127
128 .129 .130 131 132 133 134 135 .136
137 .138 .139 .140 141 142 .143 144 .145
146 147 .148 .149

Third: .050-in. Series—19 Blocks
.050 .100 .150 .200 .250 .300 .350 .400 .450 .500
.550 .600 .650 .700 .750 .800 .850 .900 .950

Fourth: 1.000-in. Series—4 Blocks

1.000 2.000 3.000 4.000

Two .050-in. wear blocks

THE EFFECT OF TEMPERATURE

While the effect of temperature on ordinary measuring
instruments is negligible, changes in temperature are im-
portant when precision gage blocks are handled. Gage
blocks have been calibrated at 68°F (20°C), but human
body temperature is about 98°F (37°C). A 1°F (0.5°C)
rise in temperature will cause a 4-in. (100-mm) stack of
gage blocks to expand approximately .000025 in.
(0.0006 mm); therefore, these blocks should be handled
as little as possible. The following suggestions are of-
fered to eliminate as much temperature-change error as
possible.

1. Handle gage blocks only when they must be
moved.

. Hold them by hand for as little time as possible.

. Hold them between the tips of the fingers so that
the area of contact is small, or use insulated
tweezers.

. Have the work and gage blocks at the same
temperature. If a temperature-controlled room is
not available, both the work and gage blocks may
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be placed in kerosene until both are at the same
temperature.

Where extreme accuracy is necessary, use insu-
lating gloves and tweezers to prevent temperature
change during handling.

GAGE BLOCK BUILDUPS

Gage blocks are manufactured to great accuracy; they
adhere to each other so well when wrung together prop-
erly that they can withstand a 200-pound (1b) [890-new-
ton (N)] pull. Many theories have been advanced to
explain this adhesion. Scientists have felt that it may be
atmospheric pressure, molecular attraction, the ex-
tremely flat surfaces of the blocks, or a minute film of oil
that gives the blocks this quality. Possibly a combination
of any of these factors is responsible.

When the blocks required to make up a dimension
are being calculated, the following procedure should be
followed to save time, reduce the chance of error, and use
as few blocks as possible. For example, if a measurement
of 1.6428 in. is required, follow this procedure:
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Sizes in an 88-piece set of metric gage blocks

0.001-mm Series—9 Blocks

1.001 1.002 1.003 1.004 1.005 1.006 1.007 1.008 1.009
0.01-mm Series—49 Blocks
1.01 1.02 1.03 1.04 1.05 1.06 1.07 1.08 1.09
1.10 1.11 1.12 1.13 1.14 1.15 1.16 1.17 1.18
1.19 1.20 1.21 1.22 1.23 1.24 1.25 1.26 1.27
1.28 1.29 1.30 1.31 1.32 1.33 1.34 1.35 1.36
1.37 1.38 1.39 1.40 1.41 1.42 1.43 1.44 1.45
1.46 1.47 1.48 1.49
0.5-mm Series—1 Block
0.5
0.5-mm Series—18 Blocks
1 1.5 2 2.5 3 3.5 4 4.5 5
5.5 6 6.5 7 7.5 8 8.5 9 9.5
10-mm Series—9 Blocks
10 20 30 40 50 60 70 80 90
Two 2-mm wear blocks
step procedure Procedure Check
. . . . Column Column
1 Write the dimension required on : : : :
the paper 1.6428 . Dimension required 3.8716 in.
2 Deduct the size of two wear blocks: T block
2 X .050 in. .1000 - wowear blocks
. (2 X .050in.) .100 .100
Remainder 1.5428 37716
3 Use a block that will eliminate the
right-hand digit -1008 . Use .1006 in. .1006 .1006
Remainder 1.4420 3.6710
4 Use a block that will eliminate the
right-hand digit and at the same time . Use.121 in. 121 121
bring the digit to the left of it to a zero 3.550
(0) or a five (5) 142
Remainder 1.300 . Use .550 in. .550 .550
5 Continue to eliminate the digits from 3.000
the right to the left until the dimension .
required is attained 300 . Use 3.000 in. 3.000 . 3.000 .
Remainder 1.000 .000 in. 3.8716 in.
6 Use a 1.000-in. block 1.000
Remainder 0.000
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To eliminate the possibility of subtraction error
while making a buildup, use two columns for this calcula-
tion. As the following example illustrates, the gage blocks
are subtracted from the original dimension in the left-hand
column, and the right-hand column is used as a check col-
umn. For example, to build up a dimension of 3.8716 in.,
proceed as follows:

When using metric blocks for buildup of 57.15 mm,
proceed as follows:

step procedure

1 Write the dimension required on
the paper 57.15
2 Deduct the size of 2 wear blocks
(2 X 2 mm) 4.00
Remainder 53.15
3 Use a block that will eliminate
the right-hand digit 1.050
Remainder 52.100
4 Use a block that will eliminate
the right-hand digit 1.10
Remainder 51.00
5 Use a 1-mm block 1.00
Remainder 50.00
6 Use a 50-mm block 50.00
Remainder 0.00

For a metric buildup of 27.781 mm, proceed as follows:

Procedure Check
Column Column

1. Dimension required 27.781 mm

2. Two wear blocks

(2 X 2 mm) 4 4

23.781

3. Use 1.001 mm 1.001 1.001
22.780

4, Use 1.08 mm 1.08 1.08
21.7

5. Use 1.7 mm 1.7 1.7
20

6. Use 20 mm 20 20

0.000 mm 27.781 mm
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M Figure 12-2 Procedure for wringing gage blocks.
(Kelmar Associates)

To Wring Blocks Together

When wringing blocks together, take care not to damage
them. The correct sequence of movement to wring blocks
together, illustrated in Fig. 12-2, is as follows:

1. Clean the blocks with a clean, soft cloth.

2. Wipe each of the contacting surfaces on the clean
palm of the hand or on the wrist. This procedure
removes any dust particles left by the cloth and
applies a light film of oil.

3. Place the end of one block over the end of another
block, as shown in Fig. 12-2.

4. While applying pressure on the two blocks, slide
one block over the other.

Note: If the blocks do not adhere to each other, it is
generally because the blocks have not been thoroughly
cleaned.

Care of Gage Blocks

1. Gage blocks should always be protected from dust
and dirt by being kept in a closed case when not
in use.

2. Gages should not be handled unnecessarily, since
they absorb heat from the hand. Should this occur,
the gage blocks must be permitted to return to
room temperature before use.

3. Fingering of lapped surfaces should be avoided to
prevent tarnishing and rusting.

4. Care should be taken not to drop gage blocks or
scratch their lapped surfaces.

5. Immediately after use, each block should be
cleaned, oiled, and replaced in the storage case.



. Before gage blocks are wrung together, their faces
must be free from oil and dust.

. Gage blocks should never be left wrung together

for any length of time. The slight moisture between

the blocks can cause rusting, which will perma-
nently damage the blocks.

. How are gage blocks stabilized, and why is this
necessary?

2. State five general uses for gage blocks.

. For what purpose are wear blocks used?

4. How should wear blocks always be assembled into

a buildup?

. State the difference between a master set and a
working set of gage blocks.

. What precautions are necessary when handling gage

blocks to minimize the effect of heat on the blocks?

. List five precautions necessary for the proper care

of gage blocks.

. Calculate the gage blocks required for the following

buildups (use the check column for accuracy):

a. 2.1743 in. c. 7.8923 in. e. 74.213 mm
b. 6.2937 in. d. 32.079 mm f. 89.694 mm
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Angular Measurement

OBJECTIVES

After completing this unit, you will be able to:

Make angular measurements to an accuracy of
5’ (minutes) of a degree using a universal bevel
protractor

Make angular measurements to less than 5’ of a
degree using a sine bar, gage blocks, and a dial
indicator

» Universal Bevel
Protractor

The universal bevel protractor (Fig. 13-1) is a precision
instrument capable of measuring angles to within 5
(0.083°). It consists of a base to which a vernier scale is
attached. A protractor dial, graduated in degrees with
every tenth degree numbered, is mounted on the circular
section of the base. A sliding blade is fitted into this dial;
it may be extended in either direction and set at any angle
to the base. The blade and the dial are rotated as a unit.
Fine adjustments are obtained with a small knurled-
headed pinion that, when turned, engages with a gear at-
tached to the blade mount. The protractor dial may be
locked in any position by means of the dial clamp nut.

The vernier protractor shown in Fig. 13-2 is used to
measure an obtuse angle, or an angle greater than 90° but
less than 180°. An acute-angle attachment is fastened to
the vernier protractor to measure angles of less than 90°
(Fig. 13-3).

The vernier protractor dial, or main scale, is divided
into two arcs of 180°. Each arc is divided into two quad-
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Precise angular measurement and setups constitute
an important phase of machine shop work. The most
commonly used tools for accurately laying out and
measuring angles are the universal bevel protractor,
sine bar, and sine plate.

rants of 90° and has graduations from 0° to 90° to the left
and right of the zero (0) line, with every tenth degree
numbered.

The vernier scale is divided into 12 spaces on each
side of the 0 line, which occupy the same space as 23° on
the protractor dial. By simple calculation, it is easy to
prove that one vernier space is 5’, or less than two gradu-
ations on the main scale. If zero on the vernier scale coin-
cides with a line on the main scale, the reading will be in
degrees only. However, if any other line on the vernier
scale coincides with a line on the main scale, the number
of vernier graduations beyond the zero should be multi-
plied by 5 and added to the number of full degrees indi-
cated on the protractor dial.

TO READ A VERNIER PROTRACTOR

1. Note the number of whole degrees between the
zero on the main scale and the zero on the vernier
scale.

2. Proceeding in the same direction beyond the zero
on the vernier scale, note which vernier line
coincides with a main scale line.
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M Figure 13-1 The universal bevel protractor can
measure angles accurately. (The L.S. Starrett Co.)

M Figure 13-2 Measuring an obtuse angle using a
universal bevel protractor. (The L.S. Starrett Co.)

3. Multiply this number by 5 and add it to the number
of degrees on the protractor dial.

In Fig. 13-4, the angular reading is calculated as fol-
lows. The number of degrees indicated on the main scale
is 50 plus. The fourth line on the vernier scale to the left

O T

M Figure 13-3 Measuring an acute angle. (The L.S.
Starrett Company)

M Figure 13-4 A vernier protractor reading of 50°20".
(The L.S. Starrett Co.)

of the zero coincides with a line on the main scale; there-
fore, the reading is

Number of full degrees = 50°

Value of vernier scale (4 X 5) =20’

Reading = 50°20’
Note: A double-check of the reading would locate the
vernier scale line on the other side of zero, which
coincides with a protractor scale line. This line should
always equal the complement of 60”. In Fig. 13-4, the
40’ line to the right of the zero coincides with a line on
the protractor scale. This reading, when added to the 20
on the left of the scale, is equal to 60’, or 1°.

» Sine Bar

A sine bar (Fig. 13-5 on p. 106) is used when the accuracy
of an angle must be checked to less than 5” or work must be
located to a given angle within close limits. The sine bar
consists of a steel bar with two cylinders of equal diameter
fastened near the ends. The centers of these cylinders are on
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is used to set up work to an angle. (Kelmar Associates)

a line exactly at 90° to the edge of the bar. The distance be-
tween the centers of these lapped cylinders is usually 5 or
10 in. on inch sine bars, 125 or 250 mm on metric sine bars.
Sine bars are generally made of stabilized tool steel, hard-
ened, ground, and lapped to extreme accuracy. They are
used on surface plates, and any desired angle can be set by
raising one end of the bar to a predetermined height with
gage blocks.

Sine bars are generally made 5 in. or multiples of 5 in.
in length; that is, the lapped cylinders are 5 in. £.0002 or
10 in. =.00025 between centers. The face of the sine bar is
accurate to within .00005 in. in 5 inches. In theory, the sine
bar is the hypotenuse of a right-angle triangle. The gage
block buildup forms the side opposite, and the face of the
surface plate forms the side adjacent in the triangle.

Using trigonometry, it is possible to calculate the
side opposite, or gage block buildup, for any angle be-
tween 0° and 90° as follows:
side opposite

Sine of the angle =
hypotenuse

__ gage block buildup

length of sine bar
When using a 5-in. sine bar, this would become:

buildup
5

Sine of the angle =

Therefore, by transposition, the gage block buildup for
any required angle with a 5-in. bar is:

Buildup = 5 X sine of the required angle

EXAMPLE

Calculate the gage block buildup required to set a 5-in.
sine bar to an angle of 30°.
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M Figure 13-6 Setting up for an angle greater than 60°:
(a) set the sine bar to the complement of the angle; (b) turn
the angle plate 90° on its side. (Kelmar Associates)

Buildup = 5 sin 30°
= 5(.5000)
= 2.5000 in.

Note: This formula is applied only to angles up to 60°.

When an angle greater than 60° is to be checked, it
is better to set up the work using the complement of the
angle (Fig. 13-6a). The angle plate is then turned 90° to
produce the correct angle (Fig. 13-6b). The reason is that
when the sine bar is in a near-horizontal position, a small
change in the height of the buildup will produce a smaller
change in the angle than when the sine bar is in the near-
vertical position. This change in gage block height may be
shown by calculating the buildups required for both 75°
and the complementary angle of 15°.



Buildup required for:
75° 17 = 5sin 75°1” (.9660)

= 4.8300 in.
75° = 5sin 75° (.96592)
= 4.82960 in.
Difference in the buildup for 1
= .00040 in.
Buildup required for:
15° 17 = 5sin 15°1” (.25910)
= 1.29550 in.
15° = 5sin 15° (.25882)
= 1.29410 in.
Difference in buildup for 1’
=.00140 in.

This example shows that exactly 3.5 times the buildup is
required to produce a change of 1” at 15° than is required
for 1” at 75°. Therefore, a small inaccuracy in setup would
result in a smaller error at a smaller angle than it would at
a larger one. If the complementary angles of 80° and 10°
are used, this ratio increases to over 5:1.

When small angles are to be checked, it is sometimes
impossible to get a buildup small enough to place under one
end of the sine bar. In such situations, it will be necessary to
place gage blocks under both rolls of the sine bar, having a
net difference in measurement equal to the required buildup.
For example, the buildup required for 2° is .1745 in. Since it
is impossible to make this buildup, it is necessary to place
the buildup for 1.1745 in. under one roll and a 1.000-in.
block under the other roll, giving a net difference of .1745 in.

Before the sine bar is used to check a taper, it is nec-
essary to calculate the angle of the taper so that the proper
gage block buildup may be made. Fig. 13-7a and b illus-
trate how this is done.

In the right-angled triangle ABD:

a_ %
Tan >~ 12

= .04166

= 2°23’10"

s.a = 4°46"20”7

From this solution, the following formula for solving the
included angle, when the taper per foot (¢pf) is known, is
derived.

1
Tan £ ﬂc
2 24
Note: When calculating the angle of a taper, do not use
the formula tan @ = #pf/12, since triangle ABC is not a
right-angle triangle.

A
J

R
1.000 L ~a — - B
I

C

12.000

(a)

1.750 - - - 1.000

3.187

(b)
M Figure 13-7 The angle formed by a taper of 1 in./ft.

By transposition, if the included angle is given, the
tpf may be calculated as follows:

1
tpf=tan5a X 24

If the pf is not known, the angle may be calculated as
shown in Fig. 13-7b:
_ 1750 — 1.000
- 2
750
)
=.375
a 375

2 3187

11766
= 6°42722”
sa = 13°24'44”
To check the accuracy of this taper using a 5-in. sine
bar, we calculate the buildup as follows:

Buildup = 5 sin 13°24’44” (.23196)
= 1.1598 in.

Metric tapers are expressed as a ratio of 1 mm per unit
of length; for example, a taper having a ratio of 1:20 would
taper 1 mm in diameter in 20 mm of length (see Unit 54).

Tapers can be checked conveniently and accurately
with a taper micrometer. This measuring instrument
measures work to sine bar accuracy while the work is still
in the machine. (See “Checking a Taper” in Unit 54.)

AC
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M Figure 13-8 A workpiece may be clamped to a sine
plate. (The Taft-Peirce Manufacturing Company)

M Figure 13-9 A hinged sine plate may be clamped to
the machine table.

The sine plate (Fig. 13-8) is based on the same prin-
ciple as the sine bar and is similar in construction except
that it is wider. Sine bars are up to 1 in. in width, but sine
plates are generally more than 2 in. wide. They have sev-
eral tapped holes in the surface that permit the work to be
clamped to the surface of the sine plate. An end stop on a
sine plate prevents the workpiece from moving during
machining.

Sine plates may be hinged to a base (Fig. 13-9) and
are often called sine tables. Both types are supplied in 5-
and 10-in. lengths and have a step or groove of .100 or
.200 in. deep ground in the base to permit the buildup for
small angles to be placed under the free roll.
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M Figure 13-10 A compound sine plate allows the
setting of angles in two directions.

» Compound Sine Plate
or Table

The compound sine plate (Fig. 13-10) consists of one sine
plate superimposed on another sine plate. The lower plate
is hinged to a base and may be tilted to any angle from 0°
to 60° by placing gage blocks under the free roll or cylin-
der. The upper base is hinged to the lower base so that its
cylinder and hinge are at right angles to those of the lower
plate. The upper plate may also be tilted to any angle up
to 60°. This feature permits the setting of compound an-
gles (angles in two directions).

Compound sine plates have a side and an end plate
on the top table to facilitate setting up work square with
the table edge and to prevent movement of the work dur-
ing machining. A step or groove of .100 or .200 in. deep
ground in the base and in the lower table permits the setup
for small angles, and the gage block buildup may be
placed in the groove.

Since most angles are machined in fixtures, sine
plates are not used until the finishing operation, which is
generally grinding. To facilitate the holding of parts, both
simple and compound sine plates are available with built-
in magnetic chucks.



Universal Bevel Protractor

1.

Name the parts of a universal bevel protractor and
state the purpose of each.

2. Describe the principle of the vernier protractor.

3. Sketch a vernier protractor reading of:

a. 34°20° b. 17°45

Sine Bar

4.
3.

Describe the construction and principle of a sine bar.

What are the accuracies of the 5-in. and the 10-in.
sine bars?

. Calculate the gage block buildup for the following

angles using a 5-in. sine bar:
a. 7°40 b. 25°50° c. 40°10°
What procedure should be followed to check an

angle of 72° using a sine bar and gage blocks?
Why is this procedure recommended?

unit 13 review questions

8. In calculating the angle of a taper, why is the

formula
1 [y
Tan —a = ﬂf
2 24
used, rather than
iof
T =—29
an a 1

Illustrate by means of a suitable sketch.

Sine Plate
9. Describe a sine plate and state its purpose.
10. What is the advantage of a hinged sine plate?

11. What is the purpose of a compound sine plate?

Angular Measurement
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Gages

OBJECTIVES

After completing this unit, you will be able to:

Recognize and describe the uses of three types
of plug and ring gages

Check the accuracy of a part with a plug or
ring gage

Check the accuracy of a part using a snap gage

Although modern production processes have
reached a high degree of precision, producing a part
to an exact size would be far too costly. Conse-
quently, industrial production methods, including
interchangeable manufacture, permit certain varia-

» Basic Terms

The following basic terms are used to express the exact
size of a part and allowable variations from that size. An
example is provided in Table 14.1.

Basic dimension is the exact size of a part from
which all limiting variations are made.

Limits are the maximum and minimum dimensions
of a part (the high and low dimensions).

Tolerance is the permissible variation of a part. Tol-
erance is often shown on the drawing by the basic dimen-
sion plus or minus the amount of variation allowed. If a
part on a drawing was dimensioned to 3 in. £.002 (76 mm
*0.05), the tolerance would be .004 in. (0.10 mm).

If the tolerance is in one direction only, that is, plus
or minus, it is said to be unilateral tolerance. However, if
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tions from the exact dimensions specified while
ensuring that the component part will fit into the unit
at the time of assembly.

To determine the sizes of the various parts, an
inspector generally uses some type of gage. Gages
used in industry vary from the simpler type of fixed
gage to the sophisticated electronic and laser
devices used to measure extremely fine variations
(Fig. 14-1a).

To ensure that the part will meet the specifica-
tions, certain basic terms are used, and these terms
are usually added to the drawing of the part. These
terms apply to all forms of measurement and
inspection and should be understood by both the
machinist and the inspector.

the tolerance is both plus and minus, it is referred to as bi-
lateral tolerance.

Allowance is the intentional difference in the di-
mensions of mating parts. For example, it is the difference
between the maximum diameter of the shaft and the min-
imum diameter of the mating bore.

» Fixed Gages

Fixed gages are used for inspection purposes because they
provide a quick means of checking a specific dimension.
These gages must be easy to use and accurately finished
to the required tolerance. They are generally finished to
one-tenth the tolerance they are designed to control. For
example, if the tolerance of a piece being checked is to be



M Figure 14-1a Electronic gages are widely used in
industry.  (Brown & Sharpe)

M Figure 14-1b A cylindrical plug gage is used to

check hole sizes. (The Taft-Peirce Manufacturing Company)

maintained at .001 in. (0.02 mm), the gage must be fin-
ished to within .0001 in. (0.002 mm) of the required size.

» Cylindrical Plug Gages

Plain cylindrical plug gages (Fig. 14-1b) are used for
checking the inside diameter of a straight hole and are
generally of the “go” and “no-go” variety. This type of
gage consists of a handle and plug on each end ground
and/or lapped to a specific size. The smaller-diameter
plug, or the “go” gage, checks the lower limit of the hole.
The larger-diameter plug, or the “no-go” gage, checks the
upper limit of the hole (Fig. 14-2). For instance, if a hole
size is to be maintained at 1.000 in. =.0005 (25.4 mm
*0.012), the “go” end of the gage would be designed to
fit into a hole .9995 in. (25.38 mm) in diameter. The larger
end (“no-go”) would not fit into any hole smaller than
1.0005 in. (25.41 mm) in diameter.

Workpart

Maximum
tolerance limits

Minimum
tolerance limits

1/2 work tolerance

|
No-go gige

1l

M Figure 14-2 The “go” end of the gage checks the
minimum tolerance limit, while the “no-go” end checks
the maximum tolerance. (Sheffield Measurement Div.)

mwm#m 1 An example of limits and tolerances
Nominal size 3in.
Basic dimension 3.000 (Decimal equivalent of nominal size)
Basic dimension and amount of bilateral tolerance permitted 3.000 +.002
Limits 3.002 (Largest size permitted)
2.998 (Smallest size permitted)
Tolerance .004 (Difference between minimum and maximum
limits)
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M Figure 14-3 Checking a hole size with a plug gage.
(Kelmar Associates)

The dimensions of these gages are usually stamped
on the handle at each end adjacent to the plug gage. The
“go” end is made longer than the “no-go” end for easy
identification. Sometimes a groove is cut on the handle
near the “no-go” end to distinguish it from the “go” end.

Due to the wear caused by the constant use of plug
gages, many of them are made with carbide tips, which
greatly increases gage life.

TO USE A CYLINDRICAL PLUG GAGE

1. Select a plug gage of the correct size and tolerance
for the hole being checked.

2. Clean both ends of the gage and the hole in the
workpiece with a clean, dry cloth.

3. Check the gage (both ends) and the workpiece for
nicks and burrs.

4. Wipe both ends of the gage with an oily cloth to
deposit a thin film of oil on the surfaces.

5. Start the “go” end squarely into the hole
(Fig. 14-3). If the hole is within the limits, the gage
will enter easily.

@ SAFETY PRECAUTIONS Do not force or
turn it.

The plug should enter the hole for its full length, and there
should be no excessive play between the plug and the part.

Note: If the gage enters the hole only part way, the hole
is tapered. Excessive play or looseness in one direction
indicates that the hole is elliptical (out of round).

6. After the hole has been checked with the “go” end,
it should be checked with the “no-go” end. This
end should not begin to enter the hole. An entry of
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M Figure 14-4 Plain ring gages are used to check the
diameter of round workpieces. (The Taft-Peirce Manufac-
turing Company)

more than .060 in. (1.5 mm) indicates an oversize,
a bell-mouth, or a tapered hole.

» Plain Ring Gages

Plain ring gages, used to check the outside diameter of
pieces, are ground and lapped internally to the desired
size. The size is stamped on the side of the gage. The out-
side diameter is knurled, and the “no-go” end is identified
by an annular groove on the knurled surface (Fig. 14-4).
The precautions and procedures for using a ring gage are
similar to those outlined for a plug gage and should be fol-
lowed carefully.

» Taper Plug Gages

Taper plug gages (Fig. 14-5), made with standard or spe-
cial tapers, are used to check the size of the hole and taper
accuracy. Some of these gages have “go” and “no-go”

M Figure 14-5 Taper ring and plug gages. (Kelmar
Associates)



rings scribed on them. If the gage fits into the hole be-
tween these two rings, the hole is within the required tol-
erance. Other taper plug gages have steps ground on the
large end to indicate the limits. The rings or steps measure
hole-size limits only. A wobble between the plug gage and
the hole is evidence of an incorrect taper.

TO CHECK AN INTERNAL TAPER
USING A TAPER PLUG GAGE

1. Select the proper taper gage for the hole being
checked.

2. Wipe the gage and the hole with a clean, dry cloth.

3. Check both the gage and hole for nicks and burrs.

4. Apply a thin coating of Prussian blue to the surface
of the plug gage.

5. Insert the plug gage into the hole as far as it will go
(Fig. 14-6).

6. Maintaining light end pressure on the plug gage,
rotate it counterclockwise for approximately one-
quarter turn.

M Figure 14-6 Checking a tapered hole with a taper
plug gage. (Kelmar Associates)

7. Check the diameter of the hole. A proper size is
indicated when the edge of the workpiece lies
between the limit steps or lines on the gage.

8. Check the taper of the hole by attempting to move
the gage radially in the hole. Any error in the taper
will be indicated by play at either end between the
hole and the gage. Movement or play at the large
end indicates excessive taper; movement at the
small end indicates insufficient taper.

9. Remove the gage from the hole to see if the bluing
has rubbed off evenly along the length of the gage,
a result which would indicate a proper fit. A poor
fit is evident if the bluing has been rubbed off more
at one end than the other.

» Taper Ring Gages

Taper ring gages (Fig. 14-5) are used to check both the ac-
curacy and the outside diameter of the taper. Ring gages
often have scribed lines or a step ground on the small end
to indicate the “go” and “no-go” dimensions.

For a taper ring gage, the precautions and proce-
dures are similar to those outlined for a taper plug gage.
However, when work that has not been ground or polished
is checked, three equally spaced chalk lines around the
circumference and extending for the full length of the ta-
pered section may be used to indicate the accuracy of the
taper (Fig. 14-7). If the work has been ground or polished,
it is advisable to use three thin lines of Prussian blue.

CARE OF PLUG AND RING GAGES

Gage life is dependent on the following factors:

1. Materials from which the gage is made
2. Material of the part being checked

3. Class of fit required

4. Proper care of the gage

Chalk line

M Figure 14-7 Checking the accuracy of a taper using
chalk lines.  (Kelmar Associates)

Gages 113



To preserve the accuracy and life of gages:

1. Store gages in divided wooden trays to protect
them from being nicked or burred.

2. Check them frequently for size and accuracy.

3. Correctly align gages with the workpiece to
prevent binding.

SAFETY PRECAUTIONS Do not force
or twist a plain plug or ring gage. Forcing
or twisting will cause excessive wear.

5. Clean the gage and workpiece thoroughly before
checking the part.

6. Use a light film of oil on the gage to help prevent
binding.

7. Make provision for air to escape when gaging
blind holes with a plug gage.

8. Have gages and work at room temperature
to ensure accuracy and prevent damage to
the gage.

9. Never use an inspection gage as a working gage.

» Thread Plug Gages

Internal threads are checked with thread plug gages (Fig.
14-8) of the “go” and “no-go” variety and are based on the
same principle as cylindrical plug gages.

When a thread plug gage is used, the “go” end,
which is the longer end, should be turned in flush to the
bottom of the hole. The “no-go” end should just start
into the hole and become quite snug before the third
thread enters.

Since thread plug gages are quite expensive, certain
precautions should be observed in their use.

1. Thread plug gages have a chip groove cut along the
thread to clear loose chips. Do not depend on this
feature to remove burrs or loose chips. To prolong

M Figure 14-8 Thread plug gages are used to check
the size and accuracy of an internal thread. (The Taft-
Peirce Manufacturing Company)
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M Figure 14-9 “Go” and “no-go” gage thread ring
gages in a holder. (Sheffield Measurement Division)

the life of the gage, it is advisable to remove burrs
and loose chips (wherever possible) by means of
an old tap.

2. Before using the thread plug gage, apply a little oil
to its surface.

3. Never force the gage.

» Thread Ring Gages

The most popular gage of this type is the adjustable
thread ring gage. It is used to check the accuracy of an
external thread and has a threaded hole in the center, with
three radial slots and a setscrew to permit small adjust-
ments. The outside diameter is knurled, and the “no-go”
gage is identified by an annular groove cut into the
knurled surface. Both the “go” and “no-go” gages are gen-
erally assembled in one holder for ease of checking the
part (Fig. 14-9).

When these gages are used, the thread being
checked should fully enter the “go” gage but should not
enter the “no-go” gage by more than 1’ turns. Before
checking a thread, remove any dirt, grit, or burrs. A little
oil will help to prolong the life of the gage.

» Snap Gages

Snap gages, one of the most common types of compar-
ative measuring instruments, are faster to use than mi-
crometers but are limited in their application. They are
used to check diameters within certain limits by com-
paring the part size to the preset dimension of the snap
gage. Snap gages generally have a C-shaped frame with
adjustable gaging anvils or rolls, which are set to the
“g0” and “no-go” limits of the part. These gages are
supplied in several styles, some of which are shown in
Fig. 14-10.
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M Figure 14-10 Various types of snap gages: (a) adjustable snap gage (The Taft-Peirce Manufacturing Company);
(b) adjustable roll snap gage (Sheffield Measurement Division); (c) dial indicator snap gage. (The Taft-Peirce Manufacturing

Company)

USING A SNAP GAGE TO CHECK
A DIMENSION

Proper use of a snap gage is required to prevent springing the
gage and marring the work surface. Follow this procedure:

1. Thoroughly clean the anvils of the gage.

2. Set the “go” and “no-go” anvils to the required
limits, using gage blocks or some other standard.

3. Lock the anvils in position and recheck the
accuracy of the settings.

Note: If a dial-indicator snap gage is used, set the bezel
(outer ring) of the indicator to read 0 and lock it into
position.

4. Clean the surface of the work.

5. Hold the gage in the right hand, keeping it square

with the work.

. With the left hand, hold the lower anvil in position

on the workpiece.

. Push the gage over the work surface with a rolling

motion. Only light hand pressure should be used to
pass the “go” pins.

Note: Do not force the gage; if the work is the correct
size, the gage should pass easily over the work.

8. Advance the gage until the “no-go” anvils or rolls

contact the work. If the gage stops at this point, the
work is within the limits.
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1. For each of the following dimensions, indicate the
basic diameter, upper limit, lower limit, and

tolerance.
a. 1.750 +.002 in. d. 20 +0.000 mm
—.000 in. —0.015 mm
b. .625 +.0015 in. e. 0.5 =0.005 mm
—.0000 in.

c. 12.5 £.02 mm

2. State whether the tolerances for each size in
question 1 are unilateral or bilateral.

Fixed Gages
3. What purpose do fixed gages serve in industry?
4. To what tolerance are fixed gages finished?

5. If a hole size is to be maintained at 1.750 in. =.002
(44 mm =0.05), what would be the sizes of the
“g0” and “no-go” gages?

Cylindrical Plug Gages

6. How are the “go” and “no-go” ends of a cylindrical
plug gage identified?

7. What precautions must be observed when using a
cylindrical plug gage?
Plain Ring Gages

8. How is a “no-go” ring gage distinguished from a
“g0” ring gage?
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unit 14 review questions

Taper Plug and Ring Gages

9. How may the limits of a taper plug gage be
indicated on the gage?

10. List the precautions to observe when checking with
a taper plug or ring gage.

11. When may chalk be used to check an external taper
and when should bluing be used?

12. Why should a taper plug or ring gage be rotated no
more than one-quarter of a turn when checking a
taper?

Thread Plug and Ring Gages

13. What types of threads are checked with a plug
gage? A ring gage?

14. List three precautions to observe when using a
thread plug gage.

15. How should an external thread of the proper size fit
into the thread ring gage?

16. Describe a snap gage.

17. What advantage does the dial-indicator snap gage
have over an adjustable snap gage?

18. List the precautions necessary when checking a
workpiece with a snap gage.



SUNIT L s

Comparison Measurement

OBJECTIVES

After completing this unit, you will be able to:
Explain the principle of comparison measurement

Identify four types of comparators and describe
their use

Measure to within .0005-in. (0.01-mm) accuracy
with a dial indicator, mechanical and optical
comparator, or air and electronic gages

Manufacturing processes have now become so precise
that component parts are often made in several
different places and then shipped to a central location
for final assembly. For this process of interchangeable

» Comparators

A comparator may be classified as any instrument used to
compare the size of a workpiece to a known standard. The
simplest form of comparator is a dial indicator mounted on
a surface gage. All comparators are provided with some
means of amplification by which variations from the basic
dimensions can be easily noted (Fig. 15-1a on p. 118).

» Dial Indicators

Dial indicators are used to compare sizes and measure-
ments to a known standard and to check the alignment of
machine tools, fixtures, and workpieces prior to machin-
ing. Many types of dial indicators operate on a gear and
rack principle (Fig. 15-1b on p. 118). A rack cut on the
plunger or spindle is in mesh with a pinion, which in turn

manufacture to be economical, there must be some
assurance that these parts will fit on assembly. The
components are therefore made to within certain
limits, and further inspection or guality control ensures
that only properly sized parts will be used.

Much of this inspection is done rapidly, accu-
rately, and economically by a process called
comparison measurement. It consists of comparing
the measurement of the part to a known standard or
master of the exact dimension required. Basically,
comparators are gages that incorporate some means
of amplification to compare the part size to a set
standard, usually gage blocks.

Mechanical, optical, and mechanical-optical
comparators and air, electrical, and electronic gages
are all utilized for comparison measurement.

is connected to a gear train. Any movement of the spindle
is then magnified and transmitted to a hand or pointer
over a graduated dial. Inch-designed dials may be gradu-
ated in thousandths of an inch or less. The dial, attached
to a bezel, may be adjusted and locked in any position.

During use, the contact point on the end of the spin-
dle bears against the work and is held in constant engage-
ment with the work surface by the rack spring. A hair
spring is attached to the gear that meshes with the center
pinion. This flat spiral spring takes up the backlash from
the gear train and prevents any lost motion from affecting
the accuracy of the gage.

Dial indicators are generally of two types: the
continuous-reading dial indicator and the dial test indicator.

The continuous-reading dial indicator (Fig. 15-2a
on p. 118), numbered clockwise for 360°, is available as a
regular-range and a long-range indicator. The regular-
range dial indicator has only about 2) revolutions of
travel. It is generally used for comparison measurement
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M Figure 15-1a Mechanical and optical instruments

are used for comparison measurements.
Sharpe)

(Brown &
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M Figure 15-1b A balanced-type dial test indicator,
showing the internal mechanism. (Federal Products
Corporation)

and setup purposes. The digital long-range indicator
(Fig. 15-2b) is often used to indicate table travel or cutting
tool movement on machine tools.

Dial test indicators (Fig. 15-1b) may have a balanced-
type dial, that is, one that reads both to the right and left
from O and indicates a plus or minus value. Indicators of
this type have a total spindle travel of only 2/ revolu-
tions. These instruments may be equipped with toler-
ance pointers to indicate the permissible variation of the
part being measured.

118 Measurement

M Figure 15-2a A continuous-reading dial indicator.
(Federal Products Corporation)

Perpendicular dial test indicators, or back plunger
indicators, have the spindle at right angles (90°) to the
dial. They are used extensively in setting up lathe work
and for machine table alignment.

The universal dial test indicator (Fig. 15-3) has a
contact point that may be set at several positions
through a 180° arc. This type of indicator may be con-
veniently used to check internal and external surfaces.
Fig. 15-4a and b illustrate typical applications of this
type of indicator.

Metric dial indicators (Fig. 15-5 on p. 120) are
available in both the balanced and continuous-reading
types. The type used for inspection purposes is usually
graduated in 0.002 mm and has a range of 0.5 mm. The
regular indicators are usually graduated in 0.01 mm and
have a range up to 25 mm.
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M Figure 15-2b A digital direct reading indicator.
(MTI Corporation)

(b)

M Figure 15-4 (a) A universal dial test indicator being
used to center a workpiece with the machine spindle.

B Figure 15-3 The universal dial test indicator. (Federal Products Corporation); (b) checking measurements
(Federal Products Corporation) with a dial height gage. (Federal Products Corporation)

TO MEASURE WITH A DIAL TEST 3. Lower the movable jaw until the indicator point
INDICATOR AND HEIGHT GAGE just touches the top of a gage block resting on the

surface plate.

1. Clean the face of the surface plate and the vernier 4. Tighten the upper locking screw on the vernier and
height gage. loosen the lower locking screw.

2. Mount the dial test indicator on the movable jaw of 5. Carefully turn the adjusting nut until the indicator
the height gage (Fig. 15-4b). needle registers approximately one-quarter turn.
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M Figure 15-5 A metric dial indicator with a balanced
dial. (The L. S. Starrett Co.)

6. Turn the bezel to set the indicator to zero.

7. Note the reading on the vernier and record it on a
piece of paper.

8. Raise the indicator to the height of the first hole to
be measured.

9. Adjust the vernier until the indicator reads zero.
10. Note the vernier reading again and record it.

11. Subtract the first reading from the second and add
the height of the gage block.

12. Proceed in this manner to record the location of all
other holes.

» Mechanical and
Electronic Comparators

The mechanical comparator consists of a base, a column,
and a gaging head. Various mechanical comparators oper-
ate on different principles. Some are based on the gear and
rack principle used in some dial indicators; others use a
system of levers similar to the universal dial indicator.
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M Figure 15-6 The Digi-Matic indicator can make
readings in increments of .0001 in. or 0.001 mm.
(MTI Corp.)

Mechanical comparators are gradually being re-
placed by electronic indicators and comparators. The
Digi-Matic indicator (Fig. 15-6) is capable of readings in
increments of .0001 in. or 0.001 mm. It can be interfaced
with a data recorder, minicomputer, or host computer to
provide statistical data based on inspection results.

The electronic comparator (Fig. 15-7), a highly ac-
curate form of comparator, uses the Wheatstone bridge
circuit to transform minute changes in spindle movement
into a relatively large needle movement on the gage. This
degree of magnification is controlled by a selector on the
front of the amplifier. The widely spaced graduations rep-
resent zero values from .0001 to .00001 in. (0.002 mm to
0.0002 mm), depending on the scale selected.

When it is not necessary to know the exact dimen-
sion of a part, but only whether it falls within the required
limits, a signal light attachment may be installed on the
gage. When a workpiece is tested, an amber light indi-
cates that it is within the prescribed limits, a red light in-
dicates that the workpiece is too small, and a blue light
indicates that it is too large.

Electronic units may also be used as height gages by
mounting a rectangular gage head on a height gage stand
(Fig. 15-8). This method is particularly suited to the
checking of soft, highly polished surfaces because of the
light gaging pressure required.



M Figure 15-7 The value of the scale divisions on an
electronic comparator can be readily changed to suit the
accuracy required.
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o

M Figure 15-8 The electronic gage with a rectangular
head is used to check heights accurately. (Sheffield
Measurement Division)

All types of comparators are used in inspection to
check the size of a part against a master gage. The varia-
tion between the part and the master is shown on a scale
as a plus or minus quantity.

TO MEASURE WITH A MECHANICAL
COMPARATOR

1. Clean the anvil and master gage of the required size.
2. Place the master on the anvil.

3. Carefully lower the gaging head until the stylus
touches the master and indicates a movement of
the needle.

4. Lock the gaging head to the column.

5. Adjust the needle to zero using the fine adjustment
knob and set the limit pointers on the face.

6. Recheck the setting by removing the master and
replacing it.

7. Set the tolerance pointers to the upper and lower
tolerances of the part being checked.

8. Substitute the work being gaged for the master and
note the reading. If the reading is to the right of
zero, the work is too large; if to the left, it is too
small. If the needle stops between the tolerance
pointers, the work is within the permitted limits.

» Optical Comparators

An optical comparator or shadowgraph (Fig. 15-9) proj-
ects an enlarged shadow onto a screen, where it may be
compared to lines or to a master form that indicates the

B mEznEn oma &
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M Figure 15-9 Intricate forms can be checked easily
with an optical comparator. (MT/ Corp.)

Comparison Measurement 121



SCREEN~_

SCREEN

MIRROR

CONDENSING
LENSES

LAMP OBJECT PROJECTION
LENS

M Figure 15-10 The principle of the optical
comparator.

limits of the dimensions or the contour of the part being
checked. The optical comparator is a fast, accurate means
of measuring or comparing the workpiece with a master.
It is often used when the workpiece is difficult to check
by other methods. Optical comparators are particularly
suited to checking extremely small or odd-shaped parts,
which would be difficult to inspect without the use of ex-
pensive gages.

Optical comparators are available in bench and floor
models, which are identical in principle and operation
(Fig. 15-10). Light from a lamp passes through a con-
denser lens and is projected against the workpiece. The
shadow caused by the workpiece is transmitted through a
projecting lens system, which magnifies the image and
casts it onto a mirror. The image is then reflected to the
viewing screen and is further magnified in this process.

The extent of the image magnification depends on
the lens used. Interchangeable lenses for optical compara-
tors are available in the following magnifications: 5X,
10X, 31.25%, 50X, 62.5X, 90X, 100X, and 125X.

A comparator chart or master form mounted on the
viewing screen is used to compare the accuracy of the en-
larged image of the workpiece being inspected. Charts are
usually made of translucent material, such as cellulose ac-
etate or frosted glass. Many different charts are available
for special jobs, but the most commonly used are linear-
measuring, radius, and angular charts. A vernier protrac-
tor screen is also available for checking angles. Since
charts are available in several magnifications, care must
be taken to use a chart of the same magnification as the
lens mounted on the comparator.

Many accessories are available for the comparator,
increasing the versatility of the machine. Some of the
most common are tilting work centers, which permit the
workpiece to be tilted to the required helix angle for
checking threads; a micrometer work stage, which permits
quick and accurate measuring of dimensions in both di-
rections; and gage blocks, measuring rods, and dial indi-
cators, used on comparators for checking measurement.
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M Figure 15-11 Checking a thread form on an optical
comparator. (Kelmar Associates)

The surface of the workpiece may be checked by a surface
illuminator, which lights up the face of the workpiece ad-
jacent to the projecting lens system and permits this im-
age to be projected onto the screen.

TO CHECK THE ANGLE OF A 60°
THREAD USING AN OPTICAL
COMPARATOR

(Refer to Fig. 15-11.)

1. Mount the correct lens in the comparator.

2. Mount the tilting centers on the micrometer cross-
slide stage.

3. Set the tilting centers to the helix angle of the thread.
4. Set the workpiece between centers.

5. Mount the vernier protractor chart and align it
horizontally on the screen.

6. Turn on the light switch.

7. Focus the lens so that a clear image appears on the
screen.

8. Move the micrometer cross-slide stage until the
thread image is centralized on the screen.



9. Revolve the vernier protractor chart to show a
reading of 30°.

10. Adjust the cross-slides until the image coincides
with the protractor line.

11. Check the other side of the thread in the same
manner.

Note: If the thread angle is not correct or square with
the centerline, adjust the vernier protractor chart to
measure the angle of the thread image.

Other dimensions of the thread, such as depth, diame-
ters, and width of flats, may be measured with micrometer-
measuring stages or devices such as rods, gage blocks, and
indicators.

» Mechanical-Optical
Comparators

The mechanical-optical comparator (Fig. 15-12), or the
reed-type comparator, combines a reed mechanism with a
light beam to cast a shadow on a magnified scale to indi-
cate the dimensional variation of the part. It consists of a
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M Figure 15-12 A reed-type comparator uses both the
mechanical and optical principles of measurement.
(Sheffield Measurement Division)

base, a column, and a gaging head that contains the reed
mechanisms and light source.

TO MEASURE WITH A REED
COMPARATOR

1. Raise the gaging head above the required height,
and clean the anvil and master thoroughly.

2. Place the master gage or gage block buildup on the
anvil.

3. Carefully lower the gaging head until the end of
the spindle just touches the master.

Note: A shadow will begin to appear on the left side of
the scale.

4. Clamp the gaging head to the column.

5. Turn the adjusting sleeve until the shadow
coincides with the zero on the scale.

6. Remove the gage blocks and carefully slide the
workpiece between the anvil and the spindle.

7. Note the reading. If the shadow is to the right of
zero, the part is oversize; if to the left, it is undersize.

» Air Gages or Pneumatic
Comparators

Air gaging, a form of comparison measurement, is used to
compare workpiece dimensions with those of a master
gage by means of air pressure or flow. Air gages are of two
types: the flow or column type (Fig. 15-13 on p. 124),
which indicates air velocity, and the pressure type
(Fig. 15-14 on p. 124), which indicates air pressure in the
system.

COLUMN-TYPE AIR GAGE

After air has been passed through a filter and a regulator,
it is supplied to the gage at about 10 psi (69 kPa)
(Fig. 15-15 on p. 124). The air flows through a transpar-
ent tapered tube in which a float is suspended by this air
flow. The top of the tube is connected to the gaging head
by a plastic tube.

The air flowing through the gage exhausts through
the passages in the gaging head into the clearance between
the head and the workpiece. The rate of flow is propor-
tional to the clearance indicated by the position of the
float in the column. The gage is set to a master, and the
float is then positioned by means of an adjusting knob.
The upper and lower limits for the workpiece are then set.
If the hole in the workpiece is larger than the hole size of
the master, more air will flow through the gaging head,
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M Figure 15-14 Gaging a hole using a pressure-type
air gage. (Federal Products Corporation)

M Figure 15-13 A flow- or column-type air gage.
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M Figure 15-15 Principle of the column-type air gage. (Precision Gage & Tool Co.)
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and the float will rise higher in the tube. Conversely, if the
hole is smaller than the master, the float will fall in the
tube. Amplification from 1000:1 to 40 000:1 may be ob-
tained with this type of gage. Snap-, ring-, and plug-type
gaging heads may be fitted to this type of gaging device.

PRESSURE-TYPE AIR GAGE

In the pressure-type air gage (Fig. 15-14), air passes
through a filter and regulator and is then divided into two
channels (Fig. 15-16). The air in the reference channel es-
capes to atmosphere through a zero-setting valve. The air
in the measuring channel escapes to atmosphere through
the gage head jets. The two channels are connected by an
extremely accurate differential pressure meter.

The master is placed over the gaging spindle and the
zero-setting valve is adjusted until the gage needle indi-
cates zero. Any deviation in the workpiece size from the
master size changes the reading. If the workpiece is too
large, more air will escape through the gaging plug; there-
fore, pressure in the measuring channel will be less and
the dial gage hand will move counterclockwise, indicating

how much the part is oversize. A diameter smaller than the
master gage indicates a reading on the right side of the
dial. Amplification from 2500:1 to 20 000:1 may be ob-
tained with this type of gage. Pressure-type air gages may
also be fitted with plug, ring, or snap gaging heads for a
wide variety of measuring jobs.

Air gages are widely used, since they have several
advantages over other types of comparators:

1. Holes may be checked for taper, out-of-roundness,
concentricity, and irregularity more easily than

with mechanical gages (Fig. 15-17 on p. 126).

The gage does not touch the workpiece; therefore,
there is little chance of marring the finish.

Gaging heads last longer than fixed gages because
wear is reduced between the head and the workpiece.

Less skill is required to use this type of gaging
equipment than other types.

Gages may be used at a machine or bench.

More than one diameter may be checked at the
same time.
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M Figure 15-17 Irregularly shaped holes may be easily checked with an air gage. (Federal Products Corporation)
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Comparison Measurement
1. Describe:
a. Quality control
b. Comparison measurement
Dial Indicators

2. What is the difference between a regular-range dial
indicator and a long-range indicator?

3. Compare a perpendicular dial indicator with a dial
test indicator.

4. How are metric dial indicators usually graduated?

Comparators
5. Define a comparator.

6. List three principles used in mechanical
comparators.

7. Why is high amplification necessary in any
comparison measurement process?

8. Describe the procedure for measuring a workpiece
with a reed-type comparator.

unit 15 review questions

Optical Comparators
9. List the advantages of an optical comparator.

10. Describe the principle of an optical comparator.
Illustrate by means of a suitable sketch.

11. What precautions are necessary when charts are
used on an optical comparator?
Air Gages

12. Describe the principle of the column-type air gage.
Illustrate by means of a suitable sketch.

13. Describe and neatly illustrate the principle of the
pressure-type air gage.

14. List six advantages of air gages.
Electronic Comparators

15. What circuit is employed in electronic comparators?

16. Describe the operation of the single light attach-
ment for electrical or electronic gages.
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The Coordinate

Measuring System

OBJECTIVES

After completing this unit, you will know:

The purpose of and how to apply the coordinate
measuring system

The main components and operation of the
measuring unit

The advantages of the coordinate measuring
system

COOrdinate measurement is a method used to speed
up layout, machining, and inspection by having all
measurements dimensioned from three rectangular
coordinates (surfaces of the workpiece): X, ¥, and Z
Coordinate measuring systems are capable of

» Parts of the
Measuring Unit

The measuring unit (Fig. 16-2) has three basic compo-
nents: a machined spar with a calibrated grating (A), a
reading head (B), and a counter with a digital readout
display (C). The main element in this system is an ac-
curately ruled grating (Fig. 16-2a on p. 130) of the de-
sired length of travel. The face of this grating for
systems having .0001-in. (0.002-mm) resolution is
etched for its entire length with lines spaced .001 in.
(0.02 mm) apart. For machines capable of greater accu-
racy, the grating spar is etched with 2500 lines per inch,
so that the digital readout resolution is .000050 in.
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measuring to .000050 in. or 0.001 mm (Fig. 16-1a).
This high degree of accuracy is achieved by the use
of a series of dark and light bands called the moiré
fringe pattern. This system has been applied exten-
sively to machine tools such as lathes, milling
machines, and jig borers (Fig. 16-1b and c) to speed
up the measurement process, thus reducing overall
machining time. Coordinate measuring machines
(Fig. 16-1d), widely used in the field of measure-
ment and inspection, provide a quick and accurate
means of checking machined parts prior to
assembly.

Various units may be mounted on a machine
tool to give readings for the X (length), Y (width),
and Z (depth) axes. A unit providing direct readout
in degrees, minutes, and seconds is available for
angular positioning and measurement.

(0.001 mm). Metric readings are obtained by pushing a
button on the side of the box.

A transparent index grating, having the same grad-
uations as the grating spar, is mounted in the reading head
(Fig. 16-2b). The index grating is positioned so that its
lines are at a slight angle to the lines on the spar. The read-
ing head is mounted so that the index grating is positioned
just .002 in. (0.05 mm) above the main grating. Mounted
in the reading head are a small light, a collimating lens,
and four photoelectric cells (Fig. 16-3 on p. 130).

Note: This electro-optical system “counts” the
moiré fringes and produces the high resolution meas-
urement accuracy of the Sheffield Cordax Measuring
System.



M Figure 16-1a Coordinate measuring machines are
widely used for inspection. (Brown & Sharpe)

PRINCIPLE OF THE MOIRE FRINGE

To illustrate the moiré fringe pattern, we can draw a series
of equally spaced lines on two pieces of plastic sheeting
(Fig. 16-4 on p. 130). One sheet should then be placed
over the other at an angle, as in Fig. 16-4. Where the lines
cross, dark bands appear. If the top sheet is moved to the
right, the position of these bands will shift down, and the
pattern will appear as a series of dark and light bands
moving vertically on the sheet. Thus, any longitudinal
movement will produce a vertical movement of the light
bands. This principle can also be illustrated by placing
one comb on another at a small angle and moving one
across the face of the other.

» Operation of the
Measuring Unit

Since the etched lines on the reading-head grating are at an
angle to the lines on the main spar, a series of bands would
appear when viewed from directly above. Let’s consider one
band only to explain the operation of the system.

M Figure 16-1b, ¢, d (b) A lathe equipped with a coordinate measuring system; (c) the digital readout shows the
exact location of the cutting tool or workpiece; (d) the coordinate measuring system being used for inspection purposes.
(Sheffield Measurement Division)
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M Figure 16-2 Components of a coordinate measuring unit.
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M Figure 16-4 Principle of the moiré fringe pattern.
(Sheffield Measurement Div.)

Light from the lamp (Fig. 16-3) passes through the
collimating lens and is converted into a parallel beam of
light. This beam strikes the fringe pattern and is reflected
back up to one of four photoelectric cells, which converts
the fringe pattern into an electrical signal. As the reading
head is moved longitudinally, the band moves vertically
on the face of the spar and will be picked up by the next
photoelectric cell, creating another signal (Fig. 16-5).
These signals from the photoelectric cells (output signals)
are transmitted to the digital readout display box, where
they indicate accurately the head travel at any point. A sig-
nal from the next photoelectric cell will increase or de-
M Figure 16-3 Principle of the coordinate crease the reading on the digital readout box by .0001 in.
measuring unit. (0.002 mm), depending on the direction of the movement.
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M Figure 16-5 Lateral movement of the fringe pattern.

Note: The fringe pattern (Fig. 16-4) shifts laterally and
continuously across the grating path.

ADVANTAGES OF THE COORDINATE
MEASURING SYSTEM

1. Readout boxes provide clear, visible numbers,
which eliminate the possibility of misreading a
dial gage.

2. It provides a constant readout of the tool (or table)
position.

3. The reading indicates the exact position of the tool
(or table) and is not affected by machine or lead
screw wear.

M Figure 16-6 Coordinate measuring machines can be
programmed to inspect parts automatically. (Brown &
Sharpe)

4. This system eliminates the need for gage blocks
and measuring rods on jig borers and vertical
milling machines.

5. The need for operator calculations and the inherent
possibility of errors are eliminated.

6. Machine setup time is greatly reduced.

7. Production is increased, since the workpiece must
be checked for one size only. For example, when
a workpiece having several diameters is to be
machined in a lathe, it is necessary to measure the
first diameter only. Once the machine has been
set to this size, all other diameters will be
accurate.

8. The need for operator skill is reduced.

9. Scrap and rework are almost completely
eliminated.

10. Most machine tools can be fitted with this
system.

Coordinate measuring machines (Fig. 16-6) were
developed to speed up the process of measuring parts pro-
duced on numerical control (NC) machine tools. What NC
is to manufacturing, the coordinate measuring machine
(CMM) is to inspection. It can measure almost any shape
with extreme accuracy and without the use of special
gages. Coordinate measuring machines, which are com-
puter controlled, have eliminated the problems of opera-
tor error; the need for long, complex, and inefficient
conventional measuring systems; and the low productiv-
ity common to previous inspection methods. These mea-
suring machines can be installed on production lines to
automate inspection, minimize operator error, and pro-
vide uniform part quality.
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1. What is the principle of coordinate measurement? 4. Name the three main parts of the measuring unit.
2. Why have coordinate measuring systems been so 5. Describe the operation of this measuring system.
widely accepted by industry? 6. State seven important advantages of a coordinate

3. State two different applications of coordinate measuring system.
measuring systems.
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Measuring with Light Waves

OBJECTIVES

After completing this unit, you will be able to: Two of the most precise measuring methods are

those using optical flats and the laser. Although
based on different principles, both use a source of
monochromatic light to produce highly accurate
measurements.

Check pieces for size, flatness, and parallelism
using optical flats

Describe the operation of a laser interferometer

Explain the application of lasers to measurement

» Measuring with
Optical Flats

One of the most accurate and reliable means of measuring
is with light waves. Optical flats (Fig. 17-1), used with a
monochromatic light, are used to check work for flatness
(Fig. 17-4 on p. 134), parallelism (Fig. 17-5 on p. 135),
and size (Fig. 17-6 on p. 135).

Optical flats are disks of clear fused quartz, lapped
to within a few millionths of an inch of flatness. They are
generally used with a helium light source, which pro-
duces a greenish-yellow light having a wavelength of
23.1323 pin. (0.587 56 pm).

The optical flat, a perfectly flat, transparent disk, is
placed on the surface of the work to be checked. The func-
tioning surface of the optical flat is the surface adjacent to the
workpiece. It is transparent and capable of reflecting light;
therefore, all light waves that strike this surface are split into
two parts (Fig. 17-2 on p. 134). One part is reflected back by
the lower surface of the flat. The other part passes through
this surface and is reflected by the upper surface of the work. [ | Figure 17-1 Checking a gage block using an optical
Whenever the reflected split portions of two light waves flat and a helium light source.  (DoAll Company)
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M Figure 17-2 Principle of the optical flat.
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cross each other, or interfere, they become visible and pro-
duce dark interference bands or fringe lines. This happens
whenever the distance between the lower surface of the flat
and the upper surface of the workpiece is only one-half of a
wavelength or multiples thereof (Fig. 17-2).

Since the wavelength of helium light is 23.1323 in.
(0.587 56 pm, or millionths of a meter), each half-
wavelength will represent 11.6 pin. (0.293 pm). Each
dark band then represents a progression of 11.6 pin.
(0.293 pum) above the point of contact between the work-
piece and the optical flat. Therefore, when a height is
checked, the number of bands between two points on a
surface multiplied by 0.000 011 6 (0.293 pm) will indi-
cate the height difference between two surfaces.

For comparison measurements, the difference in
height between a master block and the workpiece can be de-
termined as shown in Fig. 17-3. This illustrates the method
used for checking accurately the height of an unknown sur-
face by comparing it with a gage block of a known height.
It is necessary to first know which block is larger before the
unknown block can be measured. To determine which
block is larger, apply finger pressure to points X and Y. If
this pressure at X does not change the band pattern and the
pressure at Y causes the bands to separate, the master block
(M) is larger. If the opposite is true, the unknown block (U)
is larger. In Fig. 17-3, two bands appear on the low block;
therefore, the unknown block is two bands, or 2 X 11.6 =
23.2 pin. (2 X 0.293 = 0.586 wm), less than the master.

HOW TO INTERPRET THE BANDS

Refer to Fig. 17-4. Since the lines show only a slight curve,
the block would be convex or slightly higher in the center.
The block is 2 X 11.6 pin., or .0000232 in., out of flat.

In Fig. 17-5, since two bands appear on the master
block, the workpiece is 2 X 11.6 or 23.2 win. smaller or
larger than the master. If pressure on the master causes the
spacing of the bands to widen, the part is smaller. Note the
curve in the band, which shows that the workpiece is not
exactly parallel. It is about one-half band, or 5.8 pin., out
of parallel.
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2 BANDS .0000232 in.

1 BAND .0000116 in.

M Figure 17-3 Checking the height of a block with a
master block.

M Figure 17-4 Checking flatness with an optical flat.
(DoAll Company)

In Fig. 17-6, the master block is on the left. Note the
three bands on the master block and the six bands on the
block of unknown size on the right. The unknown block
then has three more bands than the master. (The block
with more bands is always smaller.) Also note that the
lines on the unknown block are straight and evenly
spaced, which indicates that it is parallel over its length.
Since the lines slope down toward the line of contact, the
left side of the unknown block is lower by one-half band,
or 5.8 pin. (11.6 + 2).



M Figure 17-5 Checking parallelism with an optical
flat.  (DoAll Company)

M Figure 17-6 Checking size with an optical flat.
(DoAll Company)

» Measurement with Lasers

Besides its many other uses in medicine and industry, the
laser provides one of the most accurate means of mea-
surement. A laser-light measuring device, called an infer-
ferometer (Fig. 17-7), measures changes in position
(alignment) by means of light-wave interference.

As Fig. 17-7 shows, the laser beam is split into two
parts by the beam splitter. One of these beams is transmit-
ted through the beam splitter to a motion-sensitive mirror
back to the beam splitter at point X. From this point, where
the two beams rejoin, the recombined beams are transmit-
ted to the detector.

If there is no movement, both portions of the beam
stay in the same phase and the light reaching the detector
will remain constant (Fig. 17-8). If there is any movement
at the sensitive mirror, the beam (black) reflected from
that mirror will be altered and will fluctuate in and out of
phase with the other beam (Fig. 17-9). When this beam
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M Figure 17-7 Principle of the laser interferometer.
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M Figure 17-8 The laser beam’s wave components are
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M Figure 17-9 The laser beam’s wave components are
out of phase.

(black) is out of phase, it cancels the other beam, causing
the light to fluctuate. This fluctuating light pattern regis-
ters on the beam detector, where the number of fluctua-
tions are computed relative to the laser wavelength, and
the precise movement is displayed on a readout box.

Because of the very thin, straight beam produced by a
laser interferometer, these devices are used for precise linear
measurement and alignment in the production of large ma-
chines. They are also used to calibrate precision machines
and measuring devices. Laser devices may also be used to
check machine setups (Fig. 17-10 on p. 136). A laser beam
is projected against the work and measurements are made by
the beam and displayed on a digital readout panel.

Because of their very thin, straight beam charac-
teristics, lasers are used extensively in construction and
surveying. They may be used to indicate the exact location
for positioning girders on tall buildings or for establishing
directional lines for a tunnel being constructed under a
river. They are also widely used for establishing grades for
sewer and drainage systems.

Lasers have become an established part of the space
program. Laser beams are used to indicate how far the
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M Figure 17-10 A laser interferometer being used to
check the alignment of machine parts. (Cincinnati
Machine)

spaceship is from a given planet. They are also used for
military purposes such as missile range finding, guidance,
and tracking. Operation of the laser and its other industrial
applications will be covered in Unit 94.

» The Lasermike

The LaserMike (Fig. 17-11) is an optical micrometer that
is simple in principle yet highly accurate in operation. The

unit 17
Optical Flats

1. Describe an optical flat.

2. What light source is used with optical flats and
what is its wavelength?

3. Describe and illustrate in detail the principle of an
optical flat.

4. When measuring the height of a block using a gage
block and an optical flat, how is it possible to
determine the higher block?
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M Figure 17-11 The LaserMike, an optical microm-
eter, makes use of a helium-neon laser beam. (LaserMike
Div. Techmet Co.)

heart of the instrument is a helium-neon laser beam that is
projected in a straight line with almost no diffusion.

The beam is directed to mirrors mounted on the
shaft of a precision electric motor. During rotation, these
mirrors “scan” the laser beam through an optical lens,
which aligns the beams in parallel and projects them to-
ward a receiving lens. When an object is placed in the cen-
ter of the laser beam, it creates a shadow segment in the
scan path, which is detected by the photocell, enabling
the unit to determine the edges of the object. A high-
frequency crystal clock times the interval between edges
and converts time to linear dimensions.

Without even touching the product, LaserMike pro-
vides instant readouts to accuracies never before possible
with other conventional measurement techniques. More-
over, measurement speeds permit accurate measurements
while the product is in motion as well as at rest.

| |
Lasers
5. Name five measurement applications for an inter-
ferometer.

6. Name the four main parts of an interferometer.

7. Briefly describe the operation of an interferometer.



“UNIT 18 =

Surface Finish Measurement

OBJECTIVES

After completing this unit, you will be able to:

Interpret the surface finish symbols that appear
on a drawing

Use a surface finish indicator to measure the
surface finish of a part

Modern technology has demanded improved
surface finishes to ensure the proper functioning and
long life of machine parts. Pistons, bearings, and
gears depend to a great extent on a good surface
finish for proper functioning and therefore require

The most common instrument used to measure finish is
the surface indicator (Fig. 18-1, p. 138). This device con-
sists of a tracer head and an amplifier. The tracer head
houses a diamond stylus, having a point radius of .0005 in.
(0.013 mm), that bears against the surface of the work. It
may be moved along the work surface by hand or it may
be motor-driven. Any movement of the stylus caused by
surface irregularities is converted into electrical fluctua-
tions by the tracer head. These signals are magnified by
the amplifier and registered on the meter by an indicator
hand or needle. The reading shown on the meter indicates
the average height of surface roughness or the departure
of this surface from the reference (center) line.

Readings may be in either arithmetic average
roughness height (Ra) or root mean square (Rq). A

little or no break-in period. Finer finishes often
require additional operations, such as lapping or
honing. These higher finishes are not always
required on a part and only result in higher produc-
tion costs. To prevent overfinishing a part, the
desired finish is indicated on the shop drawing. This
information specifying the degree of finish is
conveyed to the machinist by a system of symbols
devised by the American Standards Association
(ASA). These symbols provide a standard system of
determining and indicating surface finish. The inch
unit of surface finish measurement is the microinch
(win.). The metric unit for surface finish is the
micrometer (pm).

highly magnified cross section of a workpiece would
appear as shown in Fig. 18-2 on p. 138, with “hills and
valleys” above and below the centerline. To calculate
the surface finish without a surface indicator, the
height of these deviations must be measured and
recorded as shown. The Ra or Rq could then be calcu-
lated as in Fig. 18-2. The Rq is considered the better
method of determining surface roughness since it em-
phasizes extreme deviations.

For accurate determination of the surface finish, the
indicator must first be calibrated by setting it to a preci-
sion reference surface on a test block calibrated to ASA
standards. The symbols used to identify surface finishes
and characteristics are shown in Fig. 18-3 on p. 138.
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M Figure 18-1 A surface indicator can accurately check the roughness of a surface.  (MT/ Corporation)
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and Rq (root mean square) roughness height.
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M Figure 18-3 Surface characteristics and symbols.
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» Surface Finish

Definitions

Surface deviations—any departures from the
nominal surface in the form of waviness,
roughness, flaws, lay, and profile

Waviness—surface irregularities that deviate from
the mean surface in the form of waves; they may
be caused by vibrations in the machine or work
and are generally widely spaced

Waviness height—the peak-to-valley distance in
inches or millimeters

Waviness width—the distance between successive
waviness peaks or valleys in inches or millimeters

Roughness—relatively finely spaced irregularities
superimposed on the waviness pattern and caused
by the cutting tool or the abrasive grain action and
the machine feed; these irregularities are much
narrower than the waviness pattern

Roughness height—the Ra deviation measured
normal to the centerline in microinches or
micrometers

Roughness width—the distance between successive
roughness peaks parallel to the nominal surface in
inches or millimeters

Roughness width cutoff—the greatest spacing of
repetitive surface irregularities to be included in the
measurement of roughness height; it must always
be greater than the roughness width; standard
values are .003, .010, .030, .100, .300, and 1 in.
(0.075, 0.25, 0.76, 2.54, 7.62, and 25.4 mm)

Flaws—irregularities such as scratches, holes,
cracks, ridges, or hollows that do not follow a
regular pattern, as in the case of waviness and
roughness



Lay—the direction of the predominant surface
pattern caused by the machining process

Profile—the contour of a specified section through
a surface

Microinch or micrometer—the unit of measure-
ment used to measure the surface finish; the
microinch is equal to .000001 in.; the micrometer,
to 0.000 001 m.

The following symbols indicate the direction of the
lay (Fig. 18-4):
| parallel to the boundary line of the surface
indicated by the symbol

1 perpendicular to the boundary line of the
surface indicated by the symbol

X angular in both directions on the surface
indicated by the symbol

M multidirectional

@]

approximately circular to the center of the
surface indicated by the symbol

R approximately radial in relation to the center
of the surface indicated by the symbol

Average surface roughness produced
by standard machining processes

Microinches Micrometers
Turning 100-250 2.5-6.3
Drilling 100-200 2.5-5.1
Reaming 50-150 1.3-3.8
Grinding 20-100 0.5-2.5
Honing 5-20 0.13-0.5
Lapping 1-10 0.025-0.254

» To Measure Surface
Finish with a Surface
Indicator

1. Turn the switch on and allow the instrument to
warm up for approximately 3 min.

2. Check the machine calibration by moving the
stylus over the 125-pin. (3.2-um) test block at
approximately .125 in./s (3 mm/s).

Approximately
circular

M Figure 18-4 Surface symbols used to designate the
direction of the lay.  (Reprinted from ASME BY14.36 M—
1996, by permission of The American Society of Mechanical
Engineers)

3. If necessary, adjust the calibration control so that
the instrument registers the same as the test block.

4. Unless otherwise specified, use the .030-in.
(0.76-mm) cutoff range for surface roughness of
30 pin. (0.76 pm) or more. For surfaces of less
than 30 pin. (0.76 pm), use the .010-in.
(0.25-mm) cutoff range.

Note: When measuring a surface with an unknown
roughness, set the range switch at a high setting to avoid
damaging the instrument. After an initial test, the range
switch may be turned to a finer setting for an accurate
surface reading.

5. Thoroughly clean the surface to be measured to
ensure accurate readings and reduce wear on the
rider cap protecting the stylus.

6. With a smooth, steady movement of the stylus,
trace the work surface at approximately .125 in./s
(3 mm/s).

7. Note the reading from the meter scale.

A more elaborate device for measuring surface fin-
ish is the surface analyzer. It uses a recording device to re-
produce the surface irregularities on a graduated chart,
providing an ink-line record.

Although the surface indicator is the most common,
other methods may be used to measure surface finish with
reasonable accuracy during machining processes, including:

1. Comparison blocks, which are used for comparing
the finish on the workpiece with the calibrated
finish on a test block using the fingernail test

2. Commercial sets of standard finished specimens,
which have up to 25 different surface finish
samples. They consist of blocks or plates having
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Surface finishes obtained by various machining operations*

Analyzer
Setting
Surface
Finish,
Tool Operation Material Speed Feed Tool Cutoff Range Rq
Cutoff Sawing 2.50 in. diameter 320 ft/min — 10-pitch saw .030 in. 1000 | 300-400
saw aluminum (97.5 m/min) (0.76 mm)
Vertical Fly cutting Machine steel 820 r/min .015in. .060 in. radius .030in. 300 125-150
milling (flat (0.38 mm) Stellite (0.76 mm)
machine | surface)
Horizontal | Slab Cast aluminum 225 r/min 2.50 in./min Slab cutter, 4 in. | .030 in. 100 40-50
milling milling (63.5 mm/min) | diameter HSS (0.76 mm)
machine
Lathe Turning 2.50 in. diameter 500 r/min .010 in. .046 in. radius .030 in. 300 100-200
aluminum (0.25 mm) HSS (0.76 mm)
Turning 2.50 in. diameter 500 r/min .007 in. .078 in. radius .030 in. 100 50-60
aluminum (0.18 mm) HSS (0.76 mm)
Facing 2 in. diameter 600r/min .010 in. .030 in radius .030in. 300 200-225
aluminum (0.25 mm) HSS (0.76)
Facing 2 in. diameter 800 r/min .005 in. .030 in. radius .030 in. 100 30-40
aluminum (0.13 mm) HSS (0.76 mm)
Filing .750 in. diameter 1200 r/min — 10-in. lathe file .010 in. 100 50-60
machine steel (0.25 mm)
Polishing .750 in. diameter 1200 r/min — #120 abrasive .010 in. 30 13-15
machine steel cloth (0.25 mm)
Machine Aluminum 500 r/min — machine .030 in. 100 25-32
reaming reamer HSS, (0.76 mm)
% in. diameter
Surface Grinding Machine steel — .030 in. 60-grit grinding .003 in. 10 7-9
grinder a flat (0.76 mm) wheel (0.076 mm)
surface
Cutter and | Cylindrical 1 in. machine — Hand (slow) 46-grit grinding .010in. 30 12-15
tool grinding steel wheel (0.25 mm)
grinder
Lapping Flat lapping | .875 in. X 5.50 in. — Hand 600-grit .010 in. 10 1-2
tool steel abrasive (0.25 mm)
(hardened)
Cylindrical .50 in. diameter — Hand 600-grit .010 in. 10 1-2
lapping tool steel abrasive (0.25 mm)
(hardened)

*Metric figures given represent soft conversions.
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surfaces varying from the smoothest to the

. . . ROFINISH
roughest likely to be required (Fig. 18-5). /

These specimens are used to check the finish of the ma-
chined part against the sample finish to determine ap-
proximately the finish produced on the part. It is often
difficult to determine the finish visually. In such cases, the
surfaces may be compared by moving the tip of your fin-
gernail over the two surfaces.

Table 18.1 shows the results obtained on pieces of
round and flat metal by various machining operations. A
model B-1 110 Brush surface analyzer was used to obtain
the readings. The speeds, feeds, and tool radii shown are
those recommended for a high-speed steel cutting tool.
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[ | Figure 18-5 A visual surface roughness comparator
gage. (GAR Electroforming Limited)

unit 18 review questions

1. Explain why present-day standards for surface 4. Explain what the following lay symbols represent:
finish are very important to industry. 11, 1, X, M, C, and R.

2. Define the following surface finish terms: 5. Describe briefly the principle and operation of a
microinch, lay, flaw, roughness, waviness, root surface indicator and a surface analyzer in
mean square (Rq), and arithmetic average measuring surface finish.
roughness height (Ra).

3. Explain each symbol and number (inches) as it
applies to surface finish:

5,002 — 2
V =020
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LAYOUT TOOLS AND
PROCEDURES

Laying out is the process of scribing or marking center points, circles, arcs, or straight lines on
metal to indicate the shape of the object, the amount of metal to be removed during the ma-
chining process, and the position of the holes to be drilled. The layout helps the machinist de-
termine the amount of material to be removed, although the size for rough and finish cuts must
be checked by actual measurement.

All layouts should be made from a baseline or finished surface to ensure an accurate lay-
out, correct dimensions, and proper location of holes. The importance of proper layout cannot
be overemphasized. The accuracy of the finished product depends greatly on the accuracy of
the layout. The drawing does not show how much material must be removed from each surface
of the casting or workpiece; it merely shows which surfaces are to be finished.

The layout for holes, whether in cored or solid material, is as important as the layout for
other dimensions of the workpiece.

Layouts may be of two types—basic (or semiprecision) and precision. A semiprecision lay-
out may involve the use of basic measuring and layout tools, such as a rule and surface gage.
It is generally not as accurate as a precision layout, which requires the use of more accurate
equipment, such as the vernier height gage. If the part does not have to be precise, time should
not be spent making a precision layout. Therefore, keep the layout as simple as workpiece re-
quirements permit.
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Basic Layout Materials, Tools,
and Accessories

OBJECTIVES

After completing this unit, you will be able to:
Prepare a work surface for layout
Use and care for various types of surface plates

Identify and use the main basic layout tools and
accessories

» Layout Solutions

The surface of the metal is usually coated with a layout so-
lution to make layout lines visible. Several types of layout
solutions are available. Regardless of the type used, the
surface should be clean and free of grease.

The most commonly used layout solution is layout
dye, or bluing (Fig. 19-1). This quick-drying solution,
when coated lightly on the surface of any metal, will pro-
duce a background for sharp, clearcut lines. Layout dye
may be applied with a cloth, brush, or dauber or sprayed
on the work surface.

A copper-colored surface can be produced if the
clean surface of a steel workpiece is coated with a copper
sulfate (CuSO,) solution to which a few drops of sulfuric
acid have been added. When this solution is used, the sur-
face of the workpiece must be absolutely clean and free
from grease and finger marks.

Note: Copper sulfate should be used on ferrous metal
only. It is particularly useful where hot chips are
produced, which could affect other layout materials and
blur the layout lines.

144 Layout Tools and Procedures

The accuracy of a layout is very important to the
accuracy of the finished product. If the layout is not
correct, the workpiece will not be usable. A student
should therefore realize that good layout entails the
proper and careful use of all layout tools.

M Figure 19-1 The work surface should be coated with
layout dye before starting a layout. (Kelmar Associates)

A mixture of vermilion powder and shellac is often
used for aluminum, since some layout compounds cor-
rode aluminum. Alcohol should be used to thin this solu-
tion or to remove it from the workpiece.

The surfaces of castings and hot-rolled steel are of-
ten prepared for layout by merely chalking the surface.



M Figure 19-2 A granite layout table provides an
accurate reference surface for layout work. (Kelmar
Associates)

A mixture of lime and alcohol, which readily clings to
the rough surface of the castings, is often used for this

purpose.

» Layout Tables and
Surface Plates

Layout work may be performed on a layout table (Fig. 19-2)
or on a surface plate (Fig. 19-3) made of granite or cast
iron. Granite layout tables and plates are considered bet-
ter than cast-iron ones because they:

> Do not become burred

Do not rust

\

\%

Are not affected by temperature change

Do not have internal stresses and therefore will not
warp or distort

\Y%

\

Are nonmagnetic

> Can be used for checking near grinding machines,
since abrasive particles will not embed in the
surface

> Are cheaper than a similar-size cast-iron plate

Granite plates are available in three colors: black,
pink, and gray. Black granite plates are considered supe-
rior because they are harder, denser, less porous, and
therefore less likely to absorb moisture.

M Figure 19-3 A cast-iron surface plate.  (Kelmar
Associates)

CARE OF SURFACE PLATES
AND LAYOUT TABLES

Although surface plates are rugged, their accuracy can be
easily destroyed. The following precautions should be
taken with regard to surface plates:

> Keep the working surface clean.
> Cover the plate or table when it is not in use.

> Carefully place the work on the surface plate—do
not drop it onto the plate.

> Use parallels under the workpiece whenever possible.

> Never hammer or punch any layout on a surface
plate.

> Remove burrs from cast-iron plates and always
protect their surfaces with a thin film of oil and a
cover when they are not in use.

» Scribers

The scriber (Fig. 19-4 on p. 146) has a hardened steel point,
or points, and may be used in conjunction with a combination
square, rule, or straightedge to draw straight lines. On some
scribers, one end is bent at an angle to allow marking lines
in hard-to-reach places. To be accurate, any layout requires
fine lines; therefore, the scriber point must always be sharp.
The points of scribers, hermaphrodite calipers, dividers, and
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M Figure 19-5 Sharpening a scriber on an oilstone.
(Kelmar Associates)

M Figure 19-6 A spring divider can be used to scribe
arcs and circles.  (The L.S. Starrett Co.)

trammels should be honed frequently on a fine oilstone
(Fig. 19-5) to maintain their sharpness. When extremely fine
lines are required, knife-edge scribers should be used.

» Dividers and Trammels

Dividers are used for scribing arcs and circles on a layout
and for transferring measurements. The spring divider
(Fig. 19-6), the most common type, is available in sizes
from 3 to 12 in. Larger circles and arcs may be scribed
with a trammel (Fig. 19-7).

146 Layout Tools and Procedures

M Figure 19-7 Trammels are used to scribe large arcs
and circles.

A trammel consists of a beam on which two sliding
or adjustable heads with scriber points are mounted.
Some trammels may have an adjusting screw for fine ad-
justment. Rods or beams of different lengths can be used
to increase the capacity of the trammel. When a circle is
laid out from a hole, a ball attachment may be substituted
for one of the scriber points.

» Hermaphrodite Calipers

The hermaphrodite caliper (Fig. 19-8) has one curved leg
and one straight leg, which contains a scriber point. It is
used for laying out lines parallel to an edge (Fig. 19-8) or
for locating the center of round or irregular-shaped stock
(Fig. 19-9).

M Figure 19-8 Scribing a line parallel to an edge with
a hermaphrodite caliper. (The L.S. Starrett Company)



M Figure 19-9 Locating the center of a round workpiece
with a hermaphrodite caliper.  (Kelmar Associates)

When setting the hermaphrodite caliper to a size,
place the bent leg on the end of the rule and adjust the other
leg until the scriber point is at the desired graduation.
When scribing parallel lines with this tool, be sure always
to hold the scriber at 90° to the edge of the workpiece.

» Squares

Squares are used to lay out lines at right angles (90°) to a ma-
chined edge, to test the accuracy of surfaces that must be
square (90° to each other), and to set up work for machining.

Adjustable squares are used for general-purpose
work. The solid square (Fig. 19-10), made up of two
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M Figure 19-10 The solid square is used for inspec-
tion purposes. (The L.S. Starrett Co.)

.

parts, the beam and the blade, is used where greater ac-
curacy is required. Extremely accurate solid squares
called master squares are used to check the accuracy of
other squares.

» The Combination Set

The combination set (Fig. 19-11), used extensively in lay-
out work, consists of a steel rule, square head, bevel pro-
tractor, and center head.

The steel rule may be fitted to the other three parts
of the combination set for various layout, setup, and
checking operations.

The square head and the rule or combination square
may be used to lay out lines parallel to an edge (Fig. 19-12).
It is also used to lay out angles at 45° and 90° to an edge
(Fig. 19-13 on p. 148). The square head may be moved
along the rule to any position. The square head is also used
to check 45° and 90° angles and measure depths.

M Figure 19-11 The combination set is used for
laying out and checking work. (The L.S. Starrett Co.)

M Figure 19-12 Scribing a line parallel to an edge.
(Kelmar Associates)
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M Figure 19-13 Scribing a line at 90° to an edge.
(Kelmar Associates)

When mounted on a rule, the bevel protractor is
used to lay out and check various angles. The protractor
can be adjusted to any angle from 0° to 180°. The accu-
racy of this protractor is =0.5° (30”). A universal bevel
protractor may be used if an accuracy of 5 is required.

The center head forms a center square when
mounted on a rule. It may be used for locating the centers
on the ends of round, square, and octagonal stock.

» Surface Gage

The surface gage (Fig. 19-14) is used with a surface plate
or any flat surface to scribe layout lines on a workpiece. It
consists of a base, spindle, and scriber.

The surface gage may be set to the required dimen-
sion by using a combination square (Fig. 19-14). This

LOCKNUT
RULE
\ SCRIBER
Lo
e _
\
SQUARE /
ADJUSTING
SPINDLE SCREW
FOR SPINDLE

BASE

[ | Figure 19-14 Setting a surface gage to a dimension
with a combination square. (Kelmar Associates)
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L

M Figure 19-15 Using a surface gage to lay out lines

parallel to the top of a surface plate. (Kelmar Associates)

method is usually accurate enough for most layout work.
A surface gage may be used on a surface plate to scribe
parallel lines on a workpiece (Fig. 19-15). When the
workpiece is fastened to an angle plate, horizontal and
vertical lines can be laid out in one setup by merely rotat-
ing the angle plate 90° on the surface plate and scribing
the line(s).

Most surface gages have two pins in the base, which
when pushed down are used to guide the surface gage
along the edge of the workpiece or surface plate. Some
surface gages have a V-groove machined in the base,
which allows them to be used on cylindrical work.

» Layout or Prick Punches
and Center Punches

The layout or prick punch and the center punch (Fig. 19-16)
differ only in the angle of the point. The prick punch is
ground to an angle of 30° to 60° and is used to perma-
nently mark the location of layout lines. The narrower an-
gle of this punch makes a smaller and neater indentation
in the metal surface.

The center punch is ground to an angle of 90° and is
used to mark the location of the centers of holes. The
wider indentation permits easier and more accurate start-
ing of a drill point.

After the layout lines have been scribed on the work-
piece, they should be permanently marked by means of lay-
out or prick-punch marks. This step ensures that the layout
line location will still be visible, should the line be rubbed
off through handling. The intersection of the centerlines of



PRICK
PUNCH
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M Figure 19-16 A prick punch and a center punch
are used in layout work. (Kelmar Associates)

M Figure 19-17 An automatic center punch produces
uniform indentations on a layout. (Kelmar Associates)

a circle should be carefully prick-punched and then en-
larged with a center punch.

Note: Extreme care should be taken when the intersec-
tions of layout lines are being prick-punched. Regardless
of how accurate the layout is, it is impossible to mark
locations with a prick punch to closer than .003 to .004 in.
(0.07 to 0.1 mm).

Uniform layout punch marks may be obtained with
an automatic center punch (Fig. 19-17). This punch con-
tains a striking block in the body, which is released by
downward pressure; the block then strikes the punch
proper, causing it to indent the metal. The impression size
can be changed by adjusting the tension on the screw cap
on the upper end of the tool. This type of punch produces
marks uniform in size, which improves the appearance of
the workpiece. Automatic center punches may also have a
spacing attachment to provide uniform spacing of layout
punch marks.

» Layout Accessories

In addition to regular layout tools, certain accessories are
helpful in layout work. When lines are required on the
face of a plate, it is customary to clamp the work to an an-
gle plate (Fig. 19-18) with a toolmaker’s clamp. This will

M Figure 19-18 Angle plates have sides 90° to each
other. (Kelmar Associates)

(b)

M Figure 19-19 (a) Scribing horizontal lines with a
surface gage; (b) the angle plate turned on its side to
scribe vertical lines.  (Kelmar Associates)

hold the work in a vertical plane so that the layout lines
will be accurately positioned. Since an accurate angle
plate will have all adjacent surfaces at 90° to each other, it
is possible to scribe intersecting 90° lines accurately. This
accuracy is achieved by scribing all the horizontal lines on
the workpiece, then turning the angle plate on its side and
scribing the intersecting lines (Fig. 19-19a and b).

Farallels (Fig. 19-20 on p. 150) may be used when
it is necessary to raise the workpiece to a desired height
and to maintain the work surface parallel to the top of the
surface plate.
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M Figure 19-20 Parallels keep the bottom surface of
the workpiece parallel with the surface plate.

R
S ‘&gi" : &

M Figure 19-21 Lines may be scribed conveniently at
90° with a special V-block. (Kelmar Associates)

V-blocks are used to hold round work for layout and
for inspection. They may be used singly or in pairs. Some
blocks are so constructed that they may be rotated 90° on
their sides without the work having to be removed. This fea-
ture permits laying out lines at 90° on a shaft without chang-
ing the position of the work in the V-block (Fig. 19-21).

Keyseat rules are used to lay out keyseats on shafts
or to draw lines parallel to the axis of the shaft. A solid
keyseat rule resembles two straightedges machined at 90°
to each other (Fig. 19-22a). Keyseat clamps, when at-
tached to a rule or straightedge, will convert it to a keyseat
rule (Fig. 19-22b).
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()

(b)

M Figure 19-22 Keyseat rules are used to scribe lines
parallel to the axis of a cylinder: (a) solid keyseat rules;
(b) keyseat rule and a clamp.



1. State two reasons a layout is necessary.

2. Why should a layout be as simple as possible?

Layout Materials
3. What is the purpose of a layout solution?

4. Name four layout solutions and state one applica-
tion of each.

5. State two methods of preparing the surface of a
casting prior to laying out the workpiece.
Layout Tables and Surface Plates

6. State five reasons granite surface plates are consid-
ered better than cast-iron ones.

7. List five precautions to be observed in the care of
surface plates.
Scribers
8. Why must the point of a scriber always be sharp?

Dividers and Trammels

9. For what purpose are dividers used when laying
out a workpiece?

10. What is the purpose of a trammel?

11. How can a circle be laid out concentric with
a hole?

unit 19 review questions

Hermaphrodite Calipers

12. List two uses for hermaphrodite calipers.

Squares
13. Name two types of squares used in layout work.
14. List four main parts of a combination set.
15. State three uses for the combination square.
16. What is the accuracy of the bevel protractor?

17. For what purpose is the center head used?

Surface Gage
18. Name the three main parts of the surface gage.
19. What is the purpose of the two pins in the base of
the surface gage?
Layout or Prick Punches and Center Punches
20. How may the layout be made “permanent”?
21. What is the purpose of:

a. A prick punch?
b. A center punch?

22. To what angle is each punch ground?

Layout Accessories

23. List four layout accessories and state the purpose
of each.
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Basic or Semiprecision Layout

OBJECTIVES

After completing this unit, you will be able to:
Lay out a workpiece to an accuracy of +.007 in.

Lay out straight lines using the combination
square and surface gage

Lay out hole centers, arcs, and circles

Basic or semiprecision layout requires the use of the
basic tools described in Unit 19. Remember that the

» To Lay Out Hole Locations,
Slots, and Radii

1. Study Fig. 20-1 and select the proper stock.

2. Cut off the stock, allowing enough material to
square the ends if required.

3. Remove all burrs.
4. Clean the surface thoroughly and apply layout dye.

5. Place a suitable angle plate on a surface plate.
Note: Clean both plates (Fig. 20-2).

6. Clamp the work to the angle plate with a finished
edge of the part against the surface plate or on a
parallel. Leave one end of the angle protruding
beyond the workpiece.

7. With the surface gage set to the proper height,
scribe a centerline for the full length of the
workpiece (Fig. 20-3a).
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layout should be kept as simple as possible to save
time and reduce the chance of error. Since the
accuracy of the layout will affect the accuracy of the
finished workpiece, care should be exercised in the
layout procedure.

Although the layout required will naturally not
be the same for each workpiece, certain procedures
should be followed in any layout. The jobs
described in this unit are intended to acquaint the
reader with basic layout procedures.

I
(O

M Figure 20-1 A layout exercise.

8. Using the centerline as a reference, set the
surface gage for each horizontal line and scribe
the center lines for all hole and radii locations
(Fig. 20-3b).

9. With the work still clamped to the angle plate, turn
the angle plate 90° with edge B down and scribe
the baseline at the bottom of the workpiece.
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M Figure 20-2 Place a suitable angle plate on the
clean surface.

(a)

(b)

M Figure 20-3 (a) Centerlines are scribed parallel to
the base; (b) using a surface gage to scribe parallel lines.

10. Using the baseline as a reference line, locate and
scribe the other centerlines for each hole or arc
(Fig. 20-4b).

Note: All measurements for any location must be taken
from the baseline or finished edge.

11. Locate the starting points for the angular layout
(Fig. 20-4a).

12. Remove the workpiece from the angle plate.

13. Carefully prick-punch the center of all hole or radii
locations.

BASELINE
/

+-
A |

(a)

(b)

M Figure 20-4 (a) Centerlines scribed; (b) the angle
plate turned to 90° to scribe vertical lines.

14. Using a divider set as required, scribe all circles
and arcs (Fig. 20-5a, p. 154).

15. Scribe any lines required to connect the arcs or
circles (Fig. 20-6, p. 154).

16. Draw in the angular lines.

» To Lay Out a Casting
Having a Cored Hole

When a casting that requires a hole in it is molded in a
foundry, a core is used to produce the rough hole, which
may have to be machined later. Often the core shifts out of
place and the hole is cast off center, as shown in Fig. 20-7
on p. 154. If the hole must be machined concentric with the
outside of the casting, it may be necessary to lay out the lo-
cation of the hole. Follow this procedure:

1. Grind the scale off the surface to be laid out.

2. Tap a tightly fitting wooden piece into the cast hole
(Fig. 20-7).
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M Figure 20-5 (a) Arcs and circles are scribed;
(b) arcs and circles are scribed with a divider. (Kelmar
Associates)
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M Figure 20-6 Arcs and circles are connected.
(Kelmar Associates)
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M Figure 20-7 Method of centering a hole location on
a casting.  (Kelmar Associates)

Coat the surface to be laid out and the wooden
piece with a solution of slaked lime and alcohol or
layout dye.

With the hermaphrodite calipers, scribe four arcs
as shown, using the outside diameter of the
shoulder as the reference surface.

Using the intersection of these arcs as a center,
scribe a circle of the required diameter on the
casting. The hole should be concentric with the
outside of the casting (Fig. 20-7).

Prick-punch the layout line at about eight equidis-
tant points around the layout circle.

» To Lay Out a Keyseat

in a Shaft

A keyseat is arecessed groove cut in a shaft and into which
a key is fitted to prevent a mating part, such as a pulley or
gear, from turning on the shaft. Laying out a keyseat re-
quires much care, particularly if the mating parts must
maintain a certain relative position. Follow this procedure:

1.

Apply layout dye to the end of the shaft and to the
area where the keyseat is to be laid out.

2. Mount the workpiece in a V-block.

3. Set the surface gage scriber to the center of the

shaft.

Scribe a line across the end and continue it along
the shaft to the keyseat location (Fig. 20-8).

Rotate the workpiece in the V-block and mark the
length and the position of the keyseat on the shaft.

Set the dividers to half the width of the keyseat,
and scribe a circle at each end of the layout
(Fig. 20-8).



|
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[ | Figure 20-8 Keyseat layouts. (Kelmar Associates)

7. Using a keyseat rule and scriber, connect the
circles with a line on either side of the centerline
and tangent to the circles.

Note: If a keyseat rule is not available, the circles may
be connected using the surface gage.

1. Outline the main steps that should be followed in
making a layout consisting of straight lines, slots,
and radii.

2. Name three common tools used to make basic or
semiprecision layouts.

M Figure 20-9 Aligning the keyseat layout in a vise.
(Kelmar Associates)

8. Prick-punch the layout of the keyseat, and cent
punch the centers of the circles.

Ccr-

9. If it is necessary to drill holes at the end of the

keyseat, set up the shaft by aligning the end
layout line in a vertical position with a square
(Fig. 20-9).

3. Describe how to lay out a cored hole concentric

with the outside shoulder of a casting.

4. List the main steps for laying out a keyseat on a

shaft.
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OBJECTIVES

After completing this unit, you will be able to:

Make a precision layout using the vernier height
gage

Use the Woodworth Coordinate Factors and
Angles tables to calculate equidistant hole
locations

Make precision layouts using the sine bar and
gage blocks

The accuracy of the finished workpiece is generally
determined by the accuracy of the layout; therefore,
great care must be used when laying out. To make a
precision layout, a person must be able to read and
understand drawings, select and use the proper
layout tools for the job, and accurately transfer mea-

» The Vernier Height Gage

The vernier height gage may be used to measure or mark
off vertical distances to =.001-in. (0.02-mm) accuracy. The
main parts of the vernier height gage (Fig. 21-2) are the
base, beam, vernier slide, and scriber, which is attached to
the vernier slide when making layouts. Other accessories,
such as a dial indicator or a depth gage attachment, may be
added to the slide for measurement and inspection work.
The graduations on the beam and the vernier slide are the
same as those on a vernier caliper and the readings are made
in the same manner as with a vernier caliper.
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Precision Layout

surements from the drawing to the workpiece. After
completing a layout, check all layout work against
the sizes on the working drawings to make sure that
the layout is accurate. When the layout lines must be
accurate to within .001 in. (0.02 mm), a vernier
height gage may be used (Fig. 21-1).

When hole locations and dimension lines are
made on a layout, they are generally made from two
machined edges called reference surfaces using X
and Y coordinates. Any layout composed of holes,
angles, and lines may be calculated using trigonom-
etry to determine the coordinate measurements.
Once the coordinates have been determined, they
can be used for setting up the workpiece and accu-
rately positioning the holes for machining. Another
method of calculating hole locations is by means of
the Woodworth Coordinate Factors and Angles
tables. See the Appendix of Tables in this book.

TO MAKE A PRECISION LAYOUT
USING A VERNIER HEIGHT GAGE

It is required to lay out the position of five equally spaced
holes on a 5-in. diameter circle located in the center of a
7-in.-square steel plate (Fig. 21-3). Follow this procedure:

1. Refer to the drawing of the required workpiece
(Fig. 21-3).
2. Remove all burrs from the workpiece.

3. Apply layout dye to the surface and mount it on an
angle plate.



M Figure 21-1 A vernier height gage is used when an

accurate layout is required. (The L.S. Starrett Co.)
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M Figure 21-2 The main parts of a vernier height
gage. (The L.S. Starrett Co.)

4. Clean the surface of the layout table, the angle
plate, and the base of the height gage.

5. Mount an offset scriber (Fig. 21-4) on the vernier
slide and clamp it in position.

6. Move the vernier slide and scriber down until the
scriber touches the top of the surface plate.

7. Check the reading on the vernier scale. The zero
mark on the vernier should align exactly with the

Y
\l
X

5 .750-DIAMETER
5 HOLES
EQUALLY
SPACED

X

M Figure 21-3 Layout of five equally spaced holes on
acircle. (Kelmar Associates)
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No454K-18

M Figure 21-4 Offset scribers. (The L.S. Starrett Co.)

zero graduation on the beam. If zero on the vernier
does not coincide with zero on the beam, recheck
the assembly of the scriber and the vernier slide.

8. Refer to the Coordinate Factors and Angles tables
in the appendix for the coordinates for five equidis-
tant holes.
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9. Calculate the location of all five holes as follows:
Hole 1

Horizontal distance from left-hand edge Y

= (diameter of circle X factor for A) + 1.000
= (5 X .024472) + 1.000

=.12236 + 1.000

=1.122

Vertical distance from upper edge X
= (diameter X factor for B) + 1.000

= (5 X .345492) + 1.000 10.
= 1.72746 + 1.000 11.
=2.727

Hole 2 12.

Distance from edge Y
= (5§ X .206107) + 1.000
= 1.030535 + 1.000
= 2.031
Distance from edge X
= (5 X .904508) + 1.000
= 4.52254 + 1.000
= 5.523
Hole 3

13.

14.

Distance from edge Y

= (5 X .793893) + 1.000
= 3.969465 + 1.000

= 4.969

Distance from edge X

Hole 5

Distance from edge Y
= (5 X .5000) + 1.000
= 2.5000 + 1.000

= 3.500

Distance from edge X
= (5 X .000) + 1.000
=.000 + 1.000

= 1.000

Place edge Y on the layout table surface.

Set the height gage to 1.122 and scribe a line by
drawing the scriber across the face of the
workpiece at the location for hole 1.

Set the height gage to each of the following
settings. After each setting is made, scribe the line
for the appropriate hole location (Fig. 21-5).

Hole 2—2.031
Hole 3—4.969
Hole 4—5.878
Hole 5—3.500

Rotate the angle plate and the work 90° and place
edge X on the layout table.

Set the vernier height gage to 2.727.

= (5 X .904508) + 1.000

= 4.52254 + 1.000
=5.523 (same as for hole 2)

Hole 4

4.969
o 3

> 3.500

Distance from edge Y
= (5 X .975528) + 1.000

= 4.87764 + 1.000
= 5.878

Distance from edge X
= (5§ X .345492) + 1.000
= 1.72746 + 1.000

2
2.031

\\ 1
1122 /

Y

=2.727 (same as for hole 1) M Figure 21-5 The horizonal positions of five holes.
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5.523

— 2.727

1.000

X

M Figure 21-6 The vertical distance of each hole.

15.

16.
17.

18.

19.

20.

21.

22,

Scribe the intersecting lines at the centers of holes
1 and 4.

Set the height gage to 5.523.

Scribe the intersecting lines for the centers of holes
2 and 3.

Set the height gage to 1.000 and scribe the inter-
secting line for hole 5 (Fig. 21-6).

Remove the workpiece from the angle plate
and place it on the bench with the layout
surface up.

Using a sharp prick punch and a magnifying glass,
carefully mark the centers of the holes at the inter-
secting lines.

Set the dividers to .375 in. and scribe the five .750
in. circles.

Carefully prick-punch the circumference of each
circle at four equidistant points to ensure the
permanency of the layout (Fig. 21-7).

» To Make a Precision

Layout Using a Sine Bar,
Gage Blocks, and a
Vernier Height Gage

If a more accurate layout is required for hole positions and
angles (Fig. 21-8), it may be done by using a sine bar, gage

M Figure 21-7 Prick-punch marks on the circles
ensure the permanency of the layout.

4.750

~—1.500 —
I

4.750

M Figure 21-8 An accurate layout for precision work.

blocks, and height gage to accurately establish the hole lo-
cations and their X and Y axes. The use of coordinates is
preferred to locate hole centers, since the work can be set
up on a jig borer or vertical mill using these same coordi-
nate measurements to position the holes for machining.

Precision Layout
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M Figure 21-9 The position of hole B is calculated
using trigonometry.

This type of layout example is shown in Fig. 21-9. Follow

this procedure:

1.

160

Check the drawing for the required dimensions
(Fig. 21-8).

. Machine and grind a plate square to size 4.750 in.

X 4.750 in.

Clean the surface of the workpiece and coat it with
layout dye.

Set the work on edge on a surface plate and clamp
it to an angle plate.

Using a vernier height gage, scribe the centerlines
for hole A (Fig. 21-9).

Calculate the position of hole B as follows:
Length of side X

72.375 = cos 30

X = 2.375 cos 30°
= 2.375 X .86603

= 2.0568 in.
Length of side Y
Y .
2375 = sin 30°
Y = 2.375 sin 30°
= 2.375 X .5000
= 1.1875 in.

The position of the center of hole B is then 2.0568
in. to the right of the centerline for hole A and

Layout Tools and Procedures

F 150\

M Figure 21-10 To locate line £G accurately, distance

DE must be known.

(Kelmar Associates)

1.1875 in. above the centerline for hole A. It is
now possible to position the hole using the coordi-
nate method:

The vertical centerline for hole B would then be
located 1.500 + 2.0568 = 3.5568 in. along the X axis.

The horizontal centerline for hole B would be located
3.000 — 1.1875 = 1.8125 in. along the Y axis.

Using a vernier height gage, mark off the center-
line for hole B.

8. Remove the workpiece from the angle plate.

10.

11.

12.

13.

Carefully prick-punch the intersection of the
centerlines of these holes using a sharp punch and
a magnifying glass.

To lay out the 15° angle at the corner of the plate,
calculate the buildup for 15° using a 5-in. sine bar.

Buildup = 5 sin 15°
=5 X .25882
= 1.2941 in.

Place the buildup under one end of a sine bar (on a
surface plate).

Place the workpiece, angled edge up, on a sine bar
and clamp to an angle plate.

Calculate length DF (Fig. 21-10) as follows:

_DF = tan 15°
2.750
= .26795
DF = 26795 X 2.750
= .7368 in.



14. Calculate length DE (Fig. 21-10). To scribe the line 15. Set the scriber on the vernier height gage to the
accurately at 15° as required in Fig. 21-8, it is uppermost corner of the plate (point D).
necessary first to calculate the length of line DE, 16. Lower the scriber .712 in. and scribe line GF. This
since this is the vertical distance below D that the will locate point G at a position 2.000 in. from the
line must be scribed. By previous calculations, it side of the plate, as required in Fig. 21-8.
was determined that DF = .7368 in. In the triangle

DEE, the angle FDE is 15°. 17. Remove the workpiece from the angle plate.
5 18. Lightly prick-punch the layout line using a magni-
oF = cos 15° fying glass and a sharp prick punch.
DE = cos 15° X DF
=.96592 X .737
=.7118
=.712in.
| | |
1. Name three requirements that a machinist must 5. How can the hole centers at intersecting lines be
meet to make a precision layout. accurately marked?
2. List four main parts of a vernier height gage. 6. How can accurate angular lines be laid out?
3. How can the vertical and horizontal distances of 7. Calculate the gage block buildup for setting a sine
equally spaced holes on a circle be calculated from bar to an 18° angle.

the edges of a workpiece?

4. Calculate the vertical and horizontal distances for
three equally spaced holes on a 4-in. diameter
circle located in the center of a 6-in.-square plate.
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HAND TOOLS AND
BENCH WORK

The machine tool trade may be divided into two categories: hand tool and machine tool oper-
ations.

Although this era is looked on as the machine age, the importance of hand tool operations
or bench work should not be overlooked. Bench work includes the operations of laying out, fit-
ting, and assembling. These operations involve sawing, chipping, filing, polishing, scraping,
reaming, and threading. A good machinist should be capable of using all hand tools skillfully.
Effective selection and use of these tools are possible only with continued practice.
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Holding, Striking, and
Assembling Tools

OBJECTIVES

After completing this unit, you will be able to: Hand tools may be divided into two classes: noncut-

ting and cutting. Noncutting tools include vises,
hammers, screwdrivers, wrenches, and pliers, which
are used basically for holding, assembling, or
dismantling parts.

Select various tools used for holding, assem-
bling, or dismantling workpieces

Properly use these tools for holding, assembling,
and dismantling workpieces

» The Bench Vise

The machinist’s, or bench, vise (Fig. 22-1) is used to hold
small work securely for sawing, chipping, filing, polish-
ing, drilling, reaming, and tapping operations. Vises are
mounted close to the edge of the bench; they permit long

work to be held in a vertical position. Vises may be made VISE JAW CAPS
of cast iron or cast steel. Vise size is determined by the
width of the jaws.
A machinist’s vise may be of the solid-base or HARDENED STEEL
swivel-base type. The swivel-base vise (Fig. 22-1) differs HANDLE JAWS
from the solid-base vise because it has a swivel plate at-
tached to the bottom of the vise. This plate allows the vise
to be swung into any circular position. To grip finished
work or soft material, use jaw caps made of brass, alu-
minum, or copper to protect the work surface from being SWIVEL
marred or damaged. =) LOCK
=

» Hammers M Figure 22-1 A swivel-base bench vise can be

Many different types of hammers are used by the machin- rotated to any position. - (Kelmar Associates)

ist, the most common being the ball-peen hammer
(Fig. 22-2). The larger striking surface is called the face,
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M Figure 22-2 A ball-peen hammer. (Stanley Tools
Division of Stanley Works)

and the smaller, rounded end is the peen. Ball-peen ham-
mers are made in a variety of sizes, with head masses
ranging from approximately 2 ounces (0z) to 3 pounds
(Ib) (55 to 1400 g). The smaller sizes are used for layout
work and the larger ones for general work. The peen is
generally used in riveting or peening operations.

Soft-faced hammers (Fig. 22-3a) have heads made
of plastic, rawhide, copper, or lead. These heads are fas-
tened to a steel body and can be replaced when worn.
Soft-faced hammers are used in assembling or disman-
tling parts so the finished surface of the work will not be
marred. Lead hammers are often used to seat the work-
piece properly on parallels when setting up work in a
vise for machining operations. Plastic hammer heads,
which have been filled with lead or steel shot, are grad-
ually replacing the lead hammer, since they do not lose
their shape and last much longer than the lead hammer
heads.

When using a hammer, always grasp it at the end of
the handle to provide better balance and greater striking
force. This grip also tends to keep the hammer face flat
on the work and reduces the chance of damage to the
workface.

The following safety precautions should always be
observed when using a hammer:

1. Be sure that the handle is solid and not cracked
(Fig. 22-3b).
2. See that the head is tight on the handle and secured

with a proper wedge to keep the handle expanded
in the head.

3. Never use a hammer with a greasy handle or when
your hands are greasy.

4. Never strike two hammer faces together. The faces
have been hardened and a metal chip may fly off,
causing an injury.

(b)

M Figure 22-3 (a) A soft-faced hammer; (b) cracked
hammer handles are dangerous to use. (Kelmar Associates)

e

M Figure 22-4 A standard screwdriver.

- —— )

M Figure 22-5 A Phillips screwdriver.

e

» Screwdrivers

Screwdrivers are manufactured in a variety of shapes,
types, and sizes. The two most common types used in a
machine shop are the standard or flat blade (Fig. 22-4) and
the Phillips screwdriver (Fig. 22-5). Both types are manu-
factured in various sizes and styles, such as standard
shank, stubby shank, and offset (Fig. 22-6 on p. 166).
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M Figure 22-6 An offset screwdriver is often used in
confined spaces.

—

M Figure 22-7 The tip of a Phillips screwdriver fits
into the socket in the screw. (Kelmar Associates)

Phillips screwdrivers have a +-shaped tip for use
with Phillips-type recessed screw heads (Fig. 22-7). These
screwdrivers are manufactured in four sizes: #1, #2, #3,
and #4, to suit the various-sized recesses in the heads of
fasteners. Care must be taken to use the proper size screw-
driver. Too small a screwdriver will damage both the tip
and the recess in the screw head. The screwdriver should
be held firmly in the recess and square with the screw.

Blades for smaller standard screwdrivers are gener-
ally made of round stock, and blades for larger ones are of-
ten square, so that a wrench may be applied for leverage.

CARE OF A SCREWDRIVER

1. Choose the correct size of screwdriver for the job.
If too small a screwdriver is used, both the screw
slot and the tip of the screwdriver may become
damaged.

2. Do not use the screwdriver as a pry, chisel, or
wedge.

3. When the tip of a standard screwdriver becomes
worn or broken, it should be redressed to shape
(Fig. 22-8).

REGRINDING A STANDARD
SCREWDRIVER BLADE

When regrinding a screwdriver tip, make the sides of the
blade slightly concave by holding the side of the blade tan-
gential to the periphery of the grinding wheel (Fig. 22-8).
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M Figure 22-8 Regrinding a standard screwdriver
blade. (Kelmar Associates)

Grind an equal amount off each side of the blade. This
shape will enable the blade to maintain a better grip in the
slot. Be sure to retain the original taper, width, and thick-
ness of the tip and grind the end square with the centerline
of the blade.

Note: When grinding, remove a minimum amount of
metal so you do not grind past the hardened zone in the
tip. Quench the tip frequently in cold water so as not to
draw the temper from the blade.

» Wrenches

Many types of wrenches are used in machine shop work,
each suited for a specific purpose. The name of the wrench
is derived from its use, shape, or construction. The fol-
lowing types of wrenches are commonly used in a ma-
chine shop.

Open-end wrenches may be single-ended (Fig. 22-9)
or double-ended (Fig. 22-10). The openings on these
wrenches are usually offset at a 15° angle to permit turning
the nut or bolt head in limited spaces by “flopping” the
wrench.

Double-ended wrenches usually have a different-
size opening at each end to accommodate two different
sizes of bolt heads or nuts. These wrenches are available
in both inch and metric sizes.

M Figure 22-9 A single-ended open-end wrench.



M Figure 22-11 A box-end or 12-point wrench.
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s

M Figure 22-12 A set of socket wrenches.
Associates)

(Kelmar

Box-end 12-point wrenches (Fig. 22-11) completely
surround the nut and are useful in close quarters where
only a small rotation of the nut can be obtained at one
time. The box end has 12 precisely cut notches around the
inside face. These notches fit closely over the points on
the outside of the nut. Because this wrench cannot slip
when the proper size is used, it is preferred over most
other styles of wrenches. These wrenches usually have a
different size at each end and are available in inch and
metric sizes.

Socket wrenches (Fig. 22-12) are similar to box
wrenches because they are usually made with 12 points
and surround the nut. These sockets are also available in
inch and metric sizes. Several types of drives, including
ratchet and torque-wrench handles, are available for the
various sockets. When nuts or bolts must be tightened to
within certain limits to prevent warping, socket
wrenches are used in conjunction with a torque-wrench
handle.

Adjustable wrenches (Fig. 22-13) may be adjusted
to within a certain range to fit several sizes of nuts or bolt
heads. This wrench is particularly useful for odd-size nuts
or when another wrench of the proper size is not available.
Unfortunately, this type of wrench can slip when not prop-
erly adjusted to the flats of the nut. This may result in in-
jury to the operator and damage to the corners of the nut.

M Figure 22-13 The correct method of using an

adjustable wrench. (Kelmar Associates)

\¢

-

M Figure 22-14 An Allen wrench or hex key.
Associates)

(Kelmar

When using an adjustable wrench, it should be tight-
ened securely to the faces of the nut and the turning force
applied in the direction indicated in Fig. 22-13.

Allen setscrew wrenches (Fig. 22-14), commonly
called hex keys, are hexagonal and fit into the recesses of
socket head setscrews. They are made of tool steel and are
available in sets to fit a wide variety of screw sizes. The
indicated size of the wrench is the distance across the flats
of the wrench. Usually this distance is one-half the outside
diameter of the Allen setscrew in which it is used. These
wrenches are available in both inch and metric sizes.

Pin spanner wrenches are specialized wrenches
generally supplied by the machine tool manufacturer for
use on specific machines. They are supplied in various
types. Fixed-face spanners and adjustable-face spanners
(Fig. 22-15a on p. 168) are positioned in two holes on the
face of a special nut or threaded fitting on a machine.

A hook-pin spanner (Fig. 22-15b) is used on the cir-
cumference of a round nut. The pin of the spanner fits into
a hole in the periphery of the nut.
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M Figure 22-15 (a) A pin spanner wrench; (b) a hook-
pin spanner wrench. (Bahco North America)

HINTS ON USING WRENCHES

1. Always select a wrench that fits the nut or bolt
properly. A wrench that is too large may slip off
the nut and cause an accident.

2. Whenever possible, pull rather than push on a
wrench to avoid injury if the wrench should slip.

3. Always be sure that the nut is fully seated in the
wrench jaw.

4. Use a wrench in the same plane as the nut or
bolt head.

5. When tightening or loosening a nut, give it a
sharp, quick jerk, which is more effective than
a steady pull.

6. Put a drop of oil on the threads when assembling a
bolt and nut to ensure easier removal later.

» Pliers

Pliers are useful for gripping and holding small parts for
certain machining operations (such as drilling small
holes) or when assembling parts. Pliers are made in many
types and sizes and are named by their shape, their func-
tion, or their construction. The following types of pliers
are commonly used in a machine shop.

Combination or slip-joint pliers (Fig. 22-16) are ad-
justable, to grip both large and small workpieces. They
may be used to grip certain work when small holes must
be drilled or for bending or twisting light, thin materials.

Side-cutting pliers (Fig. 22-17) are used mainly for
cutting, gripping, and bending of small-diameter (4 in. or
less) rods or wire.
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M Figure 22-17 Side-cutting pliers.

M Figure 22-19 Diagonal cutters.

Needle-nose pliers (Fig. 22-18) are available in both
straight- and bent-nose types. They are useful for holding
very small parts, positioning them in hard-to-get-at
places, and bending or forming wire.

Diagonal cutters (Fig. 22-19) are used solely for
cutting wire and small pieces of soft metal.

Vise-grip pliers (Fig. 22-20) provide extremely high
gripping power because of the adjustable lever action. The
screw in the handle allows adjustment to various sizes.
This type of plier is available in several different styles,
such as standard jaws, needle jaws, and C-clamp jaws.



M Figure 22-20 vise-grip pliers.

Bench Vise

1. What is the advantage of the swivel-base vise over
the solid-base vise?

2. How may finished work be held in a vise without
the surface being marred or damaged?
Hammers

3. Describe the most common hammer used by a
machinist.

4. For what purpose are soft-faced hammers used?
5. State three safety rules that should be observed
when using a hammer.
Screwdrivers

6. List three important ways to take care of a screw-
driver.

7. Explain the procedure for regrinding the tip of a
screwdriver blade.

8. List two precautions that should be observed in
using a Phillips screwdriver.

HINTS ON USING PLIERS

The following points should be observed if pliers are to
give the proper service.

1. Never use a plier instead of a wrench.

2. Never attempt to cut large-diameter or heat-treated
material with pliers. This may cause the jaws to
distort or the handle to break.

3. Always keep pliers clean and lubricated.

| |
Wrenches
9. Why are open-end wrenches offset about 15° to the
handle?

10. Why is a properly sized box wrench preferred to
other types of wrenches?

11. What advantage does a socket wrench have over a
box wrench?

12. What precaution should be observed when using
an adjustable wrench?

13. What will happen if excess pressure is applied to
an adjustable wrench or pressure is applied on the
wrong jaw?

14. What is the cross-sectional shape of an Allen wrench
and for what purpose is an Allen wrench used?

15. Where is a hook-pin spanner used?

16. State four useful hints for using any wrench.

Pliers
17. Name four types of pliers and state one use for each.

18. What advantage do vise grips have over other types
of pliers?
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OBJECTIVES

After completing this unit, you will be able to:

Select and use the proper hacksaw blade for
sawing a variety of materials

Select and use a variety of files to perform
various filing operations

Identify and know the purpose of rotary files,
ground burrs, and scrapers

» Sawing, Filing, and
Scraping

Hacksaws, files, and scrapers are very common tools in
the machine shop and often the most incorrectly used and
abused. The proper use of these tools will not come im-
mediately. It is only through practice that the student or
apprentice will become proficient in their use.

» Hand Hacksaw

The pistol-grip hand hacksaw (Fig. 23-1) is composed of
three main parts: the frame, the handle, and the blade. The
frame can be either solid or adjustable. The solid frame is
more rigid and will accommodate blades of only one spe-
cific length. The adjustable frame is more commonly used
and will take blades which range from 10 to 12 in. (250 to
300 mm) long. A wing nut at the back of the frame pro-
vides adjustment for blade tensioning.
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Hand-Type Cutting Tools

Although most metal cutting can be done more
easily, quickly, and accurately on a machine, it is
often necessary to perform certain metal-cutting
operations at a bench or on a job. Such operations
include sawing, filing, scraping, reaming, and
tapping. It is therefore important that the prospective
machinist knows how to use hand-type cutting tools

properly.

HANDLE

ADJUSTABLE FRAME

- = Ve ';”_"J..‘."."lj'. Nolsh
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PRONGS
5 BLADE Hile

WING NUT

M Figure 23-1 Parts of a hand hacksaw.
Starrett Co.)

(The L.S.

Hacksaw blades are made of high-speed molybde-
num or tungsten-alloy steel that has been hardened and
tempered. There are two types: the solid, or all-hard, blade
and the flexible blade. Solid blades are hardened through-
out and are very brittle. They break easily if not used prop-
erly. Only the teeth of the flexible blade are hardened,
while the back of the blade is soft and flexible. Although
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M Figure 23-2 Selection of the proper blade pitch is very important.

this type of blade will stand more abuse than the all-hard
blade, it will not last as long in general use.

Solid blades are used on brass, tool steel, cast iron,
and larger sections of mild steel, since they do not run out
of line when pressure is applied. Flexible blades may be
used on channel iron, tubing, copper, and aluminum,
since they do not break as easily on material with thin
Ccross sections.

Blades are manufactured in various pitches (number
of teeth per inch), such as 14, 18, 24, and 32. The pitch is
the most important factor to consider when selecting the
proper blade for a job. An 18-tooth blade (18 teeth per
inch) is recommended for general use. When selecting a
blade, choose as coarse a blade as possible to provide
plenty of chip clearance and to cut through the work as
quickly as possible. The blade selected should have at
least two teeth in contact with the work at all times. This
will prevent the work from jamming between the teeth
and stripping the teeth from the blade. Fig. 23-2 provides
a guide for proper blade selection.

TO USE THE HAND HACKSAW

1. Check to make sure that the blade is of the proper
pitch for the job and that the teeth point away from
the handle.

2. Adjust the blade tension so that the blade cannot
flex or bend.

3. Mount the stock in the vise so that the cut will be
about .250 in. (6 mm) from the vise jaws.

4. Grasp the hacksaw as shown in Fig. 23-3 on
p. 172. Assume a comfortable stance, standing
erect with the left foot slightly ahead of the
right foot.

5. Start the saw cut just outside and parallel to a
previously scribed line.

Note: File a V-shaped nick at the starting point to help
start the saw blade at the right spot.

6. After the cut has started, apply pressure only on
the forward stroke. Use about 50 strokes per
minute.

7. When cutting thin material, hold the saw at an
angle to have at least two teeth in contact with the
work at all times. Thin work is often clamped
between two pieces of wood, and the cut is made
through all pieces (Fig. 23-3).

8. When nearing the end of the cut, slow down
to control the saw as it breaks through the
material.

Note: If a saw blade breaks or becomes dull in a partly
finished cut, replace the blade and rotate the work one-
half turn so that the old cut is at the bottom. A new blade
will bind in an old cut and the “set” of the new teeth will
be ruined quickly.
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M Figure 23-3 The correct method of holding a
hacksaw. (Kelmar Associates)
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M Figure 23-4 The main parts of a file. (Kelmar
Associates)

» Files

A file is a hand cutting tool made of high-carbon steel,
having a series of teeth cut on its body by parallel chisel
cuts. The parts of a file are shown in Fig. 23-4. Files are
used to remove surplus metal and to produce finished sur-
faces. Files are manufactured in a variety of types and
shapes, each for a specific purpose. They may be divided
into two classes: single-cut and double-cut (Fig. 23-5).

Single-cut files have a single row of parallel teeth
running diagonally across the face. They include mill,
long-angle lathe, and saw files. Single-cut files are used
when a smooth finish is desired or when hard materials are
to be finished.

Double-cut files have two intersecting rows of teeth.
The first row is usually coarser and is called the overcut.
The other row is called the upcut. These intersecting rows
produce hundreds of cutting teeth, which provide for fast
removal of metal and easy clearing of chips.

DEGREES OF COARSENESS

Both single- and double-cut files are manufactured in var-
ious degrees of coarseness, such as rough, coarse, bas-
tard, second-cut, smooth, and dead smooth. Those most
commonly used by the machinist are the bastard, second
cut, and smooth (Fig. 23-5).
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M Figure 23-5 File classification.  (Delta File Works)

MACHINIST FILES

The types of files most commonly used by machinists are
the flat, hand, round, half-round, square, pillar, three-
quarter (triangular), warding, and knife (Fig. 23-6).

Care of Files

Because files are relatively inexpensive hand tools, they
are often abused. Proper care, selection, and use are
most important if good results are to be obtained with
files. The following points should be observed in the
care of files.

1. Do not store files where they will rub together.
Hang or store them separately.

2. Never use a file as a pry or a hammer. Since the
file is hard, it snaps easily, often causing small
pieces to fly that may result in a serious eye injury.

3. Do not knock a file on a vise or other metallic
object to clean it. Always use a file card or brush
for this purpose (Fig. 23-7).

4. Apply pressure only on the forward stroke when
filing. Pressure on the return stroke will dull the file.
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M Figure 23-6 Cross-sectional views of machinists’
files. (Kelmar Associates)

M Figure 23-7 Cleaning a file with a file brush.
(Kelmar Associates)

5. Do not press too hard on a new file. Too much
pressure tends to break off the cutting edges and
shorten the life of the file.

6. Too much pressure also results in “pinning” (small
particles being wedged between the teeth), which
causes scratches on the surface of the work. Keep
the file clean. A piece of brass, copper, or wood
pushed through the teeth will remove the “pins.”
Applying chalk to the face of the file will lessen the
tendency for the file to become clogged (“pinned”).

FILING PRACTICE

Filing is an important hand operation and one that can be
mastered only through patience and practice. The follow-
ing points should be observed when cross-filing:

1. Never use a file without a handle.
Ignoring this rule is a dangerous
practice. Serious hand injury may result,
should the file slip.

M Figure 23-8 Always hold a file level when filing.
(Kelmar Associates)

M Figure 23-9 Cross-filing will show any high spots on
the workpiece surface. (Kelmar Associates)

2. Fasten the work to be filed, at about elbow height,
in a vise.

3. To produce a flat surface, hold the right hand, right
forearm, and left hand in a horizontal plane
(Fig. 23-8). Push the file across the work face in a
straight line and do not rock the file.

4. Apply pressure only on the forward stroke.

5. Never rub the fingers or hand across a surface
being filed. Grease or oil from the hand causes the
file to slide over instead of cutting the work. Oil
will also clog the file.

6. Keep the file clean by using a file card frequently.

For rough filing, use a double-cut file and cross the
stroke at regular intervals to help keep the surface flat and
straight (Fig. 23-9). When finishing, use a single-cut file
and take shorter strokes to keep the file flat.

Test the work for flatness occasionally by laying the
edge of a steel rule across its surface. Use a steel square to
test the squareness of one surface to another.
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DRAW FILING

Draw filing is used to produce a smooth, flat surface on
the workpiece. This method of filing removes file marks
and scratches left by cross-filing.

Note: When draw filing, hold the file as shown in
Fig. 23-10 and move the file back and forth along the
length of the work.

POLISHING

After a surface has been filed, it may be finished with
abrasive cloth to remove small scratches left by the
file. This may be done with a piece of abrasive cloth

M Figure 23-10 Draw filing is used to produce a flat,
smooth surface. (Kelmar Associates)

held under the file, which is moved back and forth
along the work.

SPECIAL FILES

Long-angle lathe files are used for filing on a lathe be-
cause they provide a better shearing action than mill files.
The long angle of the teeth tends to clean the file, helps
eliminate chatter, and reduces the possibility of tearing
the metal.

Aluminum files are designed for soft, ductile metals,
such as aluminum and white metal, because regular files
tend to clog quickly when used on this type of material.
The modified tooth construction on aluminum files tends
to reduce clogging. The upcut tooth is deep, and the over-
cut is fine. This produces small scallops on the upcut,
which breaks up the chips and permits them to clear
more easily.

Brass files have a small upcut angle and a fine, long-
angle overcut, which produces small, easily cleared chips.
The almost straight upcut prevents grooving the surface of
the work.

Shear tooth files combine a long angle and a single-
cut coarse tooth for filing materials such as brass, alu-
minum, copper, plastics, and hard rubber.

PRECISION FILES

Precision files include swiss pattern, needle, and riffler
files. Swiss pattern and needle files (Fig. 23-11) are small
files with fine tooth cuts and round integral handles. They
are made in several shapes and are generally used in tool
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M Figure 23-11 Needle files are used for intricate work. (Nicholson File Co. Ltd.)
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M Figure 23-12 The broken-line teeth of rotary files
tend to dissipate heat quickly. (Nicholson File Co. Ltd.)

M Figure 23-13 Ground burrs are used on nonferrous
metals. (Nicholson File Co. Ltd.)

and die shops for finishing delicate and intricate pieces.
Die sinker rifflers are curved up at the ends to permit fil-
ing the bottom surface of a die cavity.

ROTARY FILES AND BURRS

The increased use of portable electric and pneumatic
power tools has developed the widespread application of
rotary files and burrs. The wide range of shapes and sizes
available makes these tools particularly suitable for metal
pattern making and die sinking.

Rotary file teeth (Fig. 23-12) are cut and form bro-
ken lines in contrast to the unbroken flutes of the ground
burr (Fig. 23-13). The teeth of the rotary file tend to dissi-
pate the heat of friction, making this tool particularly use-
ful for work on tough die steels, forgings, and scaly
surfaces.

Ground burrs (Fig. 23-13) may be made of high-
speed steel or carbide. The flutes of a burr are generally
machine ground to a master burr to ensure uniformity of
tooth shape and size. Ground high-speed burrs are used
more efficiently on nonferrous metals, such as aluminum,
brass, bronze, and magnesium, since they have better chip
clearance than rotary files.

Carbide burrs may be used on hard or soft materials
with good results and will last up to 100 times longer than
a high-speed steel burr.

USING HIGH-SPEED STEEL ROTARY
FILES AND BURRS

For best results, rotary files or burrs should be used in the
following manner:

1. Move the file or burr at an even rate to produce a
smooth surface. An uneven rate of pressure
produces surfaces with ridges and hollows.

2. Use the proper speed for the burr diameter or file,
as recommended by the manufacturer.

3. Use only sharp burrs or files.

4. For more accurate control of the burr or file, grip
the grinder as close as possible to its end.

5. Medium-cut burrs and files generally provide satis-
factory metal removal and finish for most jobs. If
greater stock removal is required, use a coarse burr
or file. For an extra-smooth finish, use a fine burr
or file.

» Scrapers

When a truer surface is required than can be produced by
machining, the surface may be finished by scraping. How-
ever, this is a long and tedious process. Most bearing sur-
faces (flat and curved) are now finished by grinding,
honing, or broaching.

Scraping is a process of removing small amounts of
metal from specific areas to produce an accurate bearing
surface. It is used to produce flat surfaces or in fitting
brass and babbitt bearings to shafts.

Scrapers are made in various shapes, depending on
the surface to be scraped (Fig. 23-14). They are generally
made of high-grade tool steel, hardened and tempered.
Carbide-tipped scrapers are very popular because they
maintain the cutting edge longer than other types.

M Figure 23-14 A set of hand scrapers.
Associates)

(Kelmar
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Hand Hacksaw 6. List four important aspects of file care.
1 Compare the flexible blade and the solid, or all- 7. How can pinning of a file be kept to a minimum?

hard, hacksaw blade. 8. Describe and state the purpose of:

2. What pitch hacksaw blade should be selected to cut: a. Long-angle lathe files
a. Tool steel? b. Aluminum files
b. Thin-wall tubing? c. Shear tooth files
c. Angle iron and copper? 9. Describe and state the purpose of:

3. What procedure is recommended if a saw blade a. Swiss pattern files
breaks or becomes dull in a partially finished cut? b. Die sinker rifflers

Files 10. Compare rotary files and ground burrs.

4. Describe and state the purpose of: 11. List three important considerations in the use of

rotary files or ground burrs.
a. Single-cut files b. Double-cut files

5. Name the most commonly used degrees of coarse-
ness in which files are manufactured.
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Thread-Cutting Tools
and Procedures

OBJECTIVES

After completing this unit, you will be able to:

Calculate the tap drill size for inch and
metric taps

Cut internal threads using a variety of taps

Know the methods used to remove broken taps
from a hole

» Hand Taps

Taps are cutting tools used to cut internal threads. They are
made from high quality tool steel, hardened and ground.
Two, three, or four flutes are cut lengthwise across the
threads to form cutting edges, provide room for the chips,
and admit cutting fluid to lubricate the tap. The end of the
shank is square so that a tap wrench (Fig. 24-1a and b) can
be used to turn the tap into a hole. For inch taps, the major
diameter, number of threads per inch, and type of thread are
usually found stamped on the shank of a tap. For example,
% in.—13 UNC represents:

% in. = major diameter of the tap
13 = number of threads per inch
UNC = Unified National Coarse (a type of thread)

Hand taps are usually made in sets of three: taper,
plug, and bottoming taps (Fig. 24-2a on p. 178).

A taper tap is tapered from the end approximately
six threads and is used to start a thread easily. It can be
used for tapping a hole that goes through the work, as well
as for starting a blind hole (one that does not go all the way
through).

Cut external threads using a variety of dies

Threads may be cut internally using a tap and exter-
nally using a die. The proper selection and use of
these threading tools are an important part of
machine shop work.

(b)

M Figure 24-1 (a) A T-handle tap wrench; (b) a
double-ended adjustable tap wrench. (Kelmar Associates)

A plug tap is tapered for approximately three
threads. Sometimes the plug tap is the only tap used to
thread a hole going through a workpiece.

A bottoming tap is not tapered but chamfered at the end
for one thread. It is used for threading to the bottom of a blind
hole. When tapping a blind hole, first use the taper tap, then
the plug tap, and complete the hole with a bottoming tap.
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TAPER PLUG BOTTOMING

(a)

(b)

M Figure 24-2 (a) A set of hand taps  (F. B. Tools,
Inc.); (b) taps may be identified by an annular ring on the
shank. (Kennametal Industrial Products Group)

Taps may also be identified by an annular ring or rings
cut around the shank of the tap. One ring around the shank
indicates that it is a taper tap, two rings indicate a plug tap,
and three rings indicate a bottoming tap (Fig. 24-2b).

TAP DRILL SIZE

Before a tap is used, the hole must be drilled to the correct
tap drill size (Fig. 24-3). This is the drill size that would
leave the proper amount of material in the hole for a tap to
cut a thread. The tap drill is always smaller than the tap
and leaves enough material in the hole for the tap to pro-
duce 75% of a full thread.

When a chart is not available, the tap drill size for
any American, National, or Unified thread can be found
easily by applying this simple formula:

1
TDS =D — —
N

178 Hand Tools and Bench Work

7

M Figure 24-3 Cross section of a tapped hole:
A = body size; B = tap drill size; C = minor diameter.
(Kelmar Associates)

where TDS = tap drill size
D = major diameter of tap
N = number of threads per inch
EXAMPLE

Find the tap drill size for a %-in.—9 NC tap.

TDS =% — %
= .875 — .111
= .764 in.

The nearest drill size to .764 in. is .765 in. (*%).
Therefore, “%: in. is the tap drill size for a %-in.—9 NC tap.

METRIC TAPS

Although there are several thread forms and standards
in the metric thread system, the International Standards
Organization (ISO) has adopted a standard metric thread,
which will be used in the United States, Canada, and
many other countries throughout the world. This new
series will have only 25 thread sizes, ranging from 1.6
to 100 mm diameter. See Table 6 in the appendix for the
size and pitch of the threads in this series. Also see Unit
55 for the thread form and dimensions of the ISO met-
ric thread.

Like inch taps, metric taps are available in sets of
three: taper, plug, and bottoming taps. They are identified
by the letter M, followed by the nominal diameter of the



thread in millimeters times the pitch in millimeters. Thus,
a tap with the markings M 4—a0.7 indicates:

M—a metric thread

4—the nominal diameter of the thread in
millimeters

(0.7—the pitch of the thread in millimeters

TAP DRILL SIZES FOR METRIC TAPS

The tap drill size for metric taps is calculated in the same
manner as for U.S. Standard threads.

TDS = major diameter (mm) — pitch (mm)

EXAMPLE

Find the tap drill size for a 22 — 2.5 mm thread.

TDS =22 - 25
= 19.5 mm

TAPPING A HOLE

Tapping is the operation of cutting an internal thread us-
ing a tap and tap wrench. Because taps are hard and brit-
tle, they are easily broken. Extreme care must be used
when tapping a hole to prevent breakage. A broken tap in
a hole is difficult to remove and often results in scrapping
the work.

To Tap a Hole by Hand

1. Select the correct taps and tap wrench for the job.

2. Apply a suitable cutting fluid to the tap.

Note: No cutting fluid is required for tapping brass or
cast iron.

3. Place the tap in the hole as vertically as possible;
press downward on the wrench, applying equal
pressure on both handles; and turn clockwise (for
right-hand thread) for about two turns.

4. Remove the tap wrench and check the tap for
squareness.

Note: Check at two positions at 90° to each other
(Fig. 24-4).

5. If the tap has not entered squarely, remove it from
the hole and restart it by applying pressure in the
direction from which the tap leans. Be careful not

M Figure 24-4 Checking a tap for squareness while
holding the workpiece in a vise. (Kelmar Associates)

to exert too much pressure in the straightening
process.

6. When a tap has been properly started, feed it into
the hole by turning the tap wrench.

7. Turn the tap clockwise one-quarter turn, and then
turn it backward about one-half turn to break the
chip. Turning must be done with a steady motion
to prevent the tap from breaking.

Note: When tapping blind holes, use all three taps in or-
der: taper, plug, and then the bottoming tap. Before using
the bottoming tap, remove all the chips from the hole and
be careful not to hit the bottom of the hole with the tap.

REMOVING BROKEN TAPS

If extreme care is not used when cutting a thread, particu-
larly in a blind hole, the tap may break in the hole and con-
siderable work will be required to remove it. In some
cases, it may not be possible to remove it, and another
piece of work must be started.

Several methods may be used to remove a broken
tap; some may be successful, others may not.

Tap Extractor

The tap extractor (Fig. 24-5 on p. 180) is a tool that has
four fingers that slip into the flutes of a broken tap. It is
adjustable in order to support the fingers close to the bro-
ken tap, even when the broken end is below the surface of
the work. A wrench is fitted to the extractor and turned
counterclockwise to remove a right-hand tap. Tap extrac-
tors are made to fit all sizes of taps.
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M Figure 24-5 A tap extractor being used to remove a
broken tap. (Kelmar Associates)

To Remove a Broken Tap Using a Tap Extractor
1. Select the proper extractor for the tap to be removed.

2. Slide collar A, to which the fingers are attached,
down body B so that the fingers project well below
the end of the body (Fig. 24-5).

3. Slide the fingers into the flutes of the broken tap,
making sure they go down into the hole as far as
possible.

4. Slide the body down until it rests on top of the
broken tap. This will give the maximum support to
the fingers.

5. Slide collar C down until it rests on top of the
work. This also provides support for the fingers.

6. Apply a wrench to the square section on the top of
the body.

7. Turn the wrench gently in a counterclockwise
direction.

Note: Do not force the extractor because this will damage
the fingers. It may be necessary to turn the wrench back
and forth carefully to free the tap sufficiently to back it out.

Drilling

If the broken tap is made of carbon steel, it may be possi-
ble to drill it out. Follow this procedure:

1. Heat the broken tap to a bright red color and allow
it to cool slowly.
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2. Center-punch the tap as close to the center as
possible.

3. Using a drill considerably smaller than the distance
between opposite flutes, proceed carefully to drill a
hole through the broken tap.

4. Enlarge this hole to remove as much of the metal
between the flutes as possible.

5. Collapse the remaining part with a punch and
remove the pieces.

Acid Method

If the broken tap is made of high-speed steel and cannot
be removed with a tap extractor, it is sometimes possible
to remove it by the acid method. Follow this procedure:

1. Dilute one part nitric acid with five parts water.

2. Inject this mixture into the hole. The acid will act
on the steel and loosen the tap.

3. Remove the tap with an extractor or a pair of pliers.

4. Wash the remaining acid from the thread with
water so that the acid will not continue to act on
the threads.

Tap Disintegrators

Taps may sometimes be removed successfully by a tap dis-
integrator, which may be held in the spindle of a drill press.
The disintegrator uses the electrical discharge principle to
cut its way through the tap, using a hollow brass tube as an
electrode. Taps may also be removed using the same method
on any electrical discharge machine (see Unit 92).

» Threading Dies

Threading dies are used to cut external threads on round
work. The most common threading dies are the solid, the
adjustable split, and the adjustable screw plate die.

The solid die (Fig. 24-6) is used for chasing or re-
cutting damaged threads and may be driven by a suitable
wrench. It is not adjustable.

The adjustable split die (Fig. 24-7) has an adjusting
screw that permits an adjustment over or under the stan-
dard depth of thread. This type of die fits into a die stock
(Fig. 24-8).

The adjustable screw plate die (Fig. 24-9) is probably
a more efficient die, since it provides for greater adjustment
than the split die. Two die halves are held securely in a col-
let by means of a threaded plate, which also acts as a guide
when threading. The plate, when tightened into the collet,
forces the die halves with tapered sides into the tapered slot
of the collet. Adjustment is provided by means of two ad-
justing screws that bear against each die half. The threaded
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M Figure 24-6 A solid die nut.

M Figure 24-7 An adjustable, round split die.
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M Figure 24-9 An adjustable screw plate die.

M Figure 24-8 A die stock is used to turn the die onto the workpiece.

section at the bottom of each die half is tapered to provide
for easy starting of the die. Note that the upper side of each
die half is stamped with the manufacturer’s name, and the
lower side of each is stamped with the same serial number.
Care should be taken in assembling the die to make sure that
both serial numbers are facing down. Never use two die
halves with different serial numbers.

TO THREAD WITH A HAND DIE

1. Chamfer the end of the workpiece with a file or on
a grinder.

2. Fasten the work securely in a vise.
3. Select the proper die and die stock.

4. Lubricate the tapered end of the die with a suitable
cutting lubricant.

5. Place the tapered end of the die squarely on the
workpiece (Fig. 24-10).

6. Press down on the die stock handles and turn
clockwise several turns.

7. Check the die to see that it has started squarely
with the work.

8. If it is not square, remove the die from the work
and restart it squarely.

9. Turn the die forward one turn and then reverse it
approximately one-half turn to break the chip.

EQUAL DOWN PRESSURE

M Figure 24-10 Start the tapered end of the die on
the work.  (Kelmar Associates)

10. During the threading process, apply cutting fluid
frequently.

g CAUTION When cutting a long thread, keep
. the arms and hands clear of the sharp threads
— coming through the die.

If the thread must be cut to a shoulder, remove the
die and restart it with the tapered side of the die facing up.
Complete the thread, being careful not to hit the shoulder;
otherwise, the work may be bent and the die broken.
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Hand Taps

1.

182

Name, describe, and state the purpose of the three
taps in a set.

Define tap drill size.

. Use the formula and calculate the tap drill size for:

a. %4 in.—13 UNC tap b. M 42—4.5 mm tap

Why should care be used when a hole is being
tapped?

Explain the procedure for correcting a tap that has
not started squarely.

Hand Tools and Bench Work

. Briefly outline the procedure for tapping a

blind hole.

. Briefly explain the method of removing a broken

tap using a tap extractor.

Threading Dies

8.
9.

10.
11.

For what purpose are threading dies used?

State the purpose of the adjustable split die and the
solid die.

Explain the procedure for starting a die on the work.

What procedure should be followed when it is
necessary to cut a thread to a shoulder?
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Finishing Processes—Reaming,
Broaching, and Lapping

OBJECTIVES

After completing this unit, you will be able to:

Identify and explain the purpose of several types
of hand reamers

Ream a hole accurately with a hand reamer

Cut a keyway in a workpiece using a broach and
arbor press

Lap a hole or an external diameter of a workpiece
to size and finish

Hand cutting tools are generally used to remove only
small amounts of metal and are designed to do
specific operations.

» Hand Reamers

A hand reamer is a tool used to finish drilled holes accu-
rately and provide a good finish. Reaming is generally
performed by machine, but there are times when a hand
reamer must be used to finish a hole. Hand reamers, when
used properly, will produce holes accurate to size, shape,
and finish.

TYPES OF HAND REAMERS

The solid hand reamer (Fig. 25-1) may be made of carbon
steel or high-speed steel. These straight reamers are avail-
able in inch sizes from .125 to 1.500 in. in diameter and in
metric sizes from 1 to 26 mm in diameter. For easy start-

Reamers, available in a wide variety of types
and sizes, are used to bring a hole to size and
produce a good finish.

Broaches, when used in a machine shop, are
generally used with an arbor press to produce
special shapes in the workpiece. The broach, which
is @ multi-tooth cutting tool of the exact shape and
size desired, is forced through a hole in the
workpiece to reproduce its shape in the metal.

Lapping is a process whereby very fine
abrasive powder, embedded in a proper tool, is used
to remove minute amounts of material from a
surface.

M Figure 25-1 A solid hand reamer.  (Kennametal Inc.)

ing, the cutting end of the reamer is ground to a slight ta-
per for a distance equal to the diameter of the reamer.
Solid reamers are not adjustable and may have straight or
helical flutes. Straight-fluted reamers should not be used
on work with a keyway or any other interruption, since
chatter and poor finish will result. Since hand reamers are
designed to remove only small amounts of metal, no more
than .005 in., or 0.12 mm, should be left for reaming, de-
pending on the diameter of the hole. A square on the end
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M Figure 25-2 An expansion hand reamer.
(Kennametal Inc.)

M Figure 25-3 An adjustable hand reamer.
(Kennametal Inc.)

of the shank provides the means of driving the reamer
with a tap wrench.

The expansion hand reamer (Fig. 25-2) is designed
to permit an adjustment of approximately .006 in.
(0.15 mm) above the nominal diameter. The reamer is
made hollow and has slots along the length of the cutting
section. A tapered threaded plug fitted into the end of the
reamer provides for limited expansion. If the reamer is ex-
panded too much, it will break easily. For inch expansion
hand reamers, the limit of adjustment is .006 in. over the
nominal size on reamers up to .500 in. and about .015 in.
on reamers over .500 in. Metric expansion hand reamers
are available in sizes from 4 to 25 mm. The maximum
amount of expansion on these reamers is 1% over the
nominal size. For example, a 10-mm diameter reamer can
be expanded to 10.01 mm (10 + 1%). The cutting end of
the reamer is ground to a slight taper for easy starting.

The adjustable hand reamer (Fig. 25-3) has tapered
slots along the entire length of the body. The inner edges
of the cutting blades have a corresponding taper so that the
blades remain parallel for any setting. The blades are ad-
justed to size by upper and lower adjusting nuts.

The blades on inch adjustable hand reamers have an
adjustment range of /4 in. on the smaller reamers to al-
most %s in. on the larger ones. They are manufactured in
sizes / to 3 in. in diameter. Metric adjustable hand ream-
ers are available in sizes from #000 (adjustable from 6.4
to 7.2 mm) to #16 (adjustable from 80 to 95 mm).

Taper reamers are made to standard tapers and are
used to finish tapered holes accurately and smoothly.
They may be made with either spiral or straight teeth. Be-
cause of its shearing action and its tendency to reduce
chatter, the spiral-fluted reamer is superior to the straight
one. A roughing reamer (Fig. 25-4), with nicks ground at
intervals along the teeth, is used for more rapid removal of
surplus metal. These nicks or grooves break up the chips
into smaller sections; they prevent the tooth from cutting
and overloading along its entire length. When a roughing
reamer is not available, an old taper reamer is often used
before finishing the hole with a finishing reamer.

The finishing taper reamer (Fig. 25-5) is used after the
roughing reamer to finish the hole smoothly and to size. This
reamer, which has either straight or left-hand spiral flutes, is
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M Figure 25-4 A roughing taper reamer.  (Whitman
and Barnes)

M Figure 25-5 A finishing taper reamer.  (Whitman
and Barnes)

designed to remove only a small amount of metal [about
.010 in. (0.25 mm)] from the hole. Since taper reamers do
not clear themselves readily, they should be removed fre-
quently from the hole and the chips cleared from their flutes.

REAMING PRECAUTIONS

1. Never turn a reamer backward (counterclockwise)
because it will dull the cutting teeth.

2. Use a cutting lubricant where required.

3. Always use a helical-fluted reamer in a hole that
has a keyway or an oil groove cut in it.

4. Never attempt to remove too much material with a
hand reamer; about .010 in. (0.25 mm) is the
maximum.

5. Frequently clear a taper reamer (and the hole) of
chips.

TO REAM A HOLE WITH A STRAIGHT
HAND REAMER

1. Check the size of the drilled hole. It should be
between .004 and .005 in. (0.10 and 0.12 mm)
smaller than the finished hole size.

2. Place the end of the reamer in the hole and place
the tap wrench on the square end of the reamer.

3. Rotate the reamer clockwise to allow it to align
itself with the hole (Fig. 25-6).

4. Check the reamer for squareness with the work by
testing it with a square at several points on the
circumference.

5. Brush cutting fluid over the end of the reamer if
required.

6. Rotate the reamer slowly in a clockwise direction
and apply downward pressure. Feed should be
fairly rapid and steady to prevent the reamer from
chattering.



EQUAL P‘ESSU;!E

M Figure 25-6 Turn the reamer clockwise when
starting it in a hole.  (Kelmar Associates)

Note: The rate of feed should be about one-quarter the di-
ameter of the reamer for each turn.

» Broaching

Broaching is a process in which a special tapered multi-
toothed cutter is forced through an opening or along the
outside of a piece of work to enlarge or change the shape
of the hole or to form the outside to a desired shape.

Broaching was first used for producing internal
shapes, such as keyways, splines, and other odd internal
shapes (Fig. 25-7). Its application has been extended to
exterior surfaces, such as the flat face on automotive en-
gine blocks and cylinder heads. Most broaching is now
performed on special machines that either pull or push the
broach through or along the material. Hand broaches are
used in the machine shop for operations such as keyway
cutting.

The cutting action of a broach is performed by a se-
ries of successive teeth, each protruding about .003 in.
(0.07 mm) farther than the preceding tooth (Fig. 25-8).

M Figure 25-7 Examples of internal broaching.

M Figure 25-8 The cutting action of a broach.

The last three teeth are generally of the same depth and
provide the finish cut.

Broaching has many advantages and an extremely
wide range of applications:

1. Machining almost any irregular shape is possible,
providing it is parallel to the broach axis.

2. It is rapid; the entire machining process is usually
completed in one pass.

3. Roughing and finishing cuts are generally
combined in the same operation.

4. A variety of forms, either internal or external, may
be cut simultaneously and the entire width of a
surface may be machined in one pass, thus elimi-
nating the need for a machining operation.

CUTTING A KEYWAY
WITH A BROACH

Keyways may be cut by hand in the machine shop quickly
and accurately by means of a broach set and an arbor press
(Fig. 25-9 on p. 186). A broach set (Fig. 25-10 on p. 186)
covers a wide range of keyways and is a particularly useful
piece of equipment when many keyways must be cut.
The equipment necessary to cut a keyway is a bushing
(Fig. 25-10a) to suit the hole size in the workpiece, a broach
(Fig. 25-10b) the size of the keyway to be cut, and shims
(Fig. 25-10c) to increase the depth of the cut of the broach.
Follow this procedure:

1. Determine the keyway size required for the size of
the workpiece.

2. Select the proper broach, bushing, and shims.

3. Place the workpiece on the arbor press. Use an
opening on the base smaller than the opening in
the workpiece so that the bushing will be properly
supported.

4. Insert the bushing and the broach into the opening.
Apply cutting fluid if the workpiece is made
of steel.
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M Figure 25-9 Using an arbor press to cut a keyway
with a broach. (Kelmar Associates)

M Figure 25-10 A broach set for cutting internal
keyways. (Kelmar Associates)

5. Check the broach to be sure that it has started
squarely in the hole.

6. Press the broach through the workpiece, main-
taining constant pressure on the arbor-press handle.

7. Remove the broach, insert one shim, and press the
broach through the hole.

8. Insert the second shim, if required, and press the
broach through again. This will cut the keyway to
the proper depth (Fig. 25-11).

9. Remove the bushing, broach, and shims.

» Lapping

Lapping is an abrading process used to remove minute
amounts of metal from a surface that must be flat, accu-
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M Figure 25-11 Two shims are used for making the
final pass with a broach. (Kelmar Associates)

rate to size, and smooth. Lapping may be performed for
any of the following reasons:

1. To increase the wear life of a part

2. To improve accuracy and surface finish
3. To improve surface flatness
4

. To provide better seals and eliminate the need for
gaskets

Lapping may be performed by hand or machine, de-
pending on the nature of the job. Lapping is intended to re-
move only about .0005 in. (0.01 mm) of material. Lapping
by hand is a long, tedious process and should be avoided
unless absolutely necessary.

LAPPING ABRASIVES

Both natural and artificial abrasives are used for lap-
ping. Flour of emery and fine powders made of silicon
carbide or aluminum oxide are used extensively. Abra-
sives used for rough lapping should be no coarser than
150 grit; fine powders used for finishing run up to about
600 grit. For fine work, diamond dust, generally in paste
form, is used.

TYPES OF LAPS

Laps may be used to finish flat surfaces, holes, or the out-
side of cylinders. In each case, the lap material must be
softer than the workpiece.
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M Figure 25-12 (a) A roughing lapping plate; (b) a
finishing lapping plate. (Kelmar Associates)

Flat Laps

Laps for producing flat surfaces are made from close-
grained cast iron. For the roughing operation or “blocking
down,” the lapping plate should be scored with narrow
grooves about .500 in. (13 mm) apart, both lengthwise and
crosswise or diagonally to form a square or diamond pat-
tern (Fig. 25-12a). Finish lapping is done on a smooth
cast-iron plate (Fig. 25-12b).

Charging the Flat Lapping Plate

Spread a thin coating of abrasive powder over the surface
of the plate and press the particles into the surface of the
lap with a hardened steel block or roll. Rub as little as pos-
sible. When the entire surface appears to be charged, clean
the surface with varsol and examine it for bright spots. If
any bright spots appear, recharge the lap and continue un-
til the entire surface assumes a gray appearance after it has
been cleaned.

Lapping a Flat Surface

If work is to be roughed down, oil should be used on the
roughing plate as a lubricant. As the work is rubbed over
the lap, the abrasive powder will be washed from the
grooves and act between the surface of the work and the
lap. If the work has been surface-ground, rough lapping or
“blocking down” is not required.

Follow this procedure:

1. Place a little varsol on a finish-lapping plate that
has been properly charged.

2. Place the work on top of the plate and gently push
it back and forth over the full surface of the lap
using an irregular movement. Do not stay in
one spot.

3. Continue this movement with a light pressure until
the desired surface finish is obtained.

Precautions to Be Observed

1. Do not stay in one area; cover the full surface of
the lap.

2. Never add a fresh supply of loose abrasive. If
required, recharge the lap.

” : R,
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M Figure 25-13 Various types of internal laps: (a) lead
lap; (b) copper lap; (c) adjustable lap.  (Kelmar Associates)

3. Never press too hard on the work because the lap
will become stripped in places.

4. Always keep the lap moist.

Internal Laps

Holes may be accurately finished to size and smoothness
by lapping. Internal laps may be made of brass, copper, or
lead and may be of three types.

The lead lap (Fig. 25-13a) is made by pouring lead
around a tapered mandrel that has a groove along its
length. The lap is turned to a running fit into the hole and
is then sometimes slit on the outside to trap the loose
abrasive during the lapping operation. Adjust by lightly
tapping the large end of the mandrel on a soft block. This
will cause the lead sleeve to move along the mandrel and
expand.

The internal lap (Fig. 25-13b) may be made of cop-
per, brass, or cast iron. A threaded-taper plug fits into the
end of the lap, which is slit for almost its entire length. The
lap diameter may be adjusted by the threaded-taper plug.

The adjustable lap (Fig. 25-13c) may be made from
copper or brass. The lap is split for almost its full length,
but both ends remain solid. Slight adjustment is provided
by means of two setscrews in the center section of the lap.

Charging and Using an Internal Lap

Before charging, the lap should be a running fit in the
hole. Follow this procedure:

1. Sprinkle some lapping powder evenly on a flat
plate.

2. Roll the lap over the powder, applying sufficient
pressure to embed the abrasive into the surface of
the lap.
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3.
4.
5.

Note: The lap should now be a wringing fit in the hole of

Remove any excess powder.
Mount a lathe dog on the end of the lap.
Fit the workpiece over the end of the lap.

the work and about 2.5 times the length of the workpiece.

6.

10.

11.

12.

Note:

Place some oil or varsol on the lap.

. Mount the lap and the work between lathe centers.

Set the machine to run at a slow speed, 150 to 200
r/min for a 1-in. (25-mm) diameter.

. Hold the work securely and start the machine.

Run the work back and forth along the entire
length of the lap.

Remove the work and rinse it in varsol to remove
the abrasive and to bring it to room temperature.

Gage the hole for size.

Always keep the lap moist and never add loose

abrasive to the lap. Loose abrasive will cause the work to
become bell-mouthed at the ends. If more abrasive is nec-
essary, recharge the lap and adjust as required.

External Laps

External laps are used to finish the outside of cylindrical
workpieces. They may be of several forms (Fig. 25-14);
however, the basic design is the same. External laps may
be made of cast iron or they may have a split brass bush-
ing mounted inside by means of a setscrew. There must be
some provision for adjusting the lap.

Charging and Using an External Lap

1.

188

Mount the workpiece in a three-jaw chuck on the
lathe or drill press.
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M Figure 25-14 External laps.

10.
11.

Note:

12.

(Kelmar Associates)

Adjust the lap until it is a running fit on the
workpiece.

Grip the end of the lap in a vise.
Sprinkle abrasive powder in the hole.

With a hardened steel pin, roll the abrasive evenly
around the inside surface of the lap.

Remove any excess lapping powder.

Place the lap on the workpiece. It should now be a
wringing fit.

Set the machine to run at a slow speed [150 to 200
r/min for a 1-in.-diameter (25-mm) workpiece].

Add some varsol to the workpiece and the lap.
Hold the lap securely and start the machine.
Move the lap back and forth along the work.

Always keep the lap moist.

To gage the work, remove the lap and clean the
workpiece with varsol.



Hand Reamers

1.
2.

What is the purpose of a hand reamer?
Describe and state the purpose of:

a. The solid hand reamer
b. The expansion hand reamer
c. The taper finishing reamer

How much metal should be removed with a hand
reamer?

. List four important precautions to be observed

while reaming.

Broaching

5.
6.

Define broaching.

Describe the cutting action of a broach.

Finishing Processes—Reaming, Broaching, and Lapping

7.
8.

State three advantages of broaching.

Briefly describe the procedure for broaching a
keyway on an arbor press.

Lapping

9.
10.
11.
12.

13.

14.

State three reasons for lapping.
What abrasives are generally used for lapping?
Why must the lap be softer than the workpiece?

Explain the procedure for charging a flat lapping
plate.

Briefly describe the process of lapping a flat
surface.

How are internal laps charged?
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Surface Finishing Processes

OBJECTIVES

After completing this unit, you should be able to:

Identify and explain the purposes of surface
finishing processes

Explain the benefits of honing

Be familiar with oxide coatings and their
purposes

» Burnishing

Burnishing is a cold-working process that sizes, finishes,
and work hardens internal and external metal surfaces by
pressure contact of hardened rolls. This process displaces
rather than removes the small peaks and valleys of irregu-
lar height and spacing. They are primarily used to polish
(by cold working) internal surfaces such as holes.

The burnishing tool (Fig. 26-1a) incorporates a
planetary system of tapered rolls that are evenly spaced
by a retaining cage. When a tool contacts the work-
piece, a hardened mandrel, which is tapered inversely
to the taper of the rolls, forces them against the surface
of the part.

As the tool, adjusted slightly larger than the part,
passes through the part, slight pressure is created that
exceeds the yield point of the softer part surface. This
results in a small plastic deformation of the surface
structure of the part surface. The result is an accurately
sized part with a mirrorlike finish and a tough, work-
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AII metal products must receive some type of
finishing process to improve the appearance and
sales value of the manufactured product. Surface
treatment used on most metals is used to resist wear,
electrolytic decomposition, and corrosive wear due to
weather. The treatment process consists of the trans-
formation of the metal surface, by chemical or elec-
trical processes, to produce an oxide of the original
metal on its surface. A few of the most common
methods used are burnishing, electropolishing,
honing, and tumbling.

hardened, and wear- and corrosion-resistant surface
(Fig. 26-1Db).

» Electropolishing

Electropolishing, often referred to as a reverse plating
process, uses a combination of rectified current and a
blended chemical electrolyte bath to remove flaws from
the surface of a metal part.

THE PROCESS

A power source converts AC (Alternating Current) to DC
(Direct Current) at low voltages. A tank typically fabri-
cated from steel and rubber-lined is used to hold the chem-
ical bath. A series of lead, copper, or stainless steel
cathode plates are lowered into the bath and installed to
the negative (—) side of the power source (Fig. 26-2a).
A part or group of parts is fixtured to a rack made of
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M Figure 26-2 (a) A schematic diagram of the elec-
tropolishing process; (b) in electropolishing, the metal

part is charged and immersed into the chemical bath.

(Able Electropolishing Co.)

© » Honing

M Figure 26-1 (a) An internal roller burnishing tool o e .
that sizes, finishes, and work hardens the material; (b) an Honing is an abrasive finishing operation where a small
external roller burnishing tool. (Cogsdill Tool Products, Inc.) amount of stock can be removed from the internal or ex-

ternal surface of a part to improve its flatness and sur-
face finish.

titanium, copper, or bronze. That rack, in turn, is fixtured There are basic differences between honing and
to the positive (+) side of the power source. grinding (Fig. 26-3 on p. 192); honing is a low-speed

As shown in Fig. 26-2b, the metal part is charged operation (85 to 300 sf/min, or 25 to 95 m/min), while
positive and immersed into the chemical bath. When cur- grinding is a high-speed operation (5000 to 6500
rent is applied, the electrolyte acts as a conductor to al- sf/min, or 25 to 33 m/s).

low metal ions to be removed from the part. While the
ions are drawn toward the cathode, the electrolyte main-
tains the dissolved metals in solution. Gassing in the form
of oxygen occurs at the metal surface, furthering the
cleaning process.

Once the process is completed, the part is run
through a series of cleaning and drying steps to remove

> Chips produced by grinding are short, hot sparks
due to the intermittent contact of each abrasive
particle on the workpiece surface. Grinding tends
to cause thermal damage to the surface of the
workpiece, often to a depth of up to .002 in. (0.05
mm) or more (Fig. 26-3a).

clinging electrolyte. While the process is best known for > A continuous cooler chip is produced by honing
the bright polish left on a surface, there are some impor- due to the continuous contact of the abrasive hone
tant, often overlooked benefits of this metal removal with the work (Fig. 26-3b). It is a gentle, cooler
method. These benefits include deburring, size control, finishing operation, with little or no damage or
and microfinish improvement. distortion of the workpiece surface.
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M Figure 26-3 Internal finishing by (right) honing and grinding (left). (GE Superabrasives)

M Figure 26-4 Honing with a single-stroke tool is
faster and more accurate than conventional honing.
(Sunnen Products Co.)

TYPES OF HONING PROCESSES

The two general types of honing processes in industrial
use are conventional and single-stroke honing.

During conventional honing, cutting pressure (ex-
pansion) is applied when the mandrel forces the stone and
the guide-shoe surfaces into contact with the bore. The ro-
tational and reciprocal action of the hone in the bore
causes thousands of small cutting edges on the stone to
shear minute chips from the workpiece.

The single-stroke honing tool (Fig. 26-4) consists of
an expandable, diamond-plated abrasive sleeve on a ta-
pered arbor that is expanded to size by a calibrated ad-
justing screw. It is faster and maintains more consistent
size accuracy than conventional honing.

HONING STONES

There are various types of honing stones and mandrels avail-
able to suit a variety of honing applications. Single-stone
hones (Fig. 26-5a), generally used on small bores [less than
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3.00 in. (75 mm)]; four-point-contact hones (Fig. 26-5b), ca-
pable of fast metal removal; and multi-point-contact hones
that are generally used on production for honing large parts.

MACHINE REQUIREMENTS

Most existing manual-stroke and power-stroke honing
machines work well with CBN (Cubic Boron Nitride)
hones, provided they are in good condition. To obtain the
fullest potential that superabrasives such as CBN offer,
the machine should have the following qualities:

> Be rigid, no spindle vibration, and sufficient power
for high material-removal rates

> Have high-spindle speeds—about three times the
speed for conventional hones and closely
controlled increments of stone feed and pressure

> Have a coolant system capable of supplying
adequate volumes of filtered honing fluids

HONING GUIDELINES

To select the proper CBN hone for the job, consider the
following factors:

> Type and hardness of the work material

> Amount of material to be removed

The following general rules apply to any CBN hone,
regardless of the bond:

1. For maximum removal rates, use coarse grit sizes,
lower concentration, and narrow stones at high speed.

2. For fine finishes, use fine grit sizes and higher
concentrations.



END VIEW OF HONING TOOL
HONING STONE

MANDREL /'n\‘ STONE
.‘ HOLDER
I
GUIDE II
oHOE WORKPIECE

(a)

WORKPIECE

STONE

(b)

M Figure 26-5 (a) Honing an internal diameter with a single-stone hone; (b) honing an internal diameter with

a four-point-contact hone. (Sunnen Products Co.)

3. For hard materials, use a soft bond; for soft
materials, use a hard bond.

4. Always use an adequate supply of coolant to clean
the stone, clear the chip, and cool the workpiece.

» Tumbling

Tumbling is an important production process that is used for
cleaning, polishing, and removing sharp corners and burrs
from metal parts. In many cases, this may be the only eco-
nomical method of surface conditioning, since the material
is handled in bulk. Many types of tumbling barrels in vari-
ous sizes are available, depending on the material and shape
of the part to be cleaned, the depth and hardness of the scale
or rust, or the previous finish to be removed (Fig. 26-6). In

M Figure 26-6 A tumbling barrel used to remove burrs
and finish parts. (Grav-I-Flo Corp.)

addition to cleaning rust and scales from work, tumbling op-
erations are often used to homogenize the surface mechani-
cally and to remove burrs and sharp edges.

The continuous improvement in tumbling equip-
ment and the abrasives used is steadily extending the
range of applications and the precision obtainable. It has
been reported that in a typical case an improvement in
reading from 10 down to 6 microinches was obtained on
the outside diameter of a small steel bushing after tum-
bling 3 hr in a suitable abrasive, without affecting the
1- to 1.5-microinches honed inside-diameter surface.

SELECTING THE EQUIPMENT
AND TUMBLING MEDIA

Choosing the proper type of barrel, abrasive, lubricant,
and ratio of volume of work to total volume of batch and
barrel, various surfacing operations can be efficiently car-
ried out. These range from deburring and polishing to
honing and mirror finishing of metallic parts before and
after electroplating.

The most commonly used tumbling abrasives are alu-
minum oxide, ceramic, plastic, stone chips, crushed corn-
cob, and steel balls (Fig. 26-7 on p. 194). Ground ivory nut
or wooden balls have application for fine burnishing and
polishing.

Production parts that can withstand large-barrel
loading can generally be more quickly processed with alu-
minum oxide; delicate parts may require the use of a finer
abrasive in a smaller barrel.

The size of the media to be used must be determined
to avoid wedging of the abrasive material in the work.
Smaller chips make more numerous contact points with
the workpiece than do the larger chips, with lower result-
ant pressure exerted at each point. This produces a
smoother surface finish with shallower surface scratches.
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M Figure 26-7 Types of abrasive media used for the tumbling operation. ~ (Grav-I-Flo Corp.)

THE TUMBLING PROCESS

The parts are loaded into a suitable tumbling barrel and the
appropriate tumbling media added. The water level in the
loaded barrel bears a definite relation to the type of finish-
ing desired. The higher the water level, the less likelihood
of parts being nicked when falling into the barrel; abrasive
action is increased as less water is used. Therefore, the wa-
ter level should be just above the top line of loading for
burnishing, about one-third to halfway below the load line
for honing and light deburring, and two-thirds or even far-
ther below the load line for fast deburring.

» Black-0xide Coatings

Black-oxide coatings are a chemical conversion process
produced by the reaction of iron in ferrous metal with the
oxidizing salts present in the black oxide. These oxidizing
salts include penetrates, catalysts, activators, and propri-
etary additives that all take part in the chemical reaction.
The result of this chemical reaction is the formation of
black iron oxide, magnetite on the surface of the metal be-
ing coated. This coating is most commonly used for dec-
orative and corrosion prevention purposes on bearings,
gears, small components, and firearms (Fig. 26-8).

Black-0Oxide Process

Black oxide can be produced on ferrous metal using
a molten salt bath operating at 600°F (315°C) and above,
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M Figure 26-8 Black-oxide coatings are used to
protect metal surfaces. (Techplate, Inc.)

a cold black solution operating at room temperature, or a
hot alkaline aqueous solution operating between 285°F
and 300°F (140°C and 148°C).

The hot alkaline aqueous black-oxide solution is
most commonly used and is the processing bath referred
to when black-oxide coating is specified. This process
produces a deep black finish that is consistent and uni-
form in appearance. Because the process is strictly a
chemical reaction, there are no high or low current
density areas to cause uneven coating thickness. The
oxide formation penetrates into the metal surface up to
5 to 10 millionths of an inch.
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Why are surface treatments used on metals? 6. List three factors that should be considered when

Define burnishing. honing.

To what is electropolishing often referred? 7. Why is tumbling an important production process?

Name four benefits of electropolishing. 8. Name five media used in the tumbling process.

9. What is formed on the surface of a part during the

What is the purpose of honing? .
black-oxide process?
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METAL-CUTTING
TECHNOLOGY

Industry recognizes that, to operate economically, metals used in the manufacture of its prod-
ucts must be machined efficiently. To cut metals efficiently requires not only a knowledge of the
metal to be cut, but also of how the cutting-tool material and its shape will perform under var-
ious machining conditions. Cutting-tool angles, rakes, and clearances have assumed increasing
importance in metal cutting. Many new cutting-tool materials have been introduced in the last
few decades. These new materials have led to improved machine construction, higher cutting
speeds, and increased productivity.

Many materials are machined most efficiently with cutting fluids; others are not. With the
appearance of new and varying alloys, new cutting fluids are constantly being developed. All
these factors make metal-cutting theory a challenging and constantly researched field in the
machine tool industry.
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Physics of Metal Cutting

OBJECTIVES

After completing this unit, you will be able to:

Define the various terms that apply to metal
cutting

Explain the flow patterns of metal as it is cut
Recognize the three types of chips produced

from various metals

Human beings have been using tools to cut metal
for hundreds of years without really understanding

» Need for Metal-Cutting
Research

The manufacture of dimensionally accurate, closely fit-
ting parts is essential to interchangeable manufacture. The
accuracy and wearability of mating surfaces are directly
proportional to the surface finish produced on the part.
Every year in the United States alone, over 15 million tons
(13.6 million tonnes) of metal are cut into chips at a cost
of over $10 billion. To reduce the cost of machining, pro-
long the life of cutting tools, and maintain high surface
finishes, it was essential for research to be done in the area
of metal cutting. Since World War II, a great deal of re-
search has been conducted in areas such as the theory of
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how the metal was cut or what was occurring where
the cutting tool met the metal. For many years, it was
thought that the metal ahead of the cutting tool
splits in a manner similar to the way that wood splits
in front of an ax (Fig. 27-1). According to the original
theory, this accounted for the wear that occurred on
the cutting-tool face some distance away from the
cutting edge. An early cutting-fluid advertisement
illustrated this same theory by showing the metal
splitting in front of a cutting tool during a lathe-
turning operation (Fig. 27-2).

M Figure 27-1 The metaphor of an ax splitting wood
was often used incorrectly to illustrate the action of a
cutting tool.



M Figure 27-2 A false conception of metal cutting.

metal cutting, measurement of cutting forces and temper-
atures, machinability of metals, machining economics, and
theory of cutting-fluid action. This research has found that
the metal of a workpiece, instead of rupturing or breaking
a little before the cutting tool, is compressed and then
flows up the face of the cutting tool. New cutting tools,
speeds and feeds, cutting-tool angles and clearances, and
cutting fluids have been developed as a result of this re-
search. These developments have greatly assisted in the
economical machining of metals; however, much work re-
mains to be done before all the factors affecting surface
finish, tool life, and machine output can be controlled.

» Metal-Cutting
Terminology

Many new terms resulted from the research conducted on
metal cutting:

A built-up edge is a layer of compressed metal
from the material being cut, which adheres to and
piles up on the face of the cutting tool edge during
a machining operation (Fig. 27-3).

The chip-tool interface is that portion of the face of
the cutting tool on which the chip slides as it is cut
from the metal (Fig. 27-3).

Crystal elongation is the distortion of the crystal
structure of the work material that occurs during a
machining operation (Fig. 27-4).

The deformed zone is the area in which the work
material is deformed during cutting.

Plastic deformation is the deformation of the work
material that occurs in the shear zone during a
cutting action (Fig. 27-4).

CUTTING TOOL

M Figure 27-3 Chip-tool interface. (Cincinnati
Machine)

CUTTING

M Figure 27-4 Photomicrograph of a chip, showing
crystal elongation and plastic deformation. (Cincinnati
Machine)

Plastic flow is the flow of metal that occurs on the
shear plane, which extends from the cutting-tool
edge to the corner between the chip and the work
surface in Fig. 27-4.

A rupture is the tear that occurs when brittle
materials, such as cast iron, are cut and the chip
breaks away from the work surface. Ruptures
generally occur when discontinuous or segmented
chips are produced.

The shear angle or plane is the angle of the area of
material where plastic deformation occurs
(Fig. 27-3).

The shear zone is the area where plastic deforma-
tion of the metal occurs. It is along a plane from
the cutting edge of the tool to the original work
surface (Fig. 27-4).

» Plastic Flow of Metal

To understand more fully what occurs in the metal while
it is being deformed in the shear zone, researchers made
many tests on various types of materials. They used flat
punches on ductile material to study the stress pattern, di-
rection of material flow, and distortion created in the
metal. To observe what occurs when pressure is applied to
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M Figure 27-5 The stress distribution created by a flat
punch in photoelastic material. (Cincinnati Machine)

one spot, they used blocks of photoelastic materials, such
as celluloid and Bakelite. Researchers also used polarized
light to observe stress lines created when pressure is ex-
erted on the punch. Using a suitable analyzer, they saw a
series of colored bands known as isochromatics. They
used three different types of punches (flat, narrow-faced,
and knife-edge) on photoelastic material to create the var-
ious stresses observed.

FLAT PUNCH

When a flat punch is forced into a block of photoelastic
material, the lines of constant maximum shear stress ap-
pear, indicating the distribution of the stress. In Fig. 27-5,
the shape of these stress lines, or isochromatics, appears
as a family of curves almost passing through the corners
of the flat punch. The greatest concentration of stress lines
occurs at each corner of the punch, and larger circular
stress lines appear farther away from the punch. The spac-
ing of the isochromatics is relatively wide.

NARROW-FACED PUNCH

When a narrow-faced punch is forced into a block of pho-
toelastic material, the stress lines are still concentrated at
the punch corners and where the punch meets the top sur-
face of the work. As you can see in Fig. 27-6, the isochro-
matics are spaced closer than with the flat punch.

KNIFE-EDGE PUNCH

When a knife-edge punch is forced into the block of pho-
toelastic material (Fig. 27-7), the isochromatics become a
series of circles tangent to the two faces of the punch. In
this case, the flow of material occurs upward from the
point toward the free area along the faces of the punch.
When a cutting tool engages a workpiece, this flow
of material takes place, and the compressed material es-
capes up the tool face. As the tool advances, opposition to
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M Figure 27-6 The stress distribution created by a
narrow-faced punch. (Cincinnati Machine)

.:;

M Figure 27-7 The stress lines created by a knife-
edge punch. (Cincinnati Machine)

the upward flow of material creates stresses in the mate-
rial ahead of the tool because of the friction of the chip
flow up the tool face. These stresses are somewhat re-
lieved by the plastic flow or rupture of the material along
a plane leading from the cutting edge of the tool to the sur-
face of the unmachined metal. From Figs. 27-5 to 27-7, it
can be concluded that internal stresses are created during
metal-cutting operations and:

1. Because of the forces exerted by the cutting tool,
compression occurs in the work material.

2. As the cutting tool or work moves forward during
a cut, the stress lines concentrate at the cutting-tool
edge and radiate from there in the material
(Fig. 27-7).

3. This concentration of stresses causes the chip to
shear from the material and flow along the chip-
tool interface.

4. By either plastic flow or rupture, the metal tries to
flow along the chip-tool interface. Since most
metals are ductile to some degree, a plastic flow
generally occurs.

The plastic flow or rupture that occurs as the metal
flows along the chip-tool interface determines the type of



M Figure 27-8 A discontinuous chip. (Cincinnati
Machine)

M Figure 27-9 A continuous chip. (Cincinnati
Machine)

chip produced. When brittle materials such as cast iron are
being cut, the metal has a tendency to rupture and produce
discontinuous or segmented chips. When relatively duc-
tile metals are being cut, a plastic flow occurs, and con-
tinuous or flow-type chips are produced.

» Chip Types

Machining operations performed on lathes, milling ma-
chines, or similar machine tools produce chips of three ba-
sic types: discontinuous (Fig. 27-8), continuous (Fig. 27-9),
and continuous with a built-up edge (Fig. 27-10).

TYPE 1—DISCONTINUOUS
(SEGMENTED) CHIP

Discontinuous or segmented chips (Fig. 27-8) are pro-
duced when brittle metals such as cast iron and hard
bronze are cut, and even when some ductile metals are cut
under poor cutting conditions. As the point of the cutting
tool contacts the metal (Fig. 27-11a), some compression
occurs, as can be noted in Fig. 27-11b and c, and the chip
begins flowing along the chip-tool interface. As more

edge. (Cincinnati Machine)

oy oA

: "j:
'8

(a) ==
o
el >
2 ""5.
(b) = >
‘i % ; P J e
A R L N
7 }_‘} ¥ b
© Bacalatat ot o
A ] ¥
T LR
S Py B 3 %
(d) B IT.I;T‘»'- LA B
\» Ve '_’v‘,
2 § ’k ;
e
(¢ ARE= e 3, B
el ek A e )
a&l‘gu Lk —vh 2% I

@) EEE
M Figure 27-11 Formation of a discontinuous chip.

stress is applied to brittle metal by the cutting action, the
metal compresses until it reaches a point where rupture
occurs (Fig. 27-11d), and the chip separates from the un-
machined portion (Fig. 27-11e). This cycle is repeated in-
definitely during the cutting operation, with the rupture of
each segment occurring on the shear angle or plane. Gen-
erally, as a result of these successive ruptures, a poor sur-
face is produced on the workpiece.
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Machine vibration or tool chatter sometimes causes
discontinuous chips to be produced when ductile metal is cut.

The following conditions favor the production of a
Type 1 discontinuous chip:

1. Brittle work material
Small rake angle on the cutting tool
Large chip thickness (coarse feed)

Low cutting speed

AN Sl o

Excessive machine chatter

TYPE 2—CONTINUOUS CHIP

The Type 2 chip is a continuous ribbon produced when
the flow of metal next to the tool face is not greatly re-
tarded by a built-up edge or friction at the chip-tool in-
terface. The continuous ribbon chip is considered ideal
for efficient cutting action because it results in better
surface finishes.

When ductile materials are cut, plastic flow in the
metal takes place by the deformed metal sliding on a great
number of crystallographic slip planes. As is the case with
the Type 1 chip, fractures or ruptures do not occur because
of the ductile nature of the metal.

In Fig. 27-9, the crystal structure of the ductile metal
is elongated when it is compressed by the action of the
cutting tool and as the chip separates from the metal. The
process of chip formation occurs in a single plane extend-
ing from the cutting tool to the unmachined work surface.
The area where plastic deformation of the crystal structure
and shear occurs is called the shear zone (Fig. 27-4). The
angle on which the chip separates from the metal is called
the shear plane or shear angle.

DIRECTION OF
CRYSTAL ELONGATION
A
\

M Figure 27-12 A schematic diagram showing
formation of a continuous chip and deformation of the
crystal structure. (Cincinnati Machine)

202 Metal-Cutting Technology

CHIP

WORKPIECE K== N
\

CUTTING
TOOL

M Figure 27-13 A continuous chip is generally formed
when a carbide or high-speed cutting tool is used to
machine steel.

The mechanics of chip formation can best be under-
stood with the aid of the schematic diagram in Fig. 27-12.
As the cutting action progresses, the metal immediately
ahead of the cutting tool is compressed, with a resultant
deformation (elongation) of the crystal structure. This
elongation does not take place in the direction of shear. As
this process of compression and elongation continues, the
material above the cutting edge is forced along the chip-
tool interface and away from the work.

Machine steel generally forms a continuous (un-
broken) chip with little or no built-up edge when ma-
chined with a cemented-carbide cutting tool or a
high-speed steel cutting tool and cutting fluid (Fig. 27-13).
To reduce the amount of resistance occurring as the com-
pressed chip slides along the chip-tool interface, a suit-
able rake angle is ground on the tool, and cutting fluid is
used during the cutting operation. These features allow
the compressed chip to flow relatively freely along the
chip-tool interface. A shiny layer on the back of a con-
tinuous-type chip indicates ideal cutting conditions with
little resistance to chip flow.

The conditions favorable to producing a Type 2
chip are:

1. Ductile work material
. Small chip thickness (relatively fine feeds)
. Sharp cutting-tool edge

2
3
4. A large rake angle on the cutting tool
5. High cutting speeds

6

. Cutting tool and work kept cool by use of cutting
fluids

7. A minimum of resistance to chip flow by:

a. A high polish on the cutting-tool face
b. Use of cutting fluids to prevent the formation of
a built-up edge
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M Figure 27-14 A built-up edge is formed when
workpiece fragments become welded to the tool face.

c. Use of cutting-tool materials, such as cemented
carbides, which have a low coefficient of
friction

d. Free-machining materials (those alloyed with
elements such as lead, phosphor, and sulphur)

TYPE 3—CONTINUOUS CHIP
WITH A BUILT-UP EDGE

Low-carbon machine steel and many high-carbon alloyed
steels, when cut at a low cutting speed with a high-speed
steel cutting tool and without the use of cutting fluids,
generally produce a continuous-type chip with a built-up
edge (Fig. 27-10).

The metal ahead of the cutting tool is compressed
and forms a chip, which begins to flow along the chip-tool
interface (Fig. 27-14). As a result of the high temperature,
high pressure, and high frictional resistance against the
flow of the chip along the chip-tool interface, small parti-
cles of metal begin adhering to the edge of the cutting tool
while the chip shears away. As the cutting process contin-
ues, more particles adhere to the cutting tool; a larger
buildup results, which affects the cutting action. The built-
up edge increases in size and becomes more unstable;
eventually a point is reached where fragments are torn off.
Portions of the fragments that break off stick to both the

CUTTING
TOOL

M Figure 27-15 A Type 3 continuous chip with a
built-up edge formed.  (Cincinnati Machine)

chip and the workpiece (Fig. 27-15). The buildup and
breakdown of the built-up edge occur rapidly during cut-
ting action and cover the machined surface with a multi-
tude of built-up fragments usually identified by a rough,
grainy surface. These fragments adhere to and score the
machined surface, resulting in a poor surface finish.

The continuous chip with the built-up edge, as well
as being the main cause of surface roughness, also short-
ens cutting-tool life. When a cutting tool starts to dull, it
creates a rubbing or compressing action on the workpiece,
which generally produces work-hardened surfaces. This
type of chip affects cutting-tool life in two ways:

1. The fragments of the built-up edge abrade the tool
flank as they escape with the workpiece and chip.

2. A cratering effect is caused a short distance back
from the cutting edge where the chip contacts the
tool face. As this cratering continues, it eventually
extends closer to the cutting edge until fracture or
breakdown occurs.
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1. Explain the original theory of what occurrs during 7. Describe the two fundamental processes involved
a metal-cutting operation. in metal cutting.

2. Why was extensive research into metal cutting Chib F .
carried out? Ip Formation
8. Describe briefly how each of the following chip

3. Explain the new theory of the metal-cutting .
types is produced:

operation.
) ) a. Discontinuous
Metal-Cutting Terminology b. Continuous

4. Define the following metal-cutting terms: c. Continuous with a built-up edge

9. Which is the most desirable type of chip? Give

a. Built-up edge c. Plastic deformation
reasons for your answer.

b. Chip-tool interface d. Shear angle or plane
. 10. What conditions must be present to produce the
Plastic Flow of Metal Type 2 chip?
5. Why was research conducted to determine the 11

lastic flow i tal? . Explain how a built-up edge is formed and state its
plastic flow in metal?

effect on cutting-tool life.
6. Briefly describe what occurs when the following
are forced into a block of photoelastic material:

a. A flat punch
b. A narrow-faced punch
c. A knife-edge punch
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Machinability of Metals

OBJECTIVES

After completing this unit, you will be able to:

Explain the factors that affect the machinability
of metals

Describe the difference between high-carbon
steel and alloy steel.

Assess the effects of temperature and cutting
fluids on the surface finish produced

» Grain Structure

The machinability of a metal is affected by its mi-
crostructure and will vary if the metal has been annealed.
The ductility and shear strength of a metal can be modi-
fied greatly by operations such as annealing, normalizing,
and stress relieving. Certain chemical and physical modi-
fications of steel will improve its machinability. Free-
machining steels have generally been modified in the
following manner by:

1. The addition of sulfur

2. The addition of lead

3. The addition of sodium sulfite

4. Cold working, which modifies the ductility

By making these (free-machining) modifications to the
steel, three main machining characteristics become evident:

1. Tool life is increased.
2. A better surface finish is produced.

3. Lower power consumption is required for machining.

Machinab///ty describes the ease or difficulty with
which a metal can be machined. Such factors as
cutting-tool life, surface finish produced, and power
required must be considered. Machinability has been
measured by the length of cutting-tool life in
minutes, or by the rate of stock removal in relation to
the cutting speed employed, that is, depth of cut. For
finish cuts, machinability refers to the life of the
cutting tool and the ease with which a good surface
finish is produced.

LOW-CARBON (MACHINE) STEEL

The microstructure of low-carbon steel may have large ar-
eas of ferrite (iron) interspersed with small areas of
pearlite (Fig. 28-1a and b on p. 206). Ferrite is soft, with
high ductility and low strength, whereas pearlite, a com-
bination of ferrite (iron) and iron carbide, has low ductil-
ity and high strength. When the amount of ferrite in steel
is greater than pearlite—or the ferrite is arranged in alter-
nate layers with pearlite (Fig. 28-1c and d)—the amount
of power required to remove material increases and the
surface finish produced is poor. Fig. 28-2 on p. 206 illus-
trates a more desirable microstructure in steel because the
pearlite is well distributed, and the material is therefore
better for machining purposes.

HIGH-CARBON (TOOL) STEEL

A greater amount of pearlite is present in high-carbon
(tool) steel because of the higher carbon content. The
greater the amount of pearlite (low ductility and high
strength) present in the steel, the more difficult it becomes
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FERRITE PEARLITE

FERRITE
(a) (b)

PEARLITE

FERRITE

PEARLITE FERRITE PEARLITE

(©) (d)

M Figure 28-1 Photomicrographs indicating undesirable
steel microstructures. (Cincinnati Machine)

QUENCI—iED AND FERRITE-" PEARLITE

TEMPERED STRUCTURE

M Figure 28-2 Photomicrographs showing desirable
microstructures in steel.  (Cincinnati Machine)

to machine the steel efficiently. It is therefore desirable to
anneal these steels to alter their microstructures and, as a
result, improve their machining qualities.

ALLOY STEEL

Alloy steels are combinations of two or more metals.
These steels generally are slightly more difficult to ma-
chine than low- or high-carbon steels. To improve their
machining qualities, combinations of sulfur and lead or
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MOTTLED GRAY AND
WHITE IRON

PEARLITE
(@) (b)

M Figure 28-3 (a) The microstructure of white cast

iron; (b) the microstructure of gray cast iron. (Cincinnati
Machine)

sulfur and manganese in proper proportions are some-
times added to alloy steels. A combination of normalizing
and annealing is also used with some types of alloy steels
to create desirable machining characteristics. The ma-
chining of stainless steel, generally difficult because of its
work-hardening qualities, can be greatly eased by the ad-
dition of selenium.

CAST IRON

Cast iron, consisting generally of ferrite, iron carbide,
and free carbon, forms an important group of materials
used by industry. The microstructure of cast iron can be
controlled by the addition of alloys, the method of cast-
ing, the rate of cooling, and heat treating. White cast iron
(Fig. 28-3a), cooled rapidly after casting, is usually hard
and brittle because of the formation of hard iron carbide.
Gray cast iron (Fig. 28-3b) is cooled gradually; its struc-
ture is composed of compound pearlite, a mixture of fine
ferrite and iron carbide, and flakes of graphite. Because
of the gradual cooling, it is softer and therefore easier to
machine.

Iron carbide and the presence of sand on the outer
surface of the casting generally make cast iron a little dif-
ficult to machine. Through annealing, the microstructure
is altered. The iron carbide is broken down into graphitic
carbon and ferrite; thus, the cast iron is easier to machine.
The addition of silicon, sulfur, and manganese gives cast
iron different qualities and improves its machinability.

ALUMINUM

Pure aluminum is generally more difficult to machine
than most aluminum alloys. It produces long, stringy
chips and is much harder on the cutting tool because of
its abrasive nature.

Most aluminum alloys can be cut at high speeds,
yielding a good surface finish and long tool life. Hardened



and tempered alloys are generally easier to machine than
annealed alloys and produce a better surface finish. Alloys
containing silicon are more difficult to machine, since the
chips tear, rather than shear, from the work, thus produc-
ing a poorer surface finish. Cutting fluid is generally used
when heavy cuts and feeds are used for machining alu-
minum or its alloys.

COPPER

Copper is a heavy, soft, reddish-colored metal refined
from copper ore (copper sulfide). It has high electrical and
thermal conductivity, good corrosion resistance, and
strength and is easily welded, brazed, or soldered. It is
very ductile and easily drawn into wire and tubing. Since
copper work hardens readily, it must be heated at about
1200°F (648.8°C) and quenched in water to anneal.

Because of its softness, copper does not machine
well. The long chips produced in drilling and tapping tend
to clog the flutes of the cutting tool and they must be
cleared frequently. Sawing and milling operations require
cutters with good chip clearance. Coolant should be used
to minimize heat and aid the cutting action.

Copper-Base Alloys

Brass, an alloy of copper and zinc, has good corrosion re-
sistance and is easily formed, machined, and cast. There are
several forms of brass. Alpha brasses containing up to 36%
zinc are suitable for cold working. Alpha + beta brasses
containing 54% to 62% copper are used in hot working of
this alloy. Small amounts of tin or antimony are added to al-
pha brasses to minimize the pitting effect of salt water on
this alloy. Brass alloys are used for water and gasoline line
fittings, tubing, tanks, radiator cores, and rivets.

Bronze, the term that originally referred to an alloy
of copper and tin, has now been extended to include all al-
loys except copper—zinc alloys, which contain up to 12%
of the principal alloying element.

Phosphor-bronze contains about 90% copper, 10%
tin, and a very small amount of phosphorus, which
acts as a hardener. This metal has high strength,

toughness, and corrosion resistance and is used for
lock washers, cotter pins, springs, and clutch discs.

Silicon-bronze (a copper—silicon alloy) contains
less than 5% silicon and is the strongest of the
work-hardenable copper alloys. It has the mechan-
ical properties of machine steel and the corrosion
resistance of copper. It is used for tanks, pressure
vessels, and hydraulic pressure lines.

Aluminum-bronze (a copper—aluminum alloy)
contains between 4% and 11% aluminum. Other
elements such as iron, nickel, manganese, and
silicon are added to aluminum bronzes. Iron (up to

5%) increases the strength and refines the grain.
The addition of nickel (up to 5%) has effects
similar to those of iron. Silicon (up to 2%)
improves machinability. Manganese promotes
soundness in casting. Aluminum-bronzes have
good corrosion resistance and strength and are
used for condenser tubes, pressure vessels, nuts,
and bolts.

Beryllium-bronze (copper and beryllium),
containing up to about 2% beryllium, is easily
formed in the annealed condition. It has a high
tensile strength and fatigue strength in the
hardened condition. Beryllium-bronze is used for
surgical instruments, bolts, nuts, and screws.

» The Effects of Temperature
and Friction

In the process of cutting metals, heat is created by:

1. The plastic deformation occurring in the metal
during the process of forming a chip

2. The friction created by the chips sliding along the
cutting-tool face

The cutting temperature varies with each type of
metal and increases with the cutting speed employed and
the rate of metal removal. The greatest heat is generated
when ductile material of high tensile strength, such as
steel, is cut. The lowest heat is generated when soft mate-
rial of low tensile strength, such as aluminum, is cut. The
maximum temperature attained during the cutting action
will affect cutting-tool life, quality of the surface finish,
rate of production, and accuracy of the workpiece.

At times, the temperature of the metal immedi-
ately ahead of the cutting tool comes close to the melt-
ing temperature of the metal being cut. This great heat
affects the life of the cutting tool. High-speed steel cut-
ting tools cannot withstand the same high temperatures
that cemented-carbide tools can without the cutting
edges breaking down.

High-speed steel cutting tools can cut metal even
when the cutting tools turn red from the cutting action.
This property is known as red hardness and occurs at tem-
peratures above 900°F (482°C). However, when the tem-
perature exceeds 1000°F (538°C), the edge of the cutting
tool will begin to break down.

Cemented-carbide cutting tools can be used effi-
ciently at temperatures up to 1600°F (871°C). The carbide
tools are harder than high-speed steel tools, have greater
wear resistance, and perform extremely well under red-
hardness operating conditions. Therefore, much higher
cutting speeds can be used with carbide tools than with
high-speed tools.
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FRICTION

For efficient cutting action, it is important that the friction
between the chip and tool face be kept as low as possible.
As the coefficient of friction increases, there is a greater
possibility of a built-up edge forming on the cutting edge.
The larger the built-up edge, the more friction is created,
which results in the breakdown of the cutting edge and poor
surface finish. Every time the machine must be stopped to
regrind or replace a cutting tool, production rates decrease.

The temperature created by friction also affects the
accuracy of the machined part. Even though the work-
piece does not reach the same temperature as the cutting-
tool point, it is still high enough to cause the metal to
expand. If a part heated by the cutting action is machined
to size, the part will be smaller than required when it cools
to room temperature. A good supply of cutting fluid will
help reduce friction at the chip—tool interface and help
maintain efficient cutting temperatures.

» Surface Finish

Many factors affect the surface finish produced by a ma-
chining operation, the most common being the feed rate,
the nose radius of the tool, the cutting speed, the rigidity
of the machining operation, and the temperature gener-
ated during the machining process.

If a high temperature is created during the cutting
action, there is a marked tendency for a rough surface fin-
ish to result. The reason for this is that at high tempera-
tures metal particles tend to adhere to the cutting tool and
form a built-up edge. A direct relationship between the
temperature of the workpiece and the quality of the sur-
face finish is illustrated in Fig. 28-4.

Fig. 28-4a shows the results of machining a piece of
aluminum without cutting fluid at 200°F (93°C). The
rough surface finish indicates the presence of a built-up
edge on the cutting tool. The same piece of aluminum was
machined under the same conditions, but at a room tem-

(b)

perature of 75°F (24°C) (Fig. 28-4b). A considerable im-
provement can be noted between the surface finishes of
the samples in Fig. 28-4a and b. When the piece of alu-
minum was cooled to —60°F (—50°C) and machined, the
surface finish improved further. By cooling the work ma-
terial to —60°F (—50°C), the temperature of the cutting-
tool edge was reduced considerably and resulted in a
much better surface finish (Fig. 28-4c) than that produced
at 200°F (93°C).

»» Effects of Cutting Fluids

Cutting fluids are important to most machining operations
because they make it possible to cut metals at higher rates
of speed. They perform three important functions:

1. They reduce the temperature of the cutting action.

2. They reduce the friction of the chips sliding along
the tool face.

3. They decrease tool wear and increase tool life.

There are three types of cutting fluids: cutting oils,
emulsifiable (soluble) oils, and chemical (synthetic)
cutting fluids. Some cutting fluids form a nonmetallic
film on the metal surface, which prevents the chip from
sticking to the cutting edge. This prevents a built-up
edge from forming and results in a better surface finish
being produced. The surface finish of most metals can
be improved considerably by the use of the proper cut-
ting fluids.

Cutting fluids are generally used for machining
steel, alloy steel, brass, and bronze with high-speed steel
cutting tools. As a rule, cutting fluids are not generally
used with cemented-carbide tools unless a great quantity
of cutting fluid can be applied to ensure uniform temper-
atures to prevent the carbide inserts from cracking. Cast
iron, aluminum, and magnesium alloys are generally ma-
chined dry; however, cutting fluids have been used with
good results in some cases.

Figure 28-4 (a) Aluminum machined at 200°F (93°C);
(b) aluminum machined at 75°F (24°C); (c) aluminum machined

after cooling to —60°F (—50°C).
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Machinability of Metals

1.
2.
3.

Define machinability.
What factors affect the machinability of a metal?

Compare the microstructure of low-carbon and high-
carbon steels with respect to their machinability.

How can the machining qualities of alloy steels be
improved?

. Why is pure aluminum more difficult to machine

than most aluminum alloys?

What can be done to improve the machining of
aluminum and its alloys?

Effects of Temperature and Friction

1.

Name two methods by which heat is created during
machining.

. How does high temperature affect a machining

operation?

Why is it important that friction between the chip
and tool be kept to a minimum?

Surface Finish

10.
11.

What common factors determine surface finish?

Why does high temperature affect the surface
finish produced?

Effects of Cutting Fluids

12.

13.

List four ways in which cutting fluids assist the
machining of metals.

What precaution should be taken when cutting
fluids are used with carbide tools?
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Cutting Tools

OBJECTIVES

After completing this unit, you will be able to:
Use the nomenclature of a cutting-tool point

Explain the purpose of each type of rake and
clearance angle

Identify the applications of various types of
cutting-tool materials

Describe the cutting action of different types of

machines

One of the most important components in the
machining process is the cutting tool, the perfor-

» Cutting-Tool Materials

Lathe cutting tools are generally made of five materials:
high-speed steel, cast alloys (such as stellite), cemented
carbides, ceramics, and cermets. More exotic cutting-tool
materials—such as polycrystalline cubic boron nitride
(PCBN), commonly called Borazon, and polycrystalline
diamond (PCD)—are finding wide use in the metal-
working industry because of the increased productivity
they offer. Borazon is used to machine hardened alloy steels
and tough superalloys. Polycrystalline diamond cutting
tools are used to machine nonferrous and nonmetallic ma-
terials requiring close tolerances and a high surface finish.
The properties possessed by each of these materials are dif-
ferent and the application of each depends on the material
being machined and the condition of the machine.
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mance of which will determine the efficiency of the
operation. Consequently, much thought should be
given not only to the selection of the cutting-tool
material but also to the cutting-tool angles required
to machine a workpiece material properly.

There are basically two types of cutting tools
(excluding abrasives): single- and multi-point tools.
Since both types must have rake and clearance
angles ground or formed on them to cut, the
nomenclature of cutting-tool points will apply to
both types. The lathe tool, which is the most
common single-point tool, will be discussed in
greater detail. The principles involved in this type of
cutting tool will then be related to multi-point
cutting tools for ease of understanding.

Lathe cutting tools should possess the following
properties:

1. They should be hard.
2. They should be wear-resistant.

3. They should be capable of maintaining a red
hardness during the machining operation.
(Red hardness is the ability of a cutting tool
material to maintain a sharp cutting edge even
when it turns red because of the high heat
produced at the work-tool interface during the
cutting operation.)

4. They should be able to withstand shock during the
cutting operation.

5. They should be shaped so that the edge can
penetrate the work. (The shape will be determined



by the cutting-tool material, the material being cut,
and the angle of keenness.)

HIGH-SPEED STEEL CUTTING TOOLS

Probably the cutting tool most commonly used in schools
for lathe operations is the high-speed steel cutting tool.
High-speed steels may contain combinations of tungsten,
chromium, vanadium, molybdenum, and cobalt. They are
capable of taking heavy cuts, withstand shock, and main-
tain a sharp cutting edge under red heat.

High-speed steel cutting tools are generally of two
types: molybdenum-base (Group M) and tungsten-base
(Group T). The most widely used tungsten-base cutting
tool is known as T1, which is sometimes called 18-4-1,
since it contains about 18% tungsten, 4% chromium, and
1% vanadium.

A general-purpose molybdenum-base high-speed
steel cutting tool is known as M, or 8-4-1. This alloy
contains about 8% molybdenum, 4% chromium, and
1% vanadium.

These two types are general-purpose tools; if more red
hardness is desired, a tool containing more cobalt should be
selected. Since there are many different grades of high-
speed steel cutting tools, one should refer to the manufac-
turer’s recommendations for a cutting tool for a specific job.
Table 29.1 indicates the properties imparted to a high-speed
steel cutting tool by the various alloying elements.

CAST ALLOY CUTTING TOOLS

Cast alloy (stellite) cutting tools usually contain 25% to
35% chromium, 4% to 25% tungsten, and 1% to 3% car-
bon; the remainder is cobalt. These cutting tools have
high hardness, high resistance to wear, and excellent red-
hardness qualities. Since they are cast, they are weaker
and more brittle than high-speed steel cutting tools. Stel-
lite cutting tools are capable of high speeds and feeds on
deep uninterrupted cuts. They may be operated at about
two to two-and-a-half times the speed of a high-speed
steel cutting tool.

Note: When grinding stellite cutting tools, apply only
light pressure and do not quench the cutting tool in water.

CEMENTED-CARBIDE CUTTING TOOLS

Cemented-carbide cutting tools (Fig. 29-1) are capable of
cutting speeds three to four times those of high-speed steel
cutting tools. They have low toughness but high hardness
and excellent red-hardness qualities.

Cemented carbide consists of tungsten carbide sin-
tered in a cobalt matrix. Sometimes other materials such
as titanium or tantalum may be added before sintering to
give the material the desired properties.

QudGQuo
:SeFritg.ure 29-1 A variety of cemented-carbide tool

Straight tungsten carbide cutting tools are used to
machine cast iron and nonferrous materials. Since they
crater easily and wear rapidly, they are not suitable for
machining steel. Crater-resistant carbides, which are used
for machining steel, are made by adding titanium and/or
tantalum carbides to the tungsten carbide and cobalt.

Different grades of carbides are manufactured for
different work requirements. Those used for heavy rough-
ing cuts contain more cobalt than those used for finishing
cuts, which are more brittle and have greater wear resis-
tance at higher finishing speeds.

COATED CARBIDE CUTTING TOOLS

Coated carbide cutting tools are made by depositing a thin
layer of wear-resistant titanium nitride, titanium carbide,
or aluminum oxide (ceramic) on the cutting edge of the
tool. This fused layer increases lubricity, improves the
cutting edge wear resistance by 200% to 500%, and low-
ers the breakage resistance by up to 20% while providing
longer life and increased cutting speeds.

Titanium-coated inserts offer greater wear resis-
tance at speeds below 500 sf/min; ceramic coated tips
are best suited for higher cutting speeds. Both types of
insert are used for cutting steels, cast irons, and nonfer-
rous materials.

CERAMIC CUTTING TOOLS

A ceramic is a heat-resistant material produced without
a metallic bonding agent such as cobalt. Aluminum ox-
ide is the most popular material used to make ceramic
cutting tools. Titanium oxide or titanium carbide may
be used as an additive, depending on the cutting tool
application.

Ceramic tools (Fig. 29-2 on p. 213) permit higher
cutting speeds, increased tool life, and better surface fin-
ish than do carbide tools. However, they are much weaker
than carbide or coated carbide tools and must be used in
shock-free or low-shock situations.

CERMET CUTTING TOOLS

A cermet is a cutting-tool insert composed of ceramics
and metal. Most cermets are made from aluminum oxide,
titanium carbide, and zirconium oxide compacted and
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‘HMM#H? The effect of alloying elements on steel

Element
£ »
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Effect o o o 3 = = = o 7] 7] = =
Increases tensile strength X X X X X
Increases hardness X X
Increases wear resistance X X X X
Increases hardenability X X X X X
Increases ductility X
Increases elastic limit X X
Increases rust resistance X X
Increases abrasion resistance X X
Increases toughness X X X
Increases shock resistance X X
Increases fatigue resistance
Decreases ductility X X
Decreases toughness X
Raises critical temperature X X
Lowers critical temperature X X
Causes hot shortness
Causes cold shortness
Imparts red hardness X X
Imparts fine grain structure X
Reduces deformation X X
Acts as deoxidizer X
Acts as desulphurizer X
Imparts oil-hardening properties X X X X
Imparts air-hardening properties X X
Eliminates blow holes
Creates soundness in casting
Facilitates rolling and forging X
Improves machinability X
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M Figure 29-2 A variety of ceramic cutting-tool
inserts.

compressed under intense heat. The advantages of cermet
cutting tools are:

> They exceed the equivalent tool life of coated and
uncoated carbides.

> They can be used for machining at high temperatures.

> They produce an improved surface finish, which
eliminates the need for grinding and provides
greater dimensional control.

> They may be used to machine steels up to 45 Rc
hardness.

DIAMOND CUTTING TOOLS

Diamond tools are used mainly to machine nonferrous
metals and abrasive nonmetallics. Single-crystal natural
diamonds have high-wear but low shock-resistant fac-
tors. The new type of diamond tooling (polycrystalline
diamonds) consists of tiny manufactured diamonds
fused together and bonded to a suitable carbide sub-
strate. Polycrystalline cutting tools offer greater wear
and shock resistance and greatly increased cutting
speeds. Polycrystalline diamond tools offer improved
surface finish, better part-size control, up to 100 times
greater tool life than carbide tools, and increased
productivity.

CUBIC BORON NITRIDE CUTTING TOOLS

Cubic boron nitride (Borazon) is next to diamond on the
hardness scale. These cutting tools are made by bonding a
layer of polycrystalline cubic boron nitride to a cemented-
carbide substrate, which provides good shock resistance.
They offer exceptionally high wear resistance and edge

life and may be used to machine high-temperature alloys
and hardened ferrous alloys.

» Cutting-Tool
Nomenclature

Cutting tools used on a lathe are generally single-pointed,
and although the shape of the tool is changed for various
applications, the same nomenclature applies to all cutting
tools (Fig. 29-3).

The base is the bottom surface of the tool shank.

The cutting edge is the leading edge of the cutting
tool that does the cutting.

The face is the surface against which the chip bears
as it is separated from the work.

The flank is the surface of the tool adjacent to and
below the cutting edge.

The nose is the tip of the cutting tool formed by
the junction of the cutting edge and the front face.

The nose radius is the radius to which the nose is
ground. The size of the radius will affect the finish.
For rough turning, a small nose radius [about .015 in.
(0.38 mm)] is used. A larger radius [about .060 to
125 in. (1.5 to 3 mm)] is used for finish cuts.

The point is the end of the tool that has been
ground for cutting purposes.

The shank is the body of the cutting tool or the part
held in the toolholder.

FACE

NOSE RADIUS
CUTTING EDGE

L7
\_ ZBASE

M Figure 29-3 Nomenclature of a general-purpose
lathe cutting tool.

SHANK

FLANK
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Recommended angles for high-speed steel tools

Side End Side Back Angle of
Material Relief Relief Rake Rake Keenness
Aluminum 12 8 15 35 63
Brass 10 8 5t0 —4 0 75 to 84
Bronze 10 8 5t0 —4 0 75 to 84
Cast iron 10 8 12 5 68
Copper 12 10 20 16 58
Machine steel 10to 12 8 12t0 18 8to 15 60 to 68
Tool steel 10 8 12 8 68
Stainless steel 10 8 15t0 20 8 72

» Lathe Cutting Tools ENDCUTING TP VIEW
Angles and Clearances sy S

Proper cutting tool performance depends on the clearance
and rake angles, which must be ground on the cutting tool.
Although these angles vary for different materials, the
nomenclature is the same for all cutting tools (Table 29.2).

The side cutting edge angle is the angle the cutting
edge forms with the side of the tool shank (Fig. 29-4).
Side cutting angles for a general-purpose lathe cutting
tool may vary from 10° to 20°, depending on the material
cut. If this angle is too large (over 30°), the tool will tend
to chatter.

The end cutting edge angle is the angle formed by
the end cutting edge and a line at right angles to the cen-
terline of the cutting tool (Fig. 29-4). This angle may vary
from 5° to 30°, depending on the type of cut and finish de-
sired. An angle of 5° to 15° is satisfactory for roughing
cuts; angles between 15° and 30° are used for general-pur-
pose turning tools. The larger angle permits the cutting
tool to be swiveled to the left for taking light cuts close to
the dog or chuck, or when turning to a shoulder.

The side relief (clearance) angle is the angle ground
on the flank of the tool below the cutting edge (Figs. 29-4
and 29-5). This angle is generally 6° to 10°. The side
clearance on a cutting tool permits the cutting tool to ad-
vance lengthwise into the rotating work and prevents the
flank from rubbing against the workpiece.

The end relief (clearance) angle is the angle ground
below the nose of the cutting tool, which permits the cut-
ting tool to be fed into the work. It is generally 10° to 15°
for general-purpose tools (Figs. 29-4 and 29-5). This

214 Metal-Cutting Technology

NOSE
RAD%
SIDE CUTTING

EDGE ANGLE

END VIEW
KSIPE RAKE ANGLE SIDE VIEW

T =
\g

ANGLE OF  SIDE RELIEF
KEENNESS ~ ANGLE END RELIEF ANGLE

M Figure 29-4 Angles and clearances for lathe cutting
tools.

angle must be measured when the cutting tool is held in
the toolholder. The end relief angle varies with the hard-
ness and type of material and the type of cut. The end relief
angle is smaller for harder materials, providing support
under the cutting edge.

The side rake angle is the angle at which the face is
ground away from the cutting edge. For general-purpose
cutting tools, the side rake is generally 14° (Figs. 29-4 and
29-5). Side rake creates a keener cutting edge and allows the
chips to flow away quickly. For softer materials, the side
rake angle is generally increased. Side rake may be either
positive or negative, depending on the material being cut.
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END CUTTING EDGE ANGLE

TOP VIEW
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M Figure 29-5 Lathe cutting-tool angles and clearances.

The angle of keenness is the included angle pro-
duced by grinding side rake and side clearance on a cut-
ting tool (Fig. 29-4). This angle may be altered, depending
on the type of material machined, and will be greater
(closer to 90°) for harder materials.

The back (top) rake angle is the backward slope of
the tool face away from the nose. The back rake angle is
generally about 20° and is provided for in the toolholder
(Fig. 29-5). Back rake permits the chips to flow away
from the point of the cutting tool. Two types of back or top
rake angles are provided on cutting tools and are always
found on the top of the cutting tool:

> Positive rake (Fig. 29-6a), where the point of the
cutting tool and the cutting edge contact metal first
and the chip moves down the face of the cutting tool

> Negative rake (Fig. 29-6b), where the face of the
cutting tool contacts the metal first and the chip is
forced up the face of the cutting tool

NEGATIVE
RAKE

M Figure 29-6 (a) Positive rake angle ground on
a cutting tool; (b) negative rake angle ground on a
cutting tool.

Each type of rake angle serves a specific purpose.
The type used depends on the machining operation per-
formed and the characteristics of the work material. Rake
angles can be ground on cutting tools or, in the case of
cutting-tool inserts, they can be held in suitable holders,
which provide the rake angle desired.

POSITIVE RAKE ANGLE

A positive rake angle (Fig. 29-6a) is considered best for
the efficient removal of metal. It creates a large shear
angle at the shear zone, reduces friction and heat, and
allows the chip to flow freely along the chip-tool inter-
face. Positive-rake-angle cutting tools are generally
used for continuous cuts on ductile materials that are
not too hard or abrasive. Even though positive-rake-
angle tools remove metal efficiently, they are not rec-
ommended for all work materials or cutting applica-
tions. The following factors must be considered when
the type and the amount of rake angle for a cutting tool
are being determined:

1. The hardness of the metal to be cut

2. The type of cutting operation (continuous or
interrupted)

3. The material and shape of the cutting tool
4. The strength of the cutting edge

Cutting Tools 215



NEGATIVE RAKE ANGLE

A negative rake angle (Fig. 29-6b) is used for interrupted
cuts and when the metal is tough or abrasive. A negative
rake angle on the tool creates a small shear angle and a
long shear zone; therefore, more friction and heat are cre-
ated. Although the increase in heat may seem to be a dis-
advantage, it is desirable when tough metals are machined
with carbide cutting tools. Face-milling cutters with car-
bide tool inserts are a good example of the use of negative
rake for interrupted and high-speed cutting.

The advantages of negative rake on cutting tools are:

> The shock from the work meeting the cutting tool
is on the tool’s face, not its point or edge, which
prolongs the life of the tool.

> The hard outer scale on the metal does not come
into contact with the cutting edge.

> Surfaces with interrupted cuts can be readily
machined.

> Higher cutting speeds can be used.

The shape of a chip can be altered in a number of
ways to improve the cutting action and reduce the amount
of power required. A continuous straight ribbon chip on a
lathe can be changed to a continuous curled ribbon by:

1. Changing the angle of the keenness (the included
angle produced by grinding the side rake and side
clearance) on a cutting tool (Fig. 29-4).

2. Grinding a chip breaker behind the cutting edge of
the cutting tool.

A helix angle on a milling cutter affects the cutting per-
formance by providing a shearing action when the chip is
removed.

» Cutting-Tool Shape

The shape of the cutting tool is very important for the ef-
ficient removal of metal. Every time a machine must be
stopped to recondition or replace a worn cutting tool, pro-
duction rates decrease. The life of a cutting tool is gener-
ally reported as:

1. The number of minutes that the tool has been
cutting

2. The length of material cut

3. The number of cubic inches or cubic centimeters
(cm?®) of material removed

4. In the case of drills, the number of inches or
millimeters of hole depth drilled

To prolong cutting-tool life, reduce the friction be-
tween the chip and the tool as much as possible. This re-

216 Metal-Cutting Technology

duction can be accomplished by providing the cutting tool
with a suitable rake angle and by highly polishing the
cutting-tool face with a honing stone. The polished cutting
face reduces the friction on the chip-tool interface, reduces
the size of the built-up edge, and generally results in better
surface finish. The rake angle on cutting tools allows chips
to flow away freely and reduces friction and the amount of
power required for the machining operation.

The rake angle of the cutting tool also affects the
shear angle or plane of the metal, which in turn determines
the area of plastic deformation. If a large rake angle is
ground on the cutting tool, a large shear angle is created
in the metal during the cutting action (Fig. 29-6a). The re-
sults of a large shear angle are:

1. A thin chip is produced.
The shear zone is relatively short.
Less heat is created in the shear zone.

Good surface finish is produced.

h kb

Less power is required for the machining
operation.

A small or a negative rake angle on the cutting tool
(Fig. 29-6b) creates a small shear angle in the metal dur-
ing the cutting process with the following results:

1. A thick chip is produced.
2. The shear zone is long.

3. More heat is produced.
4

. The surface finish is not quite as good as with
large-rake-angle cutting tools.

5. More horsepower is required for the machining
operation.

» Tool Life

Tool life, or the number of parts produced by a cutting-
tool edge before regrinding is required, is an important
cost factor in manufacturing a part or product. Conse-
quently, cutting tools must be reground at the first sign of
dullness. If a tool is used beyond this point, it will break
down rapidly and much more tool material will have to be
removed when regrinding, thus shortening the tool’s life.

To determine the time when a cutting tool should be
changed, most modern machines are equipped with indi-
cators that show the horsepower used during the machin-
ing operation. When a tool becomes dull, more horsepower
is required for the operation. This will show on the indica-
tor, and the tool should be reconditioned immediately.

The wear or abrasion of the cutting tool will deter-
mine its life. Three types of wear are generally associated
with cutting tools: flank wear, nose wear, and crater wear
(Fig. 29-7).



M Figure 29-7 The tool wear areas of a cutting tool:
(1) flank wear; (2) nose wear; (3) crater wear.  (Kelmar
Associates)

Flank wear occurs on the side of the cutting edge as
a result of friction between the side of the cutting-tool
edge and the metal being machined. Too much flank wear
increases friction and makes more power necessary for
machining. When the flank wear is .015 to .030 in. (0.38
to 0.76 mm) long, the tool should be reground.

Nose wear occurs on the nose or point of the cutting
tool as a result of friction between the nose and the metal
being machined. Wear on the nose of the cutting tool af-
fects the quality of the surface finish on the workpiece.

Crater wear occurs a slight distance away from the
cutting edge as a result of the chips sliding along the chip-
tool interface, which is a result of a built-up edge on the
cutting tool. Too much crater wear eventually breaks
down the cutting edge.

The following factors affect the life of a cutting tool:

The type of material being cut

The microstructure of the material

The hardness of the material

The type of surface on the metal (smooth or scaly)
The material of the cutting tool

The profile of the cutting tool

The type of machining operation being performed

The speed, feed, and depth of cut
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» Principles of Machining
TURNING

A high proportion of the work machined in a shop is
turned on a lathe. The workpiece is held securely in a
chuck or between lathe centers. A turning tool, mounted
in a holder and set to a given depth of cut, is fed parallel
to the axis of the work to reduce the diameter of the work-
piece (Fig. 29-8).

As the workpiece revolves and the cutting tool is fed
along the axis, material is separated by the edge of the cut-

WORKPIECE REVOLVING

TURNING

OR FEEDING

M Figure 29-8 The cutting action of a lathe or turning
center. (Kelmar Associates)

TOOL TRAVEL

WORKPIECE TRAVEL

PLANING

M Figure 29-9 The cutting action of a planer.
(Kelmar Associates)

ting tool. A chip forms and slides along the cutting tool’s
upper surface created by the side rake. The angle of keen-
ness (Fig. 29-4), which permits the tool to remove the
metal as the tool is fed along the workpiece, is formed by
the side relief angle clearance and the side rake ground on
the cutting tool. Let’s assume that we are cutting a piece
of machine steel; if the rake and relief clearance angles are
correct and the proper speed and feed are used, a continu-
ous chip should be formed. If the angle of keenness is too
small, the edge of the tool will break down too soon. If the
angle is too great (that is, little or no side rake), the metal
will not be removed as effectively and greater torque will
be required to remove it. In either case, a built-up edge and
rough surface finish will result.

PLANING

The cutting tool used in the planer is basically the same
shape as the lathe tool for machining similar materials. It
should have the proper rake and clearance angles ground
on it to machine the workpiece efficiently. The cutting ac-
tion of a planer is illustrated in Fig. 29-9. The workpiece
is moved back and forth under a cutting tool, which is fed
sideways a set amount at the end of each table reversal.

PLAIN MILLING

A milling cutter is a multi-tooth tool having several
equally spaced cutting edges (teeth) around its periphery.
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M Figure 29-10 The type of chip produced by a
helical milling cutter. (Cincinnati Machine)

M Figure 29-11 As the workpiece is fed into the
revolving cutter, each tooth removes material from the
work. (Cincinnati Machine)

Each tooth may be considered to be a single-point cutting
tool and must have proper rake and clearance angles to cut
effectively. Fig. 29-10 shows the chip formation produced
by a helical milling cutter.

The workpiece, held in a vise or fastened to the
table, is fed into the horizontal revolving cutter by hand or
by automatic table feed. As the work is fed into the cutter,
each tooth makes successive cuts, which produce a
smooth, flat, or profiled surface, depending on the shape
of the cutter used (Fig. 29-11). The nomenclature of a
plain milling cutter is shown in Fig. 29-12.
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M Figure 29-12 The nomenclature of a plain milling
cutter.

M Figure 29-13 End mills generally cut on the
periphery.

END AND FACE MILLING

End mills (Fig. 29-13) are multi-tooth cutters held verti-
cally in a vertical milling machine spindle or attachment.
They are used primarily for cutting slots or grooves,
whereas shell end mills and face mills are used primarily
for producing flat surfaces. The workpiece is held in a vise
or clamped to the table and is fed into the revolving cutter
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M Figure 29-14 The nomenclature of an end mill.

M Figure 29-15 The corner of each tooth on face
milling cutters is generally chamfered to provide strength
and prevent the teeth from chipping.

by hand or automatically. When end milling, the cutting is
done by the periphery of the teeth. The nomenclature of
an end mill is shown in Fig. 29-14.

The inserted blade face mill consists of a body that
holds several equally spaced inserts at the required rake
angle. The lower edge of each insert has a relief or clear-
ance angle ground on it. Since the cutting action occurs at
the lower corner of the insert, generally each corner is
chamfered to give it strength and to prevent the corners
from breaking off (Fig. 29-15).
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M Figure 29-16 The characteristics of a drill point.
(Kelmar Associates)

M Figure 29-17 The chip formation of a drill.

DRILLING

The drill is a multi-edge cutting tool that cuts on the point.
The drill’s cutting edges, or lips, are provided with lip
clearance (Fig. 29-16) to permit the point to penetrate the
workpiece as the drill revolves. It may be fed into the work
manually or automatically. The rake angle is provided by
helical-shaped flutes that slope away from the cutting
edge. As in other cutting tools, the included angle between
the rake angle and the clearance angle is known as the an-
gle of keenness. Cutting-point angles for a standard drill
are shown in Fig. 29-16; chip formation is shown in
Fig. 29-17.
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Cutting-Tool Materials
1. What properties should a cutting tool possess?

2. What elements are found in high-speed steel
cutting tools?

3. State the precaution that should be taken when
grinding stellite cutting tools.

4. List three qualities of a carbide cutting tool.

5. Why are straight tungsten carbide cutting tools
used?

6. What two substances may be added to tungsten
carbide to make it crater-resistant?

7. List four advantages of coated carbide cutting tools
over conventional carbide cutting tools.

8. State the uses of:

a. Titanium-coated inserts
b. Ceramic-coated inserts

9. List three advantages of ceramic cutting tools.

10. For what application should ceramic cutting tools
not be used?

11. Describe a polycrystalline diamond cutting tool.

12. What are the main applications of polycrystalline
diamond tools?

13. List six advantages of polycrystalline diamond
cutting tools.

14. How are polycrystalline cubic boron nitride cutting
tools made?

15. State two advantages of polycrystalline cubic
boron nitride cutting tools.

16. List two applications of polycrystalline cubic
boron nitride cutting tools.

Cutting-Tool Nomenclature

17. Make neat sketches of a single-point cutting tool
and label the following parts:

a. Face e. Flank
b. Cutting edge f. Shank
c. Nose g. Radius
d. Point

Lathe Cutting Tool Angles and Clearances
18. State the purpose of the following:

a. Side cutting edge angle
b. Side relief angle

d. Side rake angle
e. Back rake angle
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c. End relief angle f. Angle of keenness

19. Draw sketches to illustrate the angles in question 18.

Cutting-Tool Shape

20. Name two methods that can be used to improve the
life of a cutting tool.

21. What results can be expected from grinding a large
rake angle on a cutting tool?

22. How does negative rake on a cutting tool affect the
cutting process?

Tool Life

23. Define flank wear, nose wear, and crater wear.

24. List six important factors that affect the life of a
cutting tool.

25. Name the two types of cutting tools.

Cutting in a Lathe
26. What will the effect be if the angle of keenness is:
a. Too small? b. Too large?

27. List two results of question 26a and b.

Plain Milling
28. Describe a plain milling cutter.
29. Describe the cutting action of a milling machine.

30. What is another name for the tooth angle in
Fig. 29-127

End and Face Milling
31. What is the purpose of:
a. End milling? b. Face milling?

32. How is the rake angle achieved on the blades of an
inserted-tooth face mill?

33. Why are inserted-tooth cutters chamfered on the
corners?

Drilling
34. Why is lip clearance ground on a drill?

35. What two surfaces provide the angle of keenness
for the drill?
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Operating Conditions

and Tool Life

OBJECTIVES

After completing this unit, you will be able to:

Describe the effect of cutting conditions on
cutting-tool life

Explain the effect of cutting conditions on metal-
removal rates

State the advantages of new cutting-tool
materials

Calculate the economic performance and cost
analysis for a machining operation

» Operating Conditions

There has been a continual search for new cutting-tool
materials to increase productivity. High-speed steels were
gradually replaced by cast alloys, carbides, ceramics, and
cermets. Superabrasive high-efficiency cutting tools such
as polycrystalline diamonds (PCD) and polycrystalline
cubic boron nitride (PCBN) are now finding wide use in
the metalworking industry. The productivity of these new
high-efficiency cutting tools far surpasses that of other
cutting tools for certain applications.

To produce parts efficiently, optimum operating
conditions must be achieved during production. Three op-
erating variables—cutting speed, feed rate, and depth of
cut—influence metal-removal rate and tool life (Fig. 30-1).
This unit will explain how to achieve these optimum

Intense global competition and the productivity gap
between North American and overseas workers are
forcing many companies to renew their commitment
to product quality, while at the same time reducing
manufacturing costs. During the past decade or so,
marked gains in productivity have resulted from high
technology automation, numerical control machine
tools, flexible manufacturing systems, and other
innovations. These new, more rigid machine tools
and systems with higher horsepower are much more
productive than the machines they have replaced.
However, realizing their full potential depends on the
use of reliable high-efficiency cutting tools to repeat-
edly produce accurate parts at prices that make them
competitive with overseas production.

M Figure 30-1 The best operating conditions result in
the best metal-removal rates and an increase in produc-
tivity.  (Diamond Innovations Inc., at www.abrasivesnet.com)
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conditions, which will result in maximum productivity
and minimum cost per piece produced.

DEPTH OF CUT, FEED RATE,
AND CUTTING SPEED

The metal-removal rate (MRR) is the rate at which metal
is removed from an unfinished part and is measured in cu-
bic inches or cubic centimeters per minute. Whenever any
one of the three variables (cutting speed, feed, and depth
of cut) is changed, MRR will change accordingly. For ex-
ample, if the cutting speed or the depth of cut is increased
by 25%, MRR will increase by 25%, but the life of the cut-
ting tool will be reduced. However, a change in each of the
variables will affect cutting-tool life differently. This dif-
ference can be proven by setting up a test piece on a lathe.

EFFECTS OF CHANGING
OPERATING CONDITIONS

Let’s assume that a test piece is being machined. The lathe
is set to the proper r/min for the material being cut. The
feed rate has been selected and the depth of cut has been
set at 10 times the rate of feed, which is generally accepted
as the minimum depth. After the test cut has been made
and the tool life established, increase each variable by
50% and note the effects on tool life (Fig. 30-2). The re-
sults are approximately as follows:

> Increasing the depth of cut by 50% reduces tool
life by 15%.

> Increasing the feed rate by 50% reduces tool life
by 60%.

> Increasing the cutting speed by 50% reduces tool
life by 90%.

Based on Fig. 30-2, it can be assumed that:

> Changes in the depth of cut have the least effect on
tool life.

> Changes in the feed rate have a greater effect than
depth-of-cut changes on tool life.

> Changes in the cutting speed of any material have
a greater effect than either depth-of-cut or feed-rate
changes on tool life.

GENERAL OPERATING
CONDITION RULES

From the previous test, it is evident that the selection of
the proper cutting speed is the most critical factor to con-
sider when establishing the optimum or ideal operating
conditions. If the cutting speed is too low, fewer parts will
be produced. At very low speeds, a built-up edge may
occur on the cutting tool, requiring tool changes. If the
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OPERATING CONDITIONS

CUTTING
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FEED
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Io

REDUCTION IN TOOL LIFE

M Figure 30-2 Conditions which affect single-point
machining operations. (Kelmar Associates)

cutting speed is too high, the tool will break down quickly,
requiring frequent tool changes. Thus,

The optimum cutting speed for any job should bal-
ance the metal-removal rate and cutting-tool life.

When considering the best feed rate and depth of
cut, always choose the heaviest depth of cut and feed rate
possible, because they will reduce tool life much less than
too high a cutting speed. Thus,

The optimum feed rate should balance the metal-
removal rate and cutting-tool life.

In summary, the maximum production rate is
achieved by a combination of cutting speed, feed, and
depth of cut that attains the highest output for which the
sum of machining time and tool-change time is a mini-
mum. Factors that affect production rate include:

1. Inadequate horsepower, which limits the metal-
removal rate

2. Surface finish requirements, which may limit the
feed rate

3. Machine rigidity, which may not be sufficient to
withstand cutting forces, feed rate, and depth of cut

4. Rigidity of the part being machined, which may
limit the depth of cut

» Economic Performance

When the cost of any machining operation is analyzed,
many factors must be considered to arrive at a true cost.
The most important factor affecting the metal-removal rate
is the type of cutting tool used. The cost of a conventional
cutting tool may be very low, but the cost of using the tool
may be very high. On the other hand, the cost of a su-
perabrasive cutting tool such as polycrystalline diamond
or cubic boron nitride may be relatively high, but the cost
of using the tool may be low enough to justify its use.

To arrive at a true picture of whether a cutting tool
will be economical or not, two factors must be considered
for the total machining cost equation: the cost of using the
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M Figure 30-3 Factors which affect the cost of machining a part.  (Kelmar Associates)

cutting tool and the price of the cutting tool. Let us exam-
ine what factors must be considered to arrive at the total
machining costs per part produced. (See Fig. 30-3.)

Cost of Using the Tool

1. The ability of a cutting tool to remove stock will
determine the production rate and the amount of
labor and investment required to produce parts.

2. Any tool’s ability to remove stock is governed by
the number of times that a tool must be recondi-
tioned or replaced to produce accurate work and a
good surface finish.

3. The rate that a cutting tool wears will influence
how often a worn tool must be removed from a
machine and replaced.

4. The cutting tool must be reconditioned and stored
in inventory, which affects the total machining cost.

» Machining Cost Analysis

Many factors must be considered to analyze the true cost
of any machining operation. One of the most important el-
ements which govern the rate at which metal is removed
is the choice of the cutting tool used. Even though one cut-
ting tool may be more expensive than another tool, it can
be more economical in the long run if it removes material
faster and at less tool cost per part.

To obtain the lowest possible costs in any machin-
ing operation, tool engineers and methods personnel
must look at the total operation and carefully examine
each element that can affect the cost picture. The many
variables which affect a machining operation are listed
in Fig. 30-3. All of these factors play a part in deter-
mining how a cutting tool performs during a machining
operation.
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Operating Conditions

1. What are the three factors that influence cutting-
tool life?

Depth of Cut, Feed Rate, and Cutting Speed

2. How is metal-removal rate measured?

Effects of Changing Operating Conditions

3. What is the generally accepted minimum depth
of cut?

4. Which factor increase causes the greatest reduction
in cutting-tool life?
General Operating Condition Rules

5. What may occur if too slow a cutting speed is
used?
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6. What is the optimum or ideal cutting speed for
any job?

7. List four factors that affect production rates.

Economic Performance

8. What is the most important factor affecting metal-
removal rate?

9. What two factors must be considered when
arriving at the total cost of a part?
Cost of Using the Tool

10. What determines the production rate of a cutting
tool?

Machining Cost Analysis

11. List six of the most important cost factors in
machining a part.
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Carbide Cutting Tools

OBJECTIVES

After completing this unit, you will be able to:

Identify and state the purpose of the two main
types of carbide grades

Select the proper grade of carbide for various
workpiece materials

Select the proper speeds and feeds for
carbide tools

Carbide was first used for cutting tools in Germany
during World War | as a substitute for diamonds.
During the 1930s, various additives were discovered

» Manufacture of Cemented
Carbides
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