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ABOUT THE COVER

The four vehicles pictured on the cover were selected to represent a spectrum of manu-
facturing conditions, where the products may be similar, but the “materials’ and ““pro-
cesses’ are often quite different. The 1912 Model T Ford is representative of an era of
great manufacturing change. Early models had leather fenders and wooden-spoke
wheels, a carry-over from the days of the horse-and-buggy or carriage. Those vehicles
were often hand-made by skilled artisans. Later models had wooden floors and roofs
made from chicken wire, cotton mattress batting, and a sheet of rubberized vinyl
stretched over wooden spars, and were produced on a moving assembly line. The soap-
box racer, a one-of-a-kind item, and formula racer are both limited-quantity products,
for which part-specific tooling may be prohibitive. A $5000 forming die to make 50,000
identical pieces only costs 10 cents a part. If only 10 parts are to be produced, however,
each part has incurred a $500 tooling expense. Processes such as direct-digital manufac-
turing can economically address such limited quantities.

While both are racers, the operating conditions and demands are worlds apart.
One is gravity propelled while the other is powered by hundreds of horsepower and
reaches speeds in excess of 200 miles per hour. The stresses that the materials must
endure are extremely different. For the formula car, performance clearly overshadows
cost when making manufacturing decisions. In contrast, the production of a popular
family sedan, like the depicted Ford Taurus, clearly justifies part-specific tooling, but
these parts must be made quickly and economically using the principles of lean manu-
facturing. Passenger safety, fuel economy, comfort, and even recyclability may be as
important as performance.

Nearly all of the materials and processes described in this book find themselves
employed on one or more of the four depicted vehicles. Each of those material-process
combinations was selected because it offered the best overall match to the needs of the
specific product. As new materials and processes are developed, these ““best’’ solutions
will be constantly changing. We invite the reader to open the text and explore this fasci-
nating area of engineering and technology.
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PREFACE

It’s a world of manufactured goods. Whether we like it or not, we all live in a technologi-
cal society. Every day we come in contact with hundreds of manufactured items, made
from every possible material. From the bedroom to the kitchen, to the workplace, we
use appliances, phones, cars, trains, and planes, TVs, cell phones, VCRs, DVD’s, furni-
ture, clothing, sports equipment, books and more! These goods are manufactured in
factories all over the world using manufacturing processes.

Basically, manufacturing is a value-adding activity, where the conversion of mate-
rials into products adds value to the original material. Thus, the objective of a company
engaged in manufacturing is to add value and to do so in the most efficient manner, with
the least amount of waste in terms of time, material, money, space, and labor. To mini-
mize waste and increase productivity, the processes and operations need to be properly
selected and arranged to permit smooth and controlled flow of material through the
factory and provide for product variety. Meeting these goals requires an engineer who
can design and operate an efficient manufacturing system. Here are the trends that are
impacting the manufacturing world.

* Manufacturing is a global activity
Manufacturing is a global activity with companies sending work to other countr-
ies (China, Taiwan, Mexico) to take advantage of low-cost labor. Many US compa-
nies have plants in other countries and foreign companies have built plants in the
United States, to be nearer their marketplace. Automobile manufacturers from all
around the globe and their suppliers use just about every process described in this
book and some that we do not describe, often because they are closely held secrets.

¢ It’s a digital world
Information technology and computers are growing exponentially, doubling in
power every year. Every manufacturing company has ready access to world-wide dig-
ital technology. Products can be built by suppliers anywhere in the world working
using a common set of digital information. Designs can be emailed to manufacturers
who can rapidly produce a prototype in metal or plastic in a day.

¢ Lean manufacturing is widely practiced

Most (over 60%) manufacturing companies have restructured their facto-
ries (their manufacturing systems) to become lean producers, making goods of
superior quality, cheaper, faster in a flexible way (i.e., they are more responsive
to the customers). Almost every plant is doing something to make itself leaner.
Many of them have adopted some version of the Toyota Production System.
More importantly, these manufacturing factories are designed with the internal
customer (the workforce) in mind, so things like ergonomics and safety are key
design requirements. So while this book is all about materials and processes for
making the products, the design of the factory cannot be ignored when it comes
to making the external customer happy with the product and the internal cus-
tomer satisfied with the employer.

¢ New products and materials need new processes
The number and variety of products and the materials from which they are
made continues to proliferate, while production quantities (lot sizes) have become
smaller. Existing processes must be modified to be more flexible, and new processes
must be developed.

¢ Customers expect great quality
Consumers want better quality and reliability, so the methods, processes, and
people responsible for the quality must be continually improved. The trend toward
(improving) zero defects and continuous improvement requires continual changes to
the manufacturing system.
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¢ Rapid product development is required

Finally, the effort to reduce the time-to-market for new products is continuing.
Many companies are taking wholistic or system wide perspectives, including concur-
rent engineering efforts to bring product design and manufacturing closer to the cus-
tomer. There are two key aspects here. First, products are designed to be easier to
manufacture and assemble (called design for manufacture/assembly). Second, the
manufacturing system design is flexible (able to rapidly assimilate new products), so
the company can be competitive in the global marketplace.

B HISTORY OF THE TEXT

E. Paul DeGarmo was a mechanical engineering professor at the University of Califor-
nia, Berkley when he wrote the first edition of Materials and Processes in Manufactur-
ing, published by Macmillan in 1957. The book quickly became the emulated standard
for introductory texts in manufacturing. Second, third, and fourth editions followed in
1962, 1969, and 1974. DeGarmo had begun teaching at Berkeley in 1937, after earning
his M..S. in mechanical engineering from California Institute of Technology. DeGarmo
was a founder of the Department of Industrial Engineering (now Industrial Engineer-
ing and Operations Research) and served as its chair from 1956-1960. He was also
assistant dean of the College of Engineering for three years while continuing his teach-
ing responsibilities.

Dr. DeGarmo observed that engineering education had begun to place more
emphasis on the underlying sciences at the expense of hands on experience. Most of his
students were coming to college with little familiarity with materials, machine tools, and
manufacturing methods that their predecessors had acquired through the old “shop”
classes. If these engineers and technicians were to successfully convert their ideas into
reality, they needed a foundation in materials and processes, with emphasis on their
opportunities and their limitations. He sought to provide a text that could be used in
either a one-or two-semester course designed to meet these objectives. The materials
sections were written with an emphasis on use and application. Processes and machine
tools were described in terms of what they could do, how they do it, and their relative
advantages and limitations, including economic considerations. Recognizing that many
students would be encountering the material for the first time, clear description was
accompanied by numerous visual illustrations.

Paul’s efforts were well received, and the book quickly became the standard text in
many schools and curricula. As materials and processes evolved, advances were incorpo-
rated into subsequent editions. Computer usage, quality control, and automation were
added to the text, along with other topics, so that it continued to provide state-of-the-art
instruction in both materials and processes. As competing books entered the market,
their subject material and organization tended to mimic the DeGarmo text.

Paul DeGarmo retired from active teaching in 1971, but he continued his
research, writing, and consulting for many years. In 1977, after the publication of the
fourth edition of Materials and Processes in Manufacturing, he received a letter from
Ron Kohser, then an assistant professor at the University of Missouri-Rolla who had
many suggestions regarding the materials chapters. DeGarmo asked Ron to rewrite
those chapters for the upcoming fifth edition. After the 5th edition DeGarmo decided
he was really going to retire and after a national search, recruited J T. Black, then a
Professor at Ohio State, to co-author the book with Dr. Kohser.

For the sixth through tenth editions (published in 1984 and 1988 by Macmillan,
1997 by Prentice Hall and 2003 and 2008 by John Wiley & Sons), Ron Kohser and
J T. Black have shared the responsibility for the text. The chapters on engineering
materials, casting, forming, powder metallurgy, additive manufacturing, joining and
non-destructive testing have been written or revised by Ron Kohser. J T. Black has
responsibility for the introduction and chapters on material removal, metrology,
surface finishing, quality control, manufacturing systems design, and lean engineering.

DeGarmo died in 2000, three weeks short of his 93rd birthday. His wife Mary died
in 1995; he is survived by his sons, David and Richard, and many grandchildren. For the
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10th edition, which coincided with the 50th anniversary of the text, we honored our
mentor with a change in the title to include his name — DeGarmo’s Materials and Pro-
cesses in Manufacturing. We recognize Paul for his insight and leadership and are for-
ever indebted to him for selecting us to carry on the tradition of his book for this, the
11th edition!

B PURPOSE OF THE BOOK

The purpose of this book is to provide basic information on materials, manufacturing
processes and systems to engineers and technicians. The materials section focuses on
properties and behavior. Thus, aspects of smelting and refining (or other material pro-
duction processes) are presented only as they affect manufacturing and manufactured
products. In terms of the processes used to manufacture items (converting materials
into products), this text seeks to provide a descriptive introduction to a wide variety of
options, emphasizing how each process works and its relative advantages and limita-
tions. Our goal is to present this material in a way that can be understood by individuals
seeing it for the very first time. This is not a graduate text where the objective is to thor-
oughly understand and optimize manufacturing processes. Mathematical models and
analytical equations are used only when they enhance the basic understanding of the
material. So, while the text is an introductory text, we do attempt to incorporate new
and emerging technologies like direct-digital-and micro-manufacturing processes as
they are introduced into usage.

B ORGANIZATION OF THE BOOK

E. Paul DeGarmo wanted a book that explained to engineers how the things they
designed are made. DeGarmo’s Materials and Processes in Manufacturing is still
being written to provide a broad, basic introduction to the fundamentals of man-
ufacturing. The book begins with a survey of engineering materials, the ‘“‘stuff”
that manufacturing begins with, and seeks to provide the basic information that
can be used to match the properties of a material to the service requirements of
a component. A variety of engineering materials are presented, along with their
properties and means of modifying them. The materials section can be used in
curricula that lack preparatory courses in metallurgy, materials science, or
strength of materials, or where the student has not yet been exposed to those
topics. In addition, various chapters in this section can be used as supplements to
a basic materials course, providing additional information on topics such as heat
treatment, plastics, composites, and material selection.

Following the materials chapters are sections on casting, forming, powder metal-
lurgy, material removal, and joining. Each section begins with a presentation of the fun-
damentals on which those processes are based. The introductions are followed by a
discussion of the various process alternatives, which can be selected to operate individ-
ually or be combined into an integrated system.

The chapter on rapid prototyping, which had been moved to a web-based supple-
ment in the 10th edition, has been restored to the print text, significantly expanded, and
renamed Additive Processes: Rapid Prototyping and Direct-Digital Manufacturing, to
incorporate the aspects of rapid prototyping, rapid tooling, and direct-digital manufac-
turing, and provide updated information on many recent advances in this area.

Reflecting the growing role of plastics, ceramics and composites, the chapter on
the processes used with these materials has also been expanded.

New to this edition is a chapter on lean engineering. The lean engineer works to
transform the mass production system into a lean production system. To achieve lean
production, the final assembly line is converted to a mixed model delivery system so
that the demand for subassemblies and components is made constant. The conveyor
type flow lines are dismantled and converted into U-shaped manufacturing cells also
capable of one-piece flow. The subassembly and manufacturing cells are linked to the
final assembly by a pull system called Kanban (visible record) to form an integrated
production and inventory control system. Hence, economy of scale of the mass
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production system changed to the “Economy of Scope”, featuring flexibility, small lots,
superior quality, minimum-inventory and short throughput times.

Later chapters provide an introduction to surface engineering, measurements and
quality control. Engineers need to know how to determine process capability and if they
get involved in six sigma projects, to know what sigma really measures. There is also
introductory material on surface integrity, since so many processes produce the finished
surface and residual stresses in the components. Finally, chapters dealing with automa-
tion and numerical control conclude the coverage to the 11th edition.

With each new edition, new and emerging technology is incorporated, and exist-
ing technologies are updated to accurately reflect current capabilities. Through its 50-
plus year history and 10 previous editions, the DeGarmo text was often the first intro-
ductory book to incorporate processes such as friction-stir welding, microwave heating
and sintering, and machining dynamics.

Somewhat open-ended case studies have been incorporated throughout the text.
These have been designed to make students aware of the great importance of properly
coordinating design, material selection, and manufacturing to produce cost competi-
tive, reliable products.

The text is intended for use by engineering (mechanical, lean, manufacturing, and
industrial) and engineering technology students, in both two-and four-year under-
graduate degree programs. In addition, the book is also used by engineers and technolo-
gists in other disciplines concerned with design and manufacturing (such as aerospace
and electronics). Factory personnel will find this book to be a valuable reference that
concisely presents the various production alternatives and the advantages and limita-
tions of each. Additional or more in-depth information on specific materials or pro-
cesses can be found in the expanded list of references that accompanies the text.

For instructors adopting the text for use in their course, an instructor solutions manual is
available through the book website: www.wiley.com/college/degarmo. Also available
on the website is a set of PowerPoint lecture slides created by Philip Appel.

Four additional chapters, as identified in the table of contents, are available on the
book website. These chapters cover: electronic manufacturing, thread and gear manu-
facture, nondestructive testing and inspection, and the enterprise (production system).
The registration card attached on the inside front cover provides information on how to
access and download this material. If the registration card is missing, access can be pur-
chased directly on the website www.wiley.com/college/degarmo, by clicking on “‘stu-
dent companion site’’ and then on the links to the chapter titles.

The authors wish to acknowledge the multitude of assistance, information, and illustra-
tions that have been provided by a variety of industries, professional organizations, and
trade associations. The text has become known for the large number of clear and helpful
photos and illustrations that have been graciously provided by a variety of sources. In
some cases, equipment is photographed or depicted without safety guards, so as to
show important details, and personnel are not wearing certain items of safety apparel
that would be worn during normal operation.

Over the many editions, there have been hundreds of reviewers, faculty, and stu-
dents who have made suggestions and corrections to the text. We continue to be grate-
ful for the time and interest that they have put into this book. For this edition we
benefited from the comments of the following reviewers:

Jerald Brevick, The Ohio State University; Zezhong Chen, Concordia University;
Emmanuel Enemuoh, University of Minnesota; Ronald Huston, University of
Cincinnati; Thenkurussi Kesavadas, University at Buffalo, The State University of New
York; Shuting Lei, Kansas State University; Lee Gearhart, University at Buffalo,
The State University of New York; Z] Pei, Kansas State University; Christine Corum,
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Purdue University; Allen Yi, The Ohio State University; Stephen Oneyear, North
Carolina State; Roger Wright, Rennselaer Polytechnic Institute.

The authors would also like to acknowledge the contributions of Dr. Elliot Stern
for the dynamics of machining section in Chapter 20, Dr. Memberu Lulu for inputs
to the quality chapter, Dr. Lewis Payton for writing the micro manufacturing chapter,
Dr. Subbu Subramanium for inputs to the abrasive chapter, Dr. David Cochran for his
contributions in lean engineering and system design, and Mr. Chris Huskamp of the
Boeing Company for valuable assistance with the chapter on additive manufacturing.

As always, our wives have played a major role in preparing the manuscript. Carol
Black and Barb Kohser have endured being “‘textbook widows’* during the time when
the book was being were written. Not only did they provide loving support, but Carol
also provided hours of expert proofreading, typing, and editing as the manuscript was
prepared.
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M 1.1 MATERIALS, MANUFACTURING,
AND THE STANDARD OF LIVING

Manufacturing is critical to a country’s economic welfare and standard of living because
the standard of living in any society is determined, primarily, by the goods and services
that are available to its people. Manufacturing companies contribute about 20% of the
GNP, employ about 18% of the workforce, and account for 40% of the exports of the
United States. In most cases, materials are utilized in the form of manufactured goods.
Manufacturing and assembly represent the organized activities that convert raw materials
into salable goods. The manufactured goods are typically divided into two classes: pro-
ducer goods and consumer goods. Producer goods are those goods manufactured for other
companies to use to manufacture either producer or consumer goods. Consumer goods
are those purchased directly by the consumer or the general public. For example, someone
has to build the machine tool (a lathe) that produces (using machining processes) the
large rolls that are sold to the rolling mill factory to be used to roll the sheets of steel that
are then formed (using dies) into body panels of your car. Similarly, many service indus-
tries depend heavily on the use of manufactured products, just as the agricultural industry
is heavily dependent on the use of large farming machines for efficient production.

Processes convert materials from one form to another adding value to them. The
more efficiently materials can be produced and converted into the desired products that
function with the prescribed quality, the greater will be the companies’ productivity and
the better will be the standard of living of the employees.

The history of man has been linked to his ability to work with tools and materials,
beginning with the Stone Age and ranging through the eras of copper and bronze, the
Iron Age, and recently the age of steel. While ferrous materials still dominate the man-
ufacturing world, we are entering the age of tailor-made plastics, composite materials,
and exotic alloys.

A good example of this progression is shown in Figure 1-1. The goal of the manufac-
turer of any product or service is to continually improve. For a given product or service,
this improvement process usually follows an S-shaped curve, as shown in Figure 1-1a,
often called a product life-cycle curve. After the initial invention/creation and develop-
ment, a period of rapid growth in performance occurs, with relatively few resources
required. However, each improvement becomes progressively more difficult. For a delta

1
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gain, more money and time and ingenuity are required. Finally, the product or service
enters the maturity phase, during which additional performance gains become very costly.

For example, in the automobile tire industry, Figure 1-1b shows the evolution of
radial tire performance from its birth in 1946 to the present. Growth in performance is actu-
ally the superposition of many different improvements in material, processes, and design.

These innovations, known as sustaining technology, serve to continually bring
more value to the consumer of existing products and services. In general, sustaining
manufacturing technology is the backbone of American industry and the ever-
increasing productivity metric.

Although materials are no longer used only in their natural state, there is obvi-
ously an absolute limit to the amounts of many materials available here on earth. There-
fore, as the variety of man-made materials continues to increase, resources must be
used efficiently and recycled whenever possible. Of course, recycling only postpones
the exhaustion date.

Like materials, processes have also proliferated greatly in the past 50 years,
with new processes being developed to handle the new materials more efficiently and
with less waste. A good example is the laser, invented around 1960, which now finds
many uses in machining, measurement, inspection, heat treating, welding, and more.
New developments in manufacturing technology often account for improvements in
productivity. Even when the technology is proprietary, the competition often gains
access to it, usually quite quickly.

Starting with the product design, materials, labor, and equipment are interactive
factors in manufacturing that must be combined properly (integrated) to achieve low
cost, superior quality, and on-time delivery. Figure 1-2 shows a breakdown of costs for a
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product (like a car). Typically about 40% of the selling price of a product is the manu-
facturing cost. Because the selling price determines how much the customer is willing to
pay, maintaining the profit often depends on reducing manufacturing cost. The internal
customers who really make the product are called direct labor. They are usually the
targets of automation, but typically they account for only about 10% of the manufactur-
ing cost, even though they are the main element in increasing productivity. In Chapter 2,
a manufacturing strategy is presented that attacks the materials cost, indirect costs, and
general administration costs, in addition to labor costs. The materials costs include the
cost of storing and handling the materials within the plant. The strategy depends on a
new factory design and is called lean production.

Referring again to the total expenses shown in Figure 1-2 (selling price less profit),
about 68% of dollars are spent on people, but only 5 to 10% on director labor, the break-
down for the rest being about 15% for engineers and 25% for marketing, sales, and
general management people. The average labor cost in manufacturing in the United States
is around $15 per hour for hourly workers (2010). Reductions in direct labor will have only
marginal effects on the total people costs. The optimal combination of factors for produc-
ing a small quantity of a given product may be very inefficient for a larger quantity of the
same product. Consequently, a systems approach, taking all the factors into account, must
be used. This requires a sound and broad understanding on the part of the decision makers
on the value of materials, processes, and equipment to the company, and their customers,
accompanied by an understanding of the manufacturing systems. Materials, processes, and
manufacturing systems are what this book is all about.

B 1.2 MANUFACTURING AND PRODUCTION SYSTEMS

FIGURE1-3 The

manufacturing system design
(aka the factory design) is
composed of machines, tooling,
material handling equipment,

and people.

Manufacturing is the economic term for making goods and services available to satisfy
human wants. Manufacturing implies creating value by applying useful mental or physi-
cal labor. The manufacturing processes are collected together to form a manufacturing
system (MS). The manufacturing system is a complex arrangement of physical elements
characterized by measurable parameters (Figure 1-3). The manufacturing system takes
inputs and produces products for the external customer.

The entire company is often referred to as the enterprise or the production
system. The production services the manufacturing system, as shown in Figure 1-4. In
this book, a production system will refer to the total company and will include within it
the manufacturing system. The production system includes the manufacturing system
plus all the other functional areas of the plant for information, design, analysis, and con-
trol. These subsystems are connected by various means to each other to produce either
goods or services or both.

Goods refers to material things. Services are nonmaterial things that we buy to
satisfy our wants, needs, or desires. Service production systems include transportation,
banking, finance, savings and loan, insurance, utilities, health care, education, commu-
nication, entertainment, sporting events, and so forth. They are useful labors that do
not directly produce a product. Manufacturing has the responsibility for designing
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FIGURE 1-4 The production system includes and services the manufacturing system. The functional
departments are connected by formal and informal information systems, designed to service the
manufacturing that produces the goods.

processes (sequences of operations and processes) and systems to create (make or
manufacture) the product as designed. The system must exhibit flexibility to meet
customer demand (volumes and mixes of products) as well as changes in product design.
Chapter 44 on the Web provides more detailed discussions of the production system
beyond what is presented here.

As shown in Table 1-1, production terms have a definite rank of importance,
somewhat like rank in the army. Confusing system with section is similar to mistaking a
colonel for a corporal. In either case, knowledge of rank is necessary. The terms tend to
overlap because of the inconsistencies of popular usage.

An obvious problem exists here in the terminology of manufacturing and produc-
tion. The same term can refer to different things. For example, drill can refer to the
machine tool that does these kinds of operations; the operation itself, which can be
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Meaning

Examples

Production system; the
enterprise

Manufacturing system
(sequence of operations,
collection of processes)
or factory

Machine or machine tool or
manufacturing process

Job (sometimes called a station;
a collection of tasks)

Operation (sometimes called
a process)

Tools or tooling

All aspects of workers, machines, and information,
considered collectively, needed to manufacture parts or
products; integration of all units of the system is critical.

The collection of manufacturing processes and
operations resulting in specific end products; an
arrangement or layout of many processes, materials-
handling equipment, and operators.

A specific piece of equipment designed to accomplish
specific processes, often called a machine tool; machine
tools linked together to make a manufacturing system.

A collection of operations done on machines or a
collection of tasks performed by one worker at one
location on the assembly line.

A specific action or treatment, often done on a machine,
the collection of which makes up the job of a worker.

Refers to the implements used to hold, cut, shape, or
deform the work materials; called cutting tools if
referring to machining; can refer to jigs and fixtures in
workholding and punches and dies in metal forming.

Company that makes engines, assembly plant,
glassmaking factory, foundry; sometimes called the
enterprise or the business.

Rolling steel plates, manufacturing of automobiles,
series of connected operations or processes, a job shop,
a flow shop, a continuous process.

Spot welding, milling machine, lathe, drill press, forge,
drop hammer, die caster, punch press, grinder, etc.

Operation of machines, inspection, final assembly; e.g.,
forklift driver has the job of moving materials.

Drill, ream, bend, solder, turn, face, mill extrude,
inspect, load.

Grinding wheel, drill bit, end milling cutter, die, mold,
clamp, three-jaw chuck, fixture.

done on many different kinds of machines; or the cutting tool, which exists in many dif-
ferent forms. It is therefore important to use modifiers whenever possible: “Use the
radial drill press to drill a hole with a 1-in.-diameter spade drill.”” The emphasis of this
book will be directed toward the understanding of the processes, machines, and tools
required for manufacturing and how they interact with the materials being processed.
In the last section of the book, an introduction to systems aspects is presented.

PRODUCTION SYSTEM—THE ENTERPRISE

The highest-ranking term in the hierarchy is production system. A production system
includes people, money, equipment, materials and supplies, markets, management, and
the manufacturing system. In fact, all aspects of commerce (manufacturing, sales,
advertising, profit, and distribution) are involved. Table 1-2 provides a partial list of

Partial List of Production Systems for Producer and Consumer Goods

Aerospace and airplanes

Appliances

Automotive (cars, trucks, vans, wagons, etc.)
Beverages

Building supplies (hardware)

Cement and asphalt

Ceramics

Chemicals and allied industries

Clothing (garments)

Construction

Construction materials (brick, block, panels)
Drugs, soaps, cosmetics

Electrical and microelectronics

Energy (power, gas, electric)

Engineering

Equipment and machinery (agricultural,
construction and electrical products, electronics,

household products, industrial machine tools, office

equipment, computers, power generators)

Foods (canned, dairy, meats, etc.)

Footwear

Furniture

Glass

Hospital suppliers

Leather and fur goods

Machines

Marine engineering

Metals (steel, aluminum, etc.)

Natural resources (oil, coal, forest, pulp and paper)
Publishing and printing (books, CDs, newspapers)
Restaurants

Retail (food, department stores, etc.)

Ship building

Textiles

Tire and rubber

Tobacco

Transportation vehicles (railroad, airline, truck, bus)
Vehicles (bikes, cycles, ATVs, snowmobiles)
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Types of Service Industries

Adpvertising and marketing

production systems. Another term for them is ““industries’ as in the
“aerospace industry.” Further discussion on the enterprise is found in
Chapter 44, on the Web.

Communication (telephone, computer networks) Much of the information given for manufacturing systems is rele-

Education
Entertainment (radio, TV, movies, plays)
Equipment and furniture rental

vant to the service system. Most require a service production system
[SPS] for proper product sales. This is particularly true in industries,
such as the food (restaurant) industry, in which customer service is as

Financial (banks, investment companies, loan companies)  jmportant as quality and on-time delivery. Table 1-3 provides a short

Health care

Insurance

Transportation and car rental
Travel (hotel, motel, cruise lines)

list of service industries.

MANUFACTURING SYSTEMS
A collection of operations and processes used to obtain a desired

product(s) or component(s) is called a manufacturing system. The

manufacturing system is therefore the design or arrangement of the
manufacturing processes in the factory. Control of a system applies to overall control
of the whole, not merely of the individual processes or equipment. The entire manu-
facturing system must be controlled in order to schedule and control the factory—all
its inputs, inventory levels, product quality, output rates, and so forth. Designs or
layouts of factories are discussed in Chapter 2.

MANUFACTURING PROCESSES

A manufacturing process converts unfinished materials to finished products, often using
machines or machine tools. For example, injection molding, die casting, progressive
stamping, milling, arc welding, painting, assembling, testing, pasteurizing, homogeniz-
ing, and annealing are commonly called processes or manufacturing processes.
The term process can also refer to a sequence of steps, processes, or operations for
production of goods and services, as shown in Figure 1-5, which shows the processes to
manufacture an Olympic-type medal.

A machine tool is an assembly of related mechanisms on a frame or bed that
together produce a desired result. Generally, motors, controls, and auxiliary devices
are included. Cutting tools and workholding devices are considered separately.

A machine tool may do a single process (e.g., cutoff saw) or multiple processes, or
it may manufacture an entire component. Machine sizes vary from a tabletop drill press
to a 1000-ton forging press.

JOB AND STATION
In the classical manufacturing system, a job is the total of the work or duties a worker
performs. A station is a location or area where a production worker performs tasks
or his job.

A jobis a group of related operations and tasks performed at one station or series of
stations in cells. For example, the job at a final assembly station may consist of four tasks:

1. Attach carburetor.
2. Connect gas line.
3. Connect vacuum line.

4. Connect accelerator rod.

The job of a turret lathe (a semiautomatic machine) operator may include the
following operations and tasks: load, start, index and stop, unload, inspect. The opera-
tor’s job may also include setting up the machine (i.e., getting ready for manufacturing).
Other machine operations include drilling, reaming, facing, turning, chamfering, and
knurling. The operator can run more than one machine or service at more than one
station.

The terms job and station have been carried over to unmanned machines. A job
is a group of related operations generally performed at one station, and a station is a
position or location in a machine (or process) where specific operations are performed.
A simple machine may have only one station. Complex machines can be composed of
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How an olympic medal is made using the CAD/CAM process

I

model
Artist’'s model
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Model
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(1) An oversized 3D plaster model is made (2) The model is scanned with a laser to
from the artist’'s conceptual drawings. produce a digital computer called a

computer-aided design (CAD).
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(3) The computer has software to produce a program to drive numerical control machine to cut a die set.
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FIGURE 1-5 The manufacturing process for making Olympic medals has many steps or operations, beginning with design
and including die making. (Courtesy | T. Black)
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Simplified Sequence of Operations
(Typical Machine Tool Used)

Raw material Cut bar stock to length;

Eslri:éc;?’kwith centerdrill ends.
flat ends (saw and drill press)

Multiple cylinders Turn and face

made by turning rough turn and finish turn.
(see Figure 1-12) (Lathe)

External

cylindrical

Turn the smaller external
cylindrical surfaces.

Three external (Lathe)

cylinders and
four flats

Flat
Mill the flat on the right end.

Three cylinders Mill the slot on the left end.
and six flats (Milling Machine)

Slot .
Drill four holes on left end.

Tap (internal threads) holes.
(Drill press)

Four
internal holes

Holes

i
[}
Internal v
cylindrical

FIGURE 1-6 The component called a pinion shaft is manufactured by a ““sequence of operations’ to
produce various geometric surfaces. The engineer figures out the sequence and selects the tooling to
perform the steps.

many stations. The job at a station often includes many simultaneous operations, such
as ““drill all five holes’’ by multiple spindle drills. In the planning of a job, a process
plan is often developed (by the engineer) to describe how a component is made using a
sequence of operation. The engineer begins with a part drawing and a piece of raw
material. Follow in Figure 1-6 the sequence of machining operations that transforms
the cylinder in a pinion shaft. This information can be embedded in a computer pro-
gram, in a machine tool called a lathe.

OPERATION

An operation is a distinct action performed to produce a desired result or effect. Typical

manual machine operations are loading and unloading. Operations can be divided into

suboperational elements. For example, loading is made up of picking up a part, placing

partin jig, closing jig. However, suboperational elements will not be discussed here.
Operations categorized by function are:

1. Materials handling and transporting: change in position of the product.

2. Processing: change in volume and quality, including assembly and disassembly; can
include packaging.
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3. Packaging: special processing; may be temporary or permanent for shipping.
4. Inspecting and testing: comparison to .the standard or check of process behavior

5. Storing: time lapses without further operations.

These basic operations may occur more than once in some processes, or they may
sometimes be omitted. Remember, it is the manufacturing processes that change the
value and quality of the materials. Defective processes produce poor quality or scrap.
Other operations may be necessary but do not, in general, add value, whereas opera-
tions performed by machines that do material processing usually do add value.

TREATMENTS

Treatments operate continuously on the workpiece. They usually alter or modify the
product-in-process without tool contact. Heat treating, curing, galvanizing, plating,
finishing, (chemical) cleaning, and painting are examples of treatments. Treatments
usually add value to the part.

These processes are difficult to include in manufacturing cells because they often
have long cycle times, are hazardous to the workers’ health, or are unpleasant to
be around because of high heat or chemicals. They are often done in large tanks or
furnaces or rooms. The cycle time for these processes may dictate the cycle times for
the entire system. These operations also tend to be material specific. Many manufac-
tured products are given decorative and protective surface treatments that control the
finished appearance. A customer may not buy a new vehicle because it has a visible
defect in the chrome bumper, although this defect will not alter the operation of the car.

TOOLS, TOOLING, AND WORKHOLDERS

The lowest mechanism in the production term rank is the tool. Tools are used to hold,
cut, shape, or form the unfinished product. Common hand tools include the saw,
hammer, screwdriver, chisel, punch, sandpaper, drill, clamp, file, torch, and grindstone.

Basically, machines are mechanized versions of such hand tools and are called
cutting tools. Some examples of tools for cutting are drill bits, reamers, single-point
turning tools, milling cutters, saw blades, broaches, and grinding wheels. Noncutting
tools for forming include extrusion dies, punches, and molds.

Tools also include workholders, jigs, and fixtures. These tools and cutting tools are
generally referred to as the tooling, which usually must be considered (purchased) sepa-
rate from machine tools. Cutting tools wear and fail and must be periodically replaced
before parts are ruined. The workholding devices must be able to locate and secure the
workpieces during processing in a repeatable, mistake-proof way.

TOOLING FOR MEASUREMENT AND INSPECTION

Measuring tools and instruments are also important for manufacturing. Common
examples of measuring tools are rulers, calipers, micrometers, and gages. Precision
devices that use laser optics or vision systems coupled with sophisticated electronics
are becoming commonplace. Vision systems and coordinate measuring machines are
becoming critical elements for achieving superior quality.

INTEGRATING INSPECTION INTO THE PROCESS

The integration of the inspection process into the manufacturing process or the manu-
facturing system is a critical step toward building products of superior quality.
An example will help. Compare an electric typewriter with a computer that does word
processing. The electric typewriter is flexible. It types whatever words are wanted in
whatever order. It can type in Pica, Elite, or Orator, but the font (disk or ball that has
the appropriate type size on it) has to be changed according to the size and face of type
wanted. The computer can do all of this but can also, through its software, set italics; set
bold, dark type; vary the spacing to justify the right margin; plus many other functions.
It checks immediately for incorrect spelling and other defects like repeated words. The
software system provides a signal to the hardware to flash the word so that the operator
will know something is wrong and can make an immediate correction. If the system
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were designed to prevent the typist from typing repeated words, then this would be a
poka-yoke, a term meaning defect prevention. Defect prevention is better than immedi-
ate defect detection and correction. Ultimately, the system should be able to forecast
the probability of a defect, correcting the problem at the source. This means that
the typist would have to be removed from the process loop, perhaps by having the sys-
tem type out what it is told (convert oral to written directly). Poka-yoke devices and
source inspection techniques are keys to designing manufacturing systems that produce
superior-quality products at low cost.

PRODUCTS AND FABRICATIONS

In manufacturing, material things (goods) are made to satisfy human wants. Products
result from manufacture. Manufacture also includes conversion processes such as
refining, smelting, and mining.

Products can be manufactured by fabricating or by processing. Fabricating is
the manufacture of a product from pieces such as parts, components, or assemblies.
Individual products or parts can also be fabricated. Separable discrete items such as
tires, nails, spoons, screws, refrigerators, or hinges are fabricated.

Processing is also used to refer to the manufacture of a product by continuous
means, or by a continuous series of operations, for a specific purpose. Continuous items
such as steel strip, beverages, breakfast foods, tubing, chemicals, and petroleum are
“processed.” Many processed products are marketed as discrete items, such as bottles
of beer, bolts of cloth, spools of wire, and sacks of flour.

Separable discrete products, both piece parts and assemblies, are fabricated in a
plant, factory, or mill, for instance, a textile or rolling mill. Products that flow (liquids,
gases, grains, or powders) are processed in a plant or refinery. The continuous-process
industries such as petroleum and chemical plants are sometimes called processing
industries or flow industries.

To a lesser extent, the terms fabricating industries and manufacturing industries are
used when referring to fabricators or manufacturers of large products composed of many
parts, such as a car, a plane, or a tractor. Manufacturing often includes continuous-process
treatments such as electroplating, heating, demagnetizing, and extrusion forming.

Construction or building is making goods by means other than manufacturing or
processing in factories. Construction is a form of project manufacturing of useful goods
like houses, highways, and buildings. The public may not consider construction as man-
ufacturing because the work is not usually done in a plant or factory, but it can be. There
is a company in Delaware that can build a custom house of any design in its factory,
truck it to the building site, and assemble it on a foundation in two or three weeks.

Agriculture, fisheries, and commercial fishing produce real goods from useful
labor. Lumbering is similar to both agriculture and mining in some respects, and mining
should be considered processing. Processes that convert the raw materials from agricul-
ture, fishing, lumbering, and mining into other usable and consumable products are also
forms of manufacturing.

WORKPIECE AND ITS CONFIGURATION

In the manufacturing of goods, the primary objective is to produce a component having
a desired geometry, size, and finish. Every component has a shape that is bounded by
various types of surfaces of certain sizes that are spaced and arranged relative to each
other. Consequently, a component is manufactured by producing the surfaces that
bound the shape. Surfaces may be:

1. Plane or flat.

2. Cylindrical (external or internal).

3. Conical (external or internal).

4. Irregular (curved or warped).

Figure 1-6 illustrates how a shape can be analyzed and broken up into these basic
bounding surfaces. Parts are manufactured by using a set or sequence of processes that
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will either (1) remove portions of a rough block of material (bar stock, casting, forging)
so as to produce and leave the desired bounding surface or (2) cause material to form
into a stable configuration that has the required bounding surfaces (casting, forging).
Consequently, in designing an object, the designer specifies the shape, size, and
arrangement of the bounding surface. The part design must be analyzed to determine
what materials will provide the desired properties, including mating to other compo-
nents, and what processes can best be employed to obtain the end product at the most
reasonable cost. This is often the job of the manufacturing engineer.

ROLES OF ENGINEERS IN MANUFACTURING

Many engineers have as their function the designing of products. The products are
brought into reality through the processing or fabrication of materials. In this capacity
designers are a key factor in the material selection and manufacturing procedure.
A design engineer, better than any other person, should know what the design is to
accomplish, what assumptions can be made about service loads and requirements, what
service environment the product must withstand, and what appearance the final prod-
uct is to have. To meet these requirements, the material(s) to be used must be selected
and specified. In most cases, to utilize the material and to enable the product to have the
desired form, the designer knows that certain manufacturing processes will have to be
employed. In many instances, the selection of a specific material may dictate what proc-
essing must be used. On the other hand, when certain processes must be used, the design
may have to be modified in order for the process to be utilized effectively and economi-
cally. Certain dimensional sizes can dictate the processing, and some processes require
certain sizes for the parts going into them. In converting the design into reality, many
decisions must be made. In most instances, they can be made most effectively at the
design stage. It is thus apparent that design engineers are a vital factor in the manufac-
turing process, and it is indeed a blessing to the company if they can design for manufac-
turing, that is, design the product so that it can be manufactured and/or assembled
economically (i.e., at low unit cost). Design for manufacturing uses the knowledge of
manufacturing processes, and so the design and manufacturing engineers should work
together to integrate design and manufacturing activities.

Manufacturing engineers select and coordinate specific processes and equipment
to be used or supervise and manage their use. Some design special tooling is used so
that standard machines can be utilized in producing specific products. These engineers
must have a broad knowledge of manufacturing processes and material behavior so that
desired operations can be done effectively and efficiently without overloading or dam-
aging machines and without adversely affecting the materials being processed.
Although it is not obvious, the most hostile environment the material may ever encoun-
ter in its lifetime is the processing environment.

Industrial and lean engineers are responsible for manufacturing systems design
(or layout) of factories. They must take into account the interrelationships of the factory
design and the properties of the materials that the machines are going to process as well as
the interreaction of the materials and processes. The choice of machines and equipment
used in manufacturing and their arrangement in the factory are key design tasks.

The lean engineer has expertise in cell design, setup reduction (tool design), inte-
grated quality control devices (poka-yokes and decouplers) and reliability (mainte-
nance of machines and people) for the lean production system. See Chapter 29 for
discussion of cell design and lean engineering.

Materials engineers devote their major efforts to developing new and better
materials. They, too, must be concerned with how these materials can be processed and
with the effects that the processing will have on the properties of the materials. Although
their roles may be quite different, it is apparent that a large proportion of engineers must
concern themselves with the interrelationships of materials and manufacturing processes.

As an example of the close interrelationship of design, materials selection, and
the selection and use of manufacturing processes, consider the common desk stapler.
Suppose that this item is sold at the retail store for $20. The wholesale outlet sold the
stapler for $16 and the manufacturer probably received about $10 for it. Staplers typically
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consist of 10 to 12 parts and some rivets and pins. Thus, the manufacturer had to produce
and assemble the 10 parts for about $1 per part. Only by giving a great deal of attention to
design, selection of materials, selection of processes, selection of equipment used for man-
ufacturing (tooling), and utilization of personnel could such a result be achieved.

The stapler is a relatively simple product, yet the problems involved in its manu-
facture are typical of those that manufacturing industries must deal with. The elements
of design, materials, and processes are all closely related, each having its effect on the
performance of the device and the other elements. For example, suppose the designer
calls for the component that holds the staples to be a metal part. Will it be a machined
part rather than a formed part? Entirely different processes and materials need to be
specified depending on the choice. Or, if a part is to be changed from metal to plastic,
then a whole new set of fundamentally different materials and processes would need to
come into play. Such changes would also have a significant impact on cost as well as the
service (useful life) of the product.

CHANGING WORLD COMPETITION
In recent years, major changes in the world of goods manufacturing have taken place.
Three of these are:

1. Worldwide competition for global products and their manufacture.
2. High-tech manufacturing or advanced technology.
3. New manufacturing systems designs, strategies, and management.

Worldwide (global) competition is a fact of manufacturing life, and it will get stron-
ger in the future. The goods you buy today may have been made anywhere in the world.
For many U.S. companies, suppliers in China, India, and Mexico are not uncommon.

The second aspect, advanced manufacturing technology, usually refers to new
machine tools or processes controlled by computers. Companies that produce such
machine tools, though small, can have an enormous impact on factory productivity.
Improved processes lead to better components and more durable goods. However, the
new technology is often purchased from companies that have developed the technol-
ogy, so this approach is important but may not provide a unique competitive advantage
if your competitors can also buy the technology, provided that they have the capital.
Some companies develop their own unique process technology and try to keep it propri-
etary as long as they can.

The third change and perhaps the real key to success in manufacturing is to imple-
ment lean manufacturing system design that can deliver, on time to the customer, super-
quality goods at the lowest possible cost in a flexible way. Lean production is an effort to
reduce waste and improve markedly the methodology by which goods are produced
rather than simply upgrading the manufacturing process technology.

Manufacturing system design is discussed extensively in Chapters 2 and 29 of the
book, and it is strongly recommended that students examine this material closely after
they have gained a working knowledge of materials and processes. The next section
provides a brief discussion of manufacturing system designs.

MANUFACTURING SYSTEM DESIGNS

Five manufacturing system designs can be identified: the job shop, the flow shop, the
linked-cell shop, the project shop, and the continuous process. See Figure 1-7. The con-
tinuous process deals with liquids and/or gases (such as an oil refinery) rather than solids
or discrete parts and is used mostly by the chemical engineer.

The most common of these layouts is the job shop, characterized by large varieties
of components, general-purpose machines, and a functional layout (Figure 1-8). This
means that machines are collected by function (all lathes together, all broaches
together, all grinding machines together) and the parts are routed around the shop in
small lots to the various machines. The layout of the factory shows the multiple paths
through the shop and a detail on one of the seven broaching machine tools. The material
is moved from machine to machine in carts or containers and is called the lot or batch.
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FIGURE 1-8 The vertical broaching machine is one of seven machines in this production job shop. IH = induction
hardening, S = bar strengthening.

This rack bar machining area is functionally designed so it operates like a job
shop, with lathes, broaches, and grinders lined up.

Flow shops are characterized by larger volumes of the same part or assembly, spe-
cial-purpose machines and equipment, less variety, less flexibility, and more mechaniza-
tion. Flow shop layouts are typically either continuous or interrupted and can be for
manufacturing or assembly, as shown in Figure 1-9. If continuous, a production line is
built that basically runs one large-volume complex item in great quantity and nothing
else. The common light bulb is made this way. A transfer line producing an engine block
is another typical example. If interrupted, the line manufactures large lots but is period-
ically ““changed over” to run a similar but different component.

The linked-cell manufacturing system (L-CMS) is composed of manufactur-
ing and subassembly cells connected to final assembly (linked) using a unique
form of inventory and information control called kanban. The L-CMS is used in
lean production systems where manufacturing processes and subassemblies are
restructured into U-shaped cells so they can operate on a one-piece-flow basis,
like final assembly.

As shown in Figure 1-10, the lean production factory is laid out (designed) very
differently than the mass production system. At this writing, more than 60% of all
manufacturing industries have adopted lean production. Hundreds of manufacturing
companies have dismantled their conveyor-based flow lines and replaced them with
U-shaped subassembly cells, providing flexibility while eliminating the need for line
balancing. Chapter 2 discusses manufacturing system designs. Chapter 29 discusses
subassembly cells and manufacturing cells.

The project shop is characterized by the immobility of the item being manufac-
tured. In the construction industry, bridges and roads are good examples. In the manu-
facture of goods, large airplanes, ships, large machine tools, and locomotives are
manufactured in project shops. It is necessary that the workers, machines, and materials
come to the site. The number of end items is not very large, and therefore the lot sizes
of the components going into the end item are not large. Thus, the job shop usually
supplies parts and subassemblies to the project shop in small lots.

Continuous processes are used to manufacture liquids, oils, gases, and powders.
These manufacturing systems are usually large plants producing goods for other



Subassembly lines make
components and subassemblies
for the installation into the
product, often using conveyors.
These lines are examples of

the flow shop.

FIGURE 1-9

15

Section 1.2 Manufacturing and Production Systems

Finish

Large Storage of Subassemblies

Conveyor

I

Conveyor
Lines
Flow
Lines

Parts Storage

Start of final
assembly

lob Shop Station —>=

Lathe Mill Drill
—1

~ )

v ]

. Final Grind
Shipping and | Inspection

Receiving -t

/

Flow shops and lines are common in the mass production system. Final assembly is usually a moving assembly line.
The product travels through stations in a specific amount of time. The work needed to assemble the product is distributed into the
stations, called division of labor. The moving assembly line for cars is an example of the flow shop.

producers or mass-producing canned or bottled goods for consumers. The manufactur-
ing engineer in these factories is often a chemical engineer.

Naturally, there are many hybrid forms of these manufacturing systems, but the
job shop is the most common system. Because of its design, the job shop has been shown
to be the least cost-efficient of all the systems. Component parts in a typical job shop
spend only 5% of their time in machines and the rest of the time waiting or being moved
from one functional area to the next. Once the part is on the machine, it is actually being
processed (i.e., having value added to it by the changing of its shape) only about 30 to
40% of the time. The rest of the time parts are being loaded, unloaded, inspected, and so
on. The advent of numerical control machines increased the percentage of time that the
machine is making chips because tool movements are programmed and the machines
can automatically change tools or load or unload parts.

However, there are a number of trends that are forcing manufacturing manage-
ment to consider means by which the job shop system itself can be redesigned to
improve its overall efficiency. These trends have forced manufacturing companies to
convert their batch-oriented job shops into linked-cell manufacturing systems, with the
manufacturing and subassembly cells structured around specific products.

Another way to identify families of products with a similar set of manufacturing
processes is called group technology. Group technology (GT) can be used to restructure
the factory floor. GT is a concept whereby similar parts are grouped together into part
families. Parts of similar size and shape can often be processed through a similar set of
processes. A part family based on manufacturing would have the same set or sequences
of manufacturing processes. The machine tools needed to process the part family are
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FIGURE 1-10 The linked-cell manufacturing system for lean production has subassembly and manufacturing cells
connected to final assembly by kanban links. The traditional subassembly lines can be redesigned into
U-shaped cells as part of the conversion of mass production to lean production.

gathered into a cell. Thus, with GT, job shops can be restructured into cells, each cell
specializing in a particular family of parts. The parts are handled less, machine setup
time is shorter, in-process inventory is lower, and the time needed for parts to get
through the manufacturing system (called the throughput time) is greatly reduced.

BASIC MANUFACTURING PROCESSES
It is the manufacturing processes that create or add value to a product. The manufactur-
ing processes can be classified as:
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® Casting, foundry, or molding processes.

® Forming or metalworking processes.

® Machining (material removal) processes.
¢ Joining and assembly.

® Surface treatments (finishing).

® Rapid prototyping.

® Heat treating.

¢ Other.

These classifications are not mutually exclusive. For example, some finishing processes
involve a small amount of metal removal or metal forming. A laser can be used either
for joining or for metal removal or heat treating. Occasionally, we have a process such
as shearing, which is really metal cutting but is viewed as a (sheet) metal-forming pro-
cess. Assembly may involve processes other than joining. The categories of process
types are far from perfect.

Casting and molding processes are widely used to produce parts that often require
other follow-on processes, such as machining. Casting uses molten metal to fill a cavity.
The metal retains the desired shape of the mold cavity after solidification. An important
advantage of casting and molding is that, in a single step, materials can be converted
from a crude form into a desired shape. In most cases, a secondary advantage is that
excess or scrap material can easily be recycled. Figure 1-11 illustrates schematically
some of the basic steps in the lost-wax casting process, one of many processes used in
the foundry industry.

Casting processes are commonly classified into two types: permanent mold
(amold can be used repeatedly) or nonpermanent mold (a new mold must be prepared
for each casting made). Molding processes for plastics and composites are included in
the chapters on forming processes.

Forming and shearing operations typically utilize material (metal or plastics) that
has been previously cast or molded. In many cases, the materials pass through a series of
forming or shearing operations, so the form of the material for a specific operation may
be the result of all the prior operations. The basic purpose of forming and shearing is to
modify the shape and size and/or physical properties of the material.

Metal-forming and shearing operations are done both “hot’’ and ““cold,” a refer-
ence to the temperature of the material at the time it is being processed with respect to
the temperature at which this material can recrystallize (i.e., grow new grain structure).
Figure 1-12 shows the process by which the fender of a car is made using a series of
metalforming processes.

Metal cutting, machining, or metal removal processes refer to the removal of
certain selected areas from a part in order to obtain a desired shape or finish. Chips are
formed by interaction of a cutting tool with the material being machined. Figure 1-13
shows a chip being formed by a single-point cutting tool in a machine tool called a lathe.
The manufacturing engineer may be called upon to specify the cutting parameters such
as cutting speed, feed, or depth of cut (DOC). The engineer may also have to select the
cutting tools for the job.

Cutting tools used to perform the basic turning on the lathe are shown in Figure 1-14.
The cutting tools are mounted in machine tools, which provide the required movements of
the tool with respect to the work (or vice versa) to accomplish the process desired.
In recent years many new machining processes have been developed.

The seven basic machining processes are shaping, drilling, turning, milling,
sawing, broaching, and abrasive machining. Each of these basic processes is extensively
discussed. Historically, eight basic types of machine tools have been developed to
accomplish the basic processes. These machine tools are called shapers (and planers),
drill presses, lathes, boring machines, milling machines, saws, broaches, and grinders.
Most of these machine tools are capable of performing more than one of the basic
machining processes. Shortly after numerical control was invented, machining centers
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To make the foam parts, metal molds are used. Beads of
polystyrene are heated and expanded in the mold to get
parts.

A pattern containing a sprue, runners, risers, and parts is
made from single or multiple pieces of foamed
polystyrene plastic.

The polystyrene pattern is dipped in a ceramic slurry,
which wets the surface and forms a coating about 0.005
inch thick.

The coated pattern is placed in a flask and surrounded
with loose, unbonded sand.

The flask is vibrated so that the loose sand is compacted
around the pattern.

During the pouring of molten metal, the hot metal
vaporizes the pattern and fills the resulting cavity.

The solidified casting is removed from flask and the loose
sand reclaimed.
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Metalforming Process for Automobile Fender
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steel rolled stock. stands of large presses.
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(c) The fender is cut out of the sheet metal (d) Sheet metal shearing processes are
in the last stage using shearing like scissors cutting paper.
processes.

Next, the sheet metal parts are
welded into the body of the car.

FIGURE 1-12 The forming process used to make a fender for a car.

were developed that could combine many of the basic processes, plus other related pro-
cesses, into a single machine tool with a single workpiece setup.

Aside from the chip-making processes, there are processes wherein metal is
removed by chemical, electrical, electrochemical, or thermal sources. Generally speak-
ing, these nontraditional processes have evolved to fill a specific need when conven-
tional processes were too expensive or too slow when machining very hard materials.
One of the first uses of a laser was to machine holes in ultra-high-strength metals. Lasers
are being used today to drill tiny holes in turbine blades for jet engines. Because of its
ability to produce components with great precision and accuracy, metal cutting, using
machine tools, is recognized as having great value-adding capability.

In recent years a new family of processes has emerged called rapid prototyping or
rapid manufacturing or free-form manufacturing (see Chapter 19). These additive-type
processes produce first, or prototype, components directly from the software using spe-
cialized machines driven by computer-aided design packages. The prototypes can be
field tested and modifications to the design quickly implemented. Early versions of
these machines produced only nonmetallic components, but modern machines can
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The Machining Process
(turning on a lathe)

The workpiece is mounted in a workholding device
in a machine tool (lathe) and is cut (machined) with
a cutting tool.

/Workpiece

The workpiece is rotated while the tool is

Original Final fed at some feed rate (inches per
diameter diameter revolution). The desired cutting speed V
determines the rpm of the workpiece.
,th,o,fc? This process is called turning.
Feed
(inch/rev)

The cutting tool interacts with the
workpiece to form a chip by a shearing
process. The tool shown here is an
indexable carbide insert tool with a
chip-breaking groove.

FIGURE 1-13 Single-point metal-cutting process (turning) produces a chip while creating a new
surface on the workpiece. (Courtesy | T. Black)

make metal parts. In contrast, the machining processes are recognized as having great
value-adding capability, that is, the ability to produce components with great precision
and accuracy. Companies have sprung up; you can send your CAD drawing over the
Internet and a prototype is made in hours.

Perhaps the largest collection of processes, in terms of both diversity and quantity,
are the joining processes, which include the following:

1. Mechanical fastening.

2. Soldering and brazing.

3. Welding.

4. Press, shrink, or snap fittings.
5. Adhesive bonding.

6. Assembly processes.

Many of these joining processes are often found in the assembly area of the plant.
Figure 1-14 provides one example where all but welding are used in the sequence of
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electronic product is made.

operations to produce a computer. Starting in the upper left corner, microelectronic
fabrication methods produce entire integrated circuits (ICs) of solid-state (no moving
parts) components, with wiring and connections, on a single piece of semiconductor
material, usually single-crystalline silicon. Arrays of ICs are produced on thin, round
disks of semiconductor material called wafers. Once the semiconductor on the wafer
has been fabricated, the finished wafer is cut up into individual ICs, or chips. Next, at
level 2, these chips are individually housed with connectors or leads making up ““dies’
that are placed into “‘packages’ using adhesives. The packages provide protection
from the elements and a connection between the die and another subassembly called
the printed circuit boards (PCBs). At level 3, IC packages, along with other discrete
components (e.g., resistors, capacitors, etc.), are soldered onto PCBs and then
assembled with even larger circuits on PCBs. This is sometimes referred to as electronic
assembly. Electronic packages at this level are called cards or printed wiring assemblies
(PWAs). Next, series of cards are combined on a back-panel PCB, also known as a
motherboard or simply a board. This level of packaging is sometimes referred to as
card-on-board packaging. Ultimately, card-on-board assemblies are put into housings
using mechanical fasteners and snap fitting and finally integrated with power supplies
and other electronic peripherals through the use of cables to produce final commercial
products. See Chapter 41 for more details on electronic manufacturing.

Finishing processes are yet another class of processes typically employed for
cleaning, removing burrs left by machining, or providing protective and/or decorative
surfaces on workpieces. Surface treatments include chemical and mechanical cleaning,
deburring, painting, plating, buffing, galvanizing, and anodizing.

Heat treatment is the heating and cooling of a metal for the specific purpose of
altering its metallurgical and mechanical properties. Because changing and controlling
these properties is so important in the processing and performance of metals, heat treat-
ment is a very important manufacturing process. Each type of metal reacts differently to
heat treatment. Consequently, a designer should know not only how a selected metal
can be altered by heat treatment but, equally important, how a selected metal will react,
favorably or unfavorably, to any heating or cooling that may be incidental to the manu-
facturing processes.
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OTHER MANUFACTURING OPERATIONS

In addition to the processes already described, there are many other fundamental manu-
facturing operations that must be considered. Inspection determines whether the desired
objectives stated by the designer in the specifications have been achieved. This activity
provides feedback to design and manufacturing with regard to the process behavior.
Essential to this inspection function are measurement activities. In the factory, measure-
ments are either by attributes or variables (see Chapter 35) to inspect the outcomes from
the process and determine how they compare to the specifications. The many aspects of
quality control are presented in Chapter 36. Chapter 43 (on the Web) covers testing, where
a product is tried by actual function or operation or by subjection to external effects.
Although a test is a form of inspection, it is often not viewed that way. In manufacturing,
parts and materials are inspected for conformance to the dimensional and physical specifi-
cations, while testing may simulate the environmental or usage demands to be made on a
product after it is placed in service. Complex processes may require many tests and inspec-
tions. Testing includes life-cycle tests, destructive tests, nondestructive testing to check for
processing defects, wind-tunnel tests, road tests, and overload tests.

Transportation of goods in the factory is often referred to as material handling
or conveyance of the goods and refers to the transporting of unfinished goods (work-
in-process) in the plant and supplies to and from, between, and during manufacturing
operations. Loading, positioning, and unloading are also material-handling opera-
tions. Transportation, by truck or train, is material handling between factories. Proper
manufacturing system design and mechanization can reduce material handling in
countless ways.

Automatic material handling is a critical part of continuous automatic manufac-
turing. The word automation is derived from automatic material handling. Material
handling, a fundamental operation done by people and by conveyors and loaders, often
includes positioning the workpiece within the machine by indexing, shuttle bars, slides,
and clamps. In recent years, wire-guided automated guided vehicles (AGVs) and auto-
matic storage and retrieval systems (AS/RSs) have been developed in an attempt to
replace forklift trucks on the factory floor. Another form of material handling, the
mechanized removal of waste (chips, trimming, and cutoffs), can be more difficult than
handling the product. Chip removal must be done before a tangle of scrap chips dam-
ages tooling or creates defective workpieces.

Most texts on manufacturing processes do not mention packaging, yet the packag-
ing is often the first thing the customer sees. Also, packaging often maintains the prod-
uct’s quality between completion and use. (The term packaging is also used in
electronics manufacturing to refer to placing microelectronic chips in containers for
mounting on circuit boards.) Packaging can also prepare the product for delivery to the
user. It varies from filling ampules with antibiotics to steel-strapping aluminum ingots
into palletized loads. A product may require several packaging operations. For exam-
ple, Hershey Kisses are (1) individually wrapped in foil, (2) placed in bags, (3) put into
boxes, and (4) placed in shipping cartons.

Weighing, filling, sealing, and labeling are packaging operations that are highly
automated in many industries. When possible, the cartons or wrappings are formed
from material on rolls in the packaging machine. Packaging is a specialty combining
elements of product design (styling), material handling, and quality control. Some pack-
ages cost more than their contents (e.g., cosmetics and razor blades).

During storage, nothing happens intentionally to the product or part except the
passage of time. Part or product deterioration on the shelf is called shelf life, meaning
that items can rust, age, rot, spoil, embrittle, corrode, creep, and otherwise change in
state or structure, while supposedly nothing is happening to them. Storage is detrimen-
tal, wasting the company’s time and money. The best strategy is to keep the product
moving with as little storage as possible. Storage during processing must be eliminated,
not automated or computerized. Companies should avoid investing heavily in large
automated systems that do not alter the bottom line. Have the outputs improved with
respect to the inputs, or has storage simply increased the costs (indirectly) without
improving either the quality or the throughput time?
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Characterizing a Process Technology

Mechanics (statics and dynamics of the process)
How does the process work?
What are the process mechanics (statics, dynamics, friction)?

What physically happens, and what makes it happen? (Understand the physics.)

Economics or costs
‘What are the tooling costs, the engineering costs?
Which costs are short term, which long term?
What are the setup costs?
Time spans
How long does it take to set up the process initially?
‘What is the throughput time?
How can these times be shortened?
How long does it take to run a part once it is set up (cycle time)?
What process parameters affect the cycle time?
Constraints
What are the process limits?
What cannot be done?
What constrains this process (sizes, speeds, forces, volumes, power, cost)?
What is very hard to do within an acceptable time/cost frame?
Uncertainties and process reliability
What can go wrong?
How can this machine fail?
What do people worry about with this process?
Is this a reliable, stable process?
Skills
What operator skills are critical?
What is not done automatically?
How long does it take to learn to do this process?
Flexibility
Can this process be adapted easily for new parts of a new design or material?
How does the process react to changes in part design and demand?
What changes are easy to do?
Process capability
What are the accuracy and precision of the process?
What tolerances does the process meet? (What is the process capability?)
How repeatable are those tolerances?

By not storing a product, the company avoids
having to (1) remember where the product is
stored, (2) retrieve it, (3) worry about its deterio-
rating, or (4) pay storage (including labor) costs.
Storage is the biggest waste of all and should be
eliminated at every opportunity.

UNDERSTAND YOUR PROCESS
TECHNOLOGY
Understanding the process technology of the
company is very important for everyone in the com-
pany. Manufacturing technology affects the design
of the product and the manufacturing system, the
way in which the manufacturing system can be con-
trolled, the types of people employed, and the
materials that can be processed. Table 1-4 outlines
the factors that characterize a process technology.
Take a process you are familiar with and think
about these factors. One valid criticism of American
companies is that their managers seem to have an
aversion to understanding their companies’ manu-
facturing technologies. Failure to understand the
company business (i.e., its fundamental process
technology) can lead to the failure of the company.
The way to overcome technological aversion
is to run the process and study the technology.
Only someone who has run a drill press can under-
stand the sensitive relationship between feed rate
and drill torque and thrust. All processes have
these “know-how’’ features. Those who run the
processes must be part of the decision making for
the factory. The CEO who takes a vacation work-
ing on the plant floor and learning the processes
will be well on the way to being the head of a suc-
cessful company.

PRODUCT LIFE CYCLE AND

LIFE-CYCLE COST

Manufacturing systems are dynamic and change
with time. There is a general, traditional relation-

ship between a product’s life cycle and the kind of manufacturing system used to make
the product. Figure 1-15 simplifies the product life cycle into these steps, again using an
S-shaped curve.

1. Startup. New product or new company, low volume, small company.

2. Rapid growth. Products become standardized and volume increases rapidly. Com-
pany’s ability to meet demand stresses its capacity.

3. Maturation. Standard designs emerge. Process development is very important.
4. Commodity. Long-life, standard-of-the-industry type of product or
5. Decline. Product is slowly replaced by improved products.

The maturation of a product in the marketplace generally leads to fewer competi-
tors, with competition based more on price and on-time delivery than on unique prod-
uct features. As the competitive focus shifts during the different stages of the product
life cycle, the requirements placed on manufacturing—cost, quality, flexibility, and
delivery dependability—also change. The stage of the product life cycle affects the
product design stability, the length of the product development cycle, the frequency of
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FIGURE 1-15 Product life-cycle costs change with the classic manufacturing system designs.

engineering change orders, and the commonality of components—all of which have
implications for manufacturing process technology.

During the design phase of the product, much of the cost of manufacturing and
assembly is determined. Assembly of the product is inherently integrative as it focuses
on pairs and groups of parts.

It is crucial to achieve this integration during the design phase because about 70%
of the life-cycle cost of a product is determined when it is designed. Design choices
determine materials; fabrication methods; assembly methods; and, to a lesser degree,
material-handling options, inspection techniques, and other aspects of the production
system. Manufacturing engineers and internal customers can influence only a small part
of the overall cost if they are presented with a finished design that does not reflect their
concerns. Therefore, all aspects of production should be included if product designs are
to result in real functional integration.

Life-cycle costs include the costs of all the materials, manufacture, use, repair, and
disposal of a product. Early design decisions determine about 60% of the cost, and all
activities up to the start of full-scale development determine about 75%. Later deci-
sions can make only minor changes to the ultimate total unless the design of the manu-
facturing system is changed.

In short, the concept of product life-cycle provides a framework for thinking
about the product’s evolution through time and the kind of market segments that are
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likely to develop at various times. Analysis of life-cycle costs shows that the design of
the manufacturing system determines the cost per unit, which generally decreases over
time with process improvements and increased volumes. For additional discussion on
reliability and maintainability of manufacturing equipment, see the Society of Automo-
tive Engineers SAE publication M-110.2.

The linked-cell manufacturing system design discussed in Chapters 2 and 29
(known as lean production or the Toyota Production System) has transformed the auto-
mobile industry and many other industries to be able to make a large variety of products
in small volumes with very short throughput times. Thousands of companies have
implemented lean to reduce waste, decrease cost per unit significantly while maintain-
ing flexibility and making smooth transitions. This is a new business model affecting
product development, design, purchasing, marketing, customer service and all other
aspects of the company.

Low-cost manufacturing does not just happen. There is a close, interdependent
relationship among the design of a product, the selection of materials, the selection of
processes and equipment, the design of the processes, and tooling selection and design.
Each of these steps must be carefully considered, planned, and coordinated before man-
ufacturing starts.

Some of the steps involved in getting the product from the original idea stage to
daily manufacturing are discussed in more detail in Chapter 10. The steps are closely
related to each other. For example, the design of the tooling is dependent on the design
of the parts to be produced. It is often possible to simplify the tooling if certain changes
are made in the design of the parts or the design of the manufacturing systems. Simi-
larly, the material selection will affect the design of the tooling or the processes
selected. Can the design be altered so that it can be produced with tooling already on
hand and thus avoid the purchase of new equipment? Close coordination of all the vari-
ous phases of design and manufacture is essential if economy is to result.

With the advent of computers and computer-controlled machines, the integration
of the design function and the manufacturing function through the computer is a reality.
This is usually called CAD/CAM (computed-aided design/computer-aided manufac-
turing). The key is a common database from which detailed drawings can be made
for the designer and the manufacturer and from which programs can be generated to
make all the tooling. In addition, extensive computer-aided testing and inspection
(CATI) of the manufactured parts is taking place. There is no doubt that this trend will
continue at ever-accelerating rates as computers become cheaper and smarter, but at
this time, the computers necessary to accomplish complete computer-integrated manu-
facturing (CIM) are expensive and the software very complex. Implementing CIM
requires a lot of manpower as well.

COMPARISONS OF MANUFACTURING SYSTEM DESIGN

When designing a manufacturing system, two customers must be taken into considera-
tion: the external customer who buys the product and the internal customer who makes
the product. The external customer is likely to be global and demand greater variety
with superior quality and reliability. The internal customer is often empowered to
make critical decisions about how to make the products. The Toyota Motor Company
is making vehicles in 25 countries. Their truck plant in Indiana has the capacity to make
150,000 vehicles per year (creating 2300 new jobs), using the Toyota Production System
(TPS). An appreciation of the complexity of the manufacturing system design problem
is shown in Figure 1-16, where the choices between the system designs are reflected
against the number of different products, or parts being made in the system, often called
variety. Clearly, there are many choices regarding which method (or system) to use to
make the goods. A manufacturer never really knows how large or diverse a market will
be. If a diverse and specialized market emerges, a company with a focused flow-line
system may be too inflexible to meet the varying demand. If a large but homogeneous
market develops, a manufacturer with a flexible system may find production costs too
high and the flexibility unexploitable. Another general relationship between manufac-
turing system designs and production volumes is shown in Figure 1-17.
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NEW MANUFACTURING SYSTEMS

The manufacturing process technology described in this text is available worldwide. Many
countries have about the same level of process development when it comes to manufactur-
ing technology. Much of the technology existing in the world today was developed in the
United States, Germany, France, and Japan. More recently Taiwan, Korea, and China
have been making great inroads into American markets, particularly in the automotive
and electronics industries. Many companies have developed and promoted a different
kind of manufacturing system design. This new manufacturing system, called lean manu-
facturing, will take its place with the American Armory System and the Ford System
for mass production. This new manufacturing system, developed by the Toyota Motor
Company, has been successfully adopted by many American companies.

For lean production to work, units with no defects (100% good) must flow rhyth-
mically to subsequent processes without interruption. In order to accomplish this, an
integrated quality control (IQC) program has to be developed. The responsibility for
quality has been given to manufacturing. All the employees are inspectors and are
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empowered to make it right the first time. There is a companywide attitude toward con-
stant quality improvement. Make quality easy to see, stop the line when something goes
wrong, and inspect things 100% if necessary to prevent defects from occurring. The
results of this system are astonishing in terms of quality, low cost, and on-time delivery
of goods to the customer.

The most important factor in economical and successful manufacturing is the
manner in which the resources—labor, materials, and capital —are organized and man-
aged so as to provide effective coordination, responsibility, and control. Part of the suc-
cess of lean production can be attributed to a different management approach. This
approach is characterized by a holistic attitude toward people.

The real secret of successful manufacturing lies in designing a manufacturing sys-
tem in which everyone who works in the system understands how the system works and
how goods are controlled, with the decision making placed at the correct level. The
engineers also must possess a broad fundamental knowledge of design, metallurgy,
processing, economics, accounting, and human relations. In the manufacturing game,
low-cost mass production is the result of teamwork within an integrated manufacturing/
production system. This is the key to producing superior quality at less cost with on-time
delivery.

B Key WORDS

assembly heat treatment manufacturing cost product life cycle
casting inspection manufacturing engineer production system
construction job manufacturing process project shop
consumer goods job shop manufacturing system shearing
continuous process joining process materials engineer shelf life
design engineer lean engineer molding station
fabricating lean production numerical control storage
finishing process linked-cell manufacturing operation sustaining technology
flow shop system (L-CMS) packaging tooling
forming machine tool processing tools
goods machining producer goods Toyota Production System
group technology (GT) manufacturing product treatments
M REevIEW QUESTIONS
1. What role does manufacturing play relative to the standard 14. It is acknowledged that chip-type machining is basically an

of living of a country?

. Aren’t all goods really consumer goods, depending on how

inefficient process. Yet it is probably used more than any
other to produce desired shapes. Why?

you define the customer? Discuss. 15. Compare Figure 1-1 and Figure 1-15. What are the stages of
3. Is the Subway sandwich shop an example of a job shop, flow the product life cycle for a computer?
shop, or project shop? 16. In a modern safety razor with three or four blades that sells
4. How does a system differ from a process? From a machine for $1, what do you think the cost of the blades might be?
tool? From a job? From an operation? 17. List three purposes of packaging operations.
5. Is a cutting tool the same thing as a machine tool? 18. Assembly is defined as “‘the putting together of all the different
6. What are the major classifications of basic manufacturing parts to make a complete machine.” Think of (and describe) an
processes? assembly process. Is making a club sandwich an assembly pro-
7. Casting is often used to produce a complex-shaped part to be cess? What about carving a turkey? Is this an assembly process?
made from a hard-to-machine metal. How else could the part 19. What are the physical elements in a manufacturing system?
be made? 20. In the production system, who usually figures out how to
8. In the lost-wax casting process, what happens to the foam? make the product?
9. In making a gold medal, what do we mean by a “relief = 21. In Figure 1-8, what do the lines connecting the processes
image”’ cutinto the die? represent?
10. How is a railroad station like a station on an assembly  22. Characterize the process of squeezing toothpaste from a tube
line? (extrusion of toothpaste) using Table 1-4 as a guideline. See
11. Because no work is being done on a part when it is in storage, the index for help on extrusion.
it does not cost you anything. True or false? Explain. 23. What difficulties would result if production planning and
12. What forming processes are used to make a paper clip? scheduling were omitted from the procedure outlined in
13. What is tooling in a manufacturing system? Chapter 9 for making a product in a job shop?
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24.

25.

26.

217.
28.

CHAPTER 1

It has been said that low-cost products are more likely to be
more carefully designed than high-priced items. Do you
think this is true? Why or why not?

Proprietary processes are closely held or guarded company
secrets. The chemical makeup of a lubricant for an extrusion
process is a good example. Give another example of a propri-
etary process.

If the rolls for the cold-rolling mill that produces the sheet
metal used in your car cost $300,000 to $400,000, how is it
that your car can still cost less than $20,000?

Make a list of service systems, giving an example of each.
What is the fundamental difference between a service sys-
tems and a manufacturing system?

Introduction to DeGarmo’s Materials and Processes in Manufacturing

29. In the process of buying a calf, raising it to a cow, and disassem-

bling it into “cuts’ of meat for sale, where is the “‘value added”?

30. What kind of process is powder metallurgy: casting or

forming?

31. In view of Figure 1-2, who really determines the selling price

per unit?

32. What costs make up manufacturing cost (sometimes called

factory cost)?

33. What are major phases of a product life cycle?
34. How many different manufacturing systems might be used to

make a component with annual projected sales of 16,000
parts per year with 10 to 12 different models (varieties)?

35. In general, as the annual volume for a product increases, the

unit cost decreases. Explain.

B PROBLEMS

. The Toyota truck plant in Indiana produces 150,000 trucks

per year. The plant runs one eight-hour shift, 300 days per

year, and makes 500 trucks per day. About 1300 people work

on the final assembly line. Each car has about 20 labor hours
percarinit.

a. Assuming the truck sells for $16,000 and workers earn $30
per hour in wages and benefits, what percentage of the cost
of the truck is in direct labor?

b. What is the production rate of the final assembly line?

. Suppose you wanted to redesign a stapler to have fewer com-

ponents. (You should be able to find a stapler at a local dis-
count store.) How much did it cost? How many parts does it
have? Make up a “‘new parts” list and indicate which parts
would have to be redesigned and which parts would be elimi-
nated. Estimate the manufacturing cost of the stapler assum-
ing that manufacturing costs are 40% of the selling price.

What are the disadvantages of your new stapler design versus
the old stapler?

3. A company is considering making automobile bumpers from

aluminum instead of from steel. List some of the factors it
would have to consider in arriving at its decision.

4. Many companies are critically examining the relationship of

product design to manufacturing and assembly. Why do they
call this concurrent engineering?

5. We can analogize your university to a manufacturing system

that produces graduates. Assuming that it takes four years to
get a college degree and that each course really adds value to
the student’s knowledge base, what percentage of the four
years is “‘value adding” (percentage of time in class plus two
hours of preparation for each hour in class)?

6. What are the major process steps in the assembly of an

automobile?

Famous Manufacturing Engineers

anufacturing engineering is that engineering

function charged with the responsibility of
interpreting product design in terms of manufacturing
requirements and process capability. Specifically, the
manufacturing engineer may:

¢ Determine how the product is to be made in terms of
specific manufacturing processes.

* Design workholding and work transporting tooling or
containers.

* Select the tools (including the tool materials) that will
machine or form the work materials.

engineer (MfE). If you want to be a manufacturing

* Select, design, and specify devices and instruments
that inspect products that have been manufactured to
determine their quality.

* Design and evaluate the performance of the manufac-
turing system.

» Perform all these functions (and many more) related to
the actual making of the product at the most reason-
able cost per unit without sacrifice of the functional
requirements or the users’ service life.

There’s no great glory in being a great manufacturing




engineer, you had better be ready to get your hands dirty.
Of course, there are exceptions. There have been some
very famous manufacturing engineers. For example:

» John Wilkinson of Bersham, England built a boring mill
in 1775 to bore the cast iron cylinders for James Watt’s
steam engine. How good was this machine?

Eli Whitney was said to have invented the cotton gin, a
machine to separate seeds from cotton. His machine
was patented but was so simple, anyone could make
one. He was credited with “interchangeability”—but
we know Thomas Jefferson observed interchangeabil-
ity in France in 1785 and probably the French gun-
smith LeBlanc is the real inventor here. Jefferson tried
to bring the idea to America and Whitney certainly did.
He took 10 muskets to Congress, disassembled them,
and scattered the pieces. Interchangeable parts per-
mitted them to be reassembled. He was given a con-
tract for 2000 guns to be made in two years. But what
is the rest of his story?

Joe Brown started a business in Rhode Island in 1833
making lathes and small tools as well as timepieces
(watchmaker). Lucian Sharp joined the company in
1848 and developed a pocket sheet metal gage in
1877 and a 1-inch micrometer, and in 1862 developed
the universal milling machine.

At age 16, Sam Colt sailed to Calcutta on the Brig
“Curve.” He whittled a wood model of a revolver on
this voyage. He saved his money and had models of a
gun built in Hartford by Anson Chase, for which he got
a patent. He set up a factory in New Jersey—but he
could not sell his guns to the Army because they were
too complicated. He sold to the Texas Rangers and the
Florida Frontiersmen, but he had to close the plant. In
1846, the Mexican war broke out. General Zachary
Taylor and Captain Sam Walters wanted to buy guns.
Colt had none but accepted orders for 1000 guns and
constructed a model (Walker Colt); he arranged to
have them made at Whitney’s (now 40-year-old) plant
in Whitneyville. Here he learned about mass

Case Study

production methods. In 1848, he rented a plant in Hart-

ford, Connecticut, and the Colt legend spread. In 1853

he had built one of the world’s largest arms plant in

Connecticut, which had 1400 machine tools. Colt

helped start the careers of

o E. K. Root, mechanic and superintendent, paying him
a salary of $25,000 in the 1800s. Abolished hand
work—ijigs and fixtures.

© Francis Pratt and Amos Whitney—famous machine
tool builders.

o William Gleason—gear manufacturer

o E. P. Bullard—invented the Mult—-An—Matic Multiple
spindle machine, which cut the time to make a fly-
wheel from 18 minutes to slightly over 1 minute. Sold
this to Ford.

o Christopher Sponer.

o E. J. Kingsbury—invented a drilling machine to drill
holes through toy wheel hubs that had a spring-
loaded cam that enabled the head to sense the condi-
tion of the casting and modify feed rate automatically.

Now here are some more names from the past of

famous and not-so-famous manufacturing, mechanical,
and industrial engineers. Relate them to the development
of manufacturing processes or manufacturing system
designs.

* Eli Whitney

e Henry Ford

¢ Charles Sorenson
¢ Sam Colt

¢ John Parsons

* Eiji Toyoda

¢ Elisha Root

e John Hall

e Thomas Blanchard
¢ Fred Taylor

e Taiichi Ohno

¢ Ambrose Swasey
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CHAPTER 2

MANUFACTURING SYSTEMS DESIGN

2.1 INTRODUCTION Flow Shop Factory Revolutions Evolve
2.2 MANUFACTURING SYSTEMS Project Shop Evolution of the Second
2.3 CoNTROL OF MANUFACTURING Continuous Process BAIDE =Tl ey Slhop
SYSTEMS Lean Manufacturing System The Thirq MDS—Lean
2.4 CLASSIFICATION OF MANUFACTURING 2.5 SUMMARY OF FACTORY DESIGNS Reeten
SysTEMS The Evolution of the First Factory SITLITETy
Job Shop

B 2.1 INTRODUCTION

In a factory, manufacturing processes are assembled together to form a manufacturing
system to produce a desired set of goods. The manufacturing system takes specific
inputs and materials, adds value through processes, and transforms the inputs into prod-
ucts for the customer. It is important to distinguish between the manufacturing system
and the production system, which is also known as the enterprise system, or the whole
company. The production system includes the manufacturing system.

As shown in Figure 2-1, the production system services the manufacturing system,
using all the other functional areas of the plant for information, design, analysis, and
control. These subsystems are connected to each other to produce goods or services,
or both.

A production system includes all aspects of the business, including design engi-
neering, manufacturing engineering, sales, advertising, production and inventory
control (scheduling and distribution), and, most important, the manufacturing system.
The enterprise and all its functional areas are discussed in Chapter 44 on the Web.

B 2.2 MANUFACTURING SYSTEMS
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A sequence of processes and people that actually produce the desired product(s) is
called the manufacturing system. In Figure 2-2, the manufacturing system is defined as
the complex arrangement of physical elements characterized (and controlled) by measur-
able parameters (Black, 1991). The relationship among the elements determines how
well the system can run or be controlled. The control of a system refers to the entire
manufacturing system (which means the control of the operators in a harmonious way
relative to the system’s objectives), not merely the individual processes or equipment.
The entire manufacturing system must be under daily control to enable the manage-
ment of material movement, people and processes (scheduling), inventory levels, prod-
uct quality, production rates, throughput, and, of course, cost.

As shown in Figure 2-2, inputs to the manufacturing system include materials,
information, and energy. The system is a complex set of elements that includes
machines (or machine tools), people, materials-handling equipment, and tooling.
Workers are the internal customers. They process materials within the system, which
gain value as the material progresses from process to machine. Manufacturing system
outputs may be finished or semifinished goods. Semifinished goods serve as inputs to
some other process at other locations. Manufacturing systems are dynamic, meaning
that they must be designed to adapt constantly to change. Many of the inputs cannot be
fully controlled by management, and the effect of disturbances must be counteracted
by manipulating the controllable inputs or the system itself. Controlling the input
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The Production System----
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Orders

Sales and
Marketing
Information

Forecast

Product
Demand
data

Concurrent

Engineering

Requirements

Development

Engineering and
Design

Part and Product
Definition Data

Manufacturing

Feedback from ICs

Planning

Information

Manufacturing Systems
Engineering

-What to order

-How to sequence/order
-When
—-Rate

-How long

—-How many

Information

Energy

The Enterprise or
Production System
(Dotted line)

MANUFACTURING SYSTEM
(The Factory)
Where value is added

FIGURE 2-1

Components from Subassemblies,

Materials recg. From suppliers

by the production system or the enterprise.

Feedback from the Customer

E External

\ customer

The manufacturing system (shaded) is the heart of the company. It lies within and is served

material availability and/or predicting demand fluctuations may be difficult. A national
economic decline or recession can cause shifts in the business environment that can
seriously change any of these inputs. In manufacturing systems, not all inputs are fully
controllable. To understand how manufacturing systems work and be able to design
manufacturing systems, computer modeling (simulation) and analysis are used. How-
ever, modeling and analysis are difficult because
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FIGURE 2-2 Hereis our
manufacturing system with its
inputs and outputs. (From
Design of the Factory with a
Future, 1991, McGraw-Hill,
by | T. Black)

Unplanned
disturbances
_| Inputs to _| Outputs to
system l customers
Materials A manufact_urmg Good products,
Subassemblies system Is good parts, etc. EES
Ener . o
9 A complex Information ‘g‘
arrangement of i
Demand physical elements* Service to customer g
Social characterized by g
Political measurable parameters’ Defectives and scrap | 1u
Pressure
Information
from Design,
Purchasing,
Production Feedback
Control, etc.

T Measurable system parameters:
eThroughput time (TPT)
¢ Production rate (PR)
*Work-in-process inventory
® % on-time delivery
* % defective
¢ Daily/weekly/monthly volume
¢ Cycle time or takt time (TT)
eTotal cost or unit cost

* Physical elements:
® Machines for processing
eTooling (fixtures, dies, cutting tools)

® Material handling equipment
(which includes all transportation
and storage)

® People (internal customers)
operators, workers, associates

1. In the absence of a system design, the manufacturing systems can be very complex,
be difficult to define, and have conflicting goals.

2. The data or information may be difficult to secure, inaccurate, conflicting, missing, or
even too abundant to digest and analyze.

3. Relationships may be awkward to express in analytical terms, and interactions may
be nonlinear; thus, many analytical tools cannot be applied with accuracy. System

size may inhibit analysis.

4. Systems are always dynamic and change during analysis. The environment can
change the system, and vice versa.

o

All systems analyses are subject to errors of omission (missing information) and
commission (extra information). Some of these are related to breakdowns or delays
in feedback elements.

Because of these difficulties, digital simulation has become an important technique for
manufacturing systems modeling and analysis as well as for manufacturing system
design.

B 2.3 CONTROL OF THE MANUFACTURING SYSTEM

In general, a manufacturing system should be an integrated whole, composed of inte-
grated subsystems, each of which interacts with the entire system. The critical control
functions are production rate and mix control, inventory control, quality control, and
machine tool control (reliability). While the system may have a number of objectives or
goals, the users of the system may seek to optimize the whole. Optimizing bits and
pieces does not optimize the entire system. System control functions require informa-
tion gathering, communication capabilities, and decision-making processes that are
integral parts of the manufacturing system.
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B 2.4 CLASSIFICATION OF MANUFACTURING SYSTEMS

Manufacturing industries vary by the products that they make or assemble. While
almost all factories are different, there are five basic manufacturing system designs
(MSDs): four classic (or hybrid combinations thereof) and one new manufacturing sys-

Types and Examples of Manufacturing

Systems

Type of Examples

Manufacturing

System Service® Product®

Job shop Auto repair Machine shop
Hospital Metal fabrication
Restaurant Custom jewelry
University FMS

Flow shop or flow line ~ X-ray TV factory
Cafeteria Auto assembly line

Lean shop or
linked-cell

Project shop

Continuous process

College registration
Car wash

Fast-food restaurant
(KFC, Wendy’s)

Food court at mall

10-minute oil change

Producing a movie
Broadway play

TV show

Telephone company
Phone company

Product families

Family of turned parts

Composite part
families

Design families
Locomotive assembly
Bridge construction
House construction
Oil refinery
Chemical plant

tem design that is rapidly gaining acceptance in almost all
of these industries. The classical systems here are the job
shop, the flow shop, the project shop, and the continuous
process. The lean shop is a new kind of system. The
assembly line is a form of the flow shop, and a system that
has batch flow might also be added as another manufac-
turing system. Figure 2-3 shows schematics of the four
classical systems along with the linked-cell manufactur-
ing system, or the lean shop.

Table 2-1 lists examples of five types of manufactur-
ing systems. These lists are not meant to be complete, just
informative as there are hundreds of examples of each of
the basic system designs.

JOB SHOP

The job shop’s distinguishing feature is its functional
design. In the job shop, a variety of products are manu-
factured, which results in small manufacturing lot sizes,
often one of a kind. Job shop manufacturing is commonly
done to specific customer order, but, in truth, many job
shops produce to fill finished-goods inventories. Because
the plant must perform a wide variety of manufacturing
processes, general-purpose production equipment is
required. Workers must have relatively high skill levels
to perform a range of different work assignments, often
due to alack of work standardization, defects, and variety

in goods produced. Job shop products include space vehi-
cles, aircraft, machine tools, special tools, and equip-
ment. Figure 2-4 depicts the functionally arranged job
shop. Production machines are grouped according to the general type of manufacturing
process. The lathes are in one department, drill presses in another, plastic molding in
still another, and so on. The advantage of this layout is its ability to make a wide variety
of products. Each different part requiring its own unique sequence of operations can be
routed through the respective departments in the proper order. In the job shop, process
planning consists of determining the sequence of individual manufacturing processes
and operations needed to produce the parts. An overview of the product is developed
with a process flow chart, which shows the various levels of the product, subassemblies,
and components. Figure 2-5 shows a process flow chart and a bill of materials (BOM),
which lists all the parts and components in a product. The route sheet and the opera-
tions sheet are the documents that specify the process sequence through the job shop
and the sequence of operations to be performed at specific machines. Route sheets are
used as the production control device to define the path of the material through the
manufacturing system; see Figure 2-6, for example. Forklifts and handcarts are used to
move materials from one machine to the next. As the company grows, the job shop
evolves into a production job shop making products in large lots or batches.

The route sheet lists manufacturing operations and associated machine tools for
each workpiece. The route sheet travels with the parts, which move in batches (or lots)
between the processes. When a cart of parts has to be moved from one point in the job
shop to another, the route sheet provides routing (travel) information, telling the mate-
rial handler which machine in which department the parts must go to next. Now look at
Figure 2-4, which shows the path through the job shop that the punch would take from
start to finish as described in the route sheet.

#Customer receives a service or perishable product.
® Products can be for customers or for other companies.
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> Machine tool operators for part shown in Figure 2-6

[1 Machine tool

FIGURE 2-4 Schematic layout of a job shop where processes are gathered functionally into areas
or departments. Each square block represents a manufacturing process. Sometimes called the
“spaghetti design.”

The operations sheet describes what machining or assembly operations are done
to the parts at particular machines. The operations performed on an engine lathe to
make the part shown in Figure 2-7 are shown. Note that the details of speed, feed, and
depth of cut are specified (actually, recommended, because the machinist may change
them). Over time, many different people may plan the same part; therefore, there can
be many different process sequences and many different routes through the factory for
the same or similar parts.

Process Planning for the Job Shop. The first step in planning is to determine the
basic job requirements that must be satisfied. These are usually determined by analysis
of the drawings and the job orders. They involve consideration and determination of the
following:

1. Size and shape of the geometric components of the workpiece.

2. Tolerances, as applied by the designer.

3. Material from which the part is to be made.

4. Properties of material being machined (hardness).

5. Number of pieces to be produced (see the section in this chapter on quantity versus
process and case studies on economic analysis).

6. Machine tools available for this workpiece.
Such an analysis for the threaded shaft shown in Figure 2-7 would be as follows:
1. a. Two concentric and adjacent cylinders having diameters of 0.877/0.873 and 0.501/
0.499, respectively, and lengths of 2 in. and 1% in.
b. Three parallel plain surfaces forming the ends of the cylinders.
c. A 45° x /g-in. bevel on the outer end of the ’/g-in. cylinder.
d. A 7/g-in. NF-2 thread cut the entire length of the ’/g-in. cylinder.
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Personal
computer
processor PC Final assembly
flow chart comp . The video unit and the
Video keyboard unit have
| I I | monitor Processor (t;een preahssembkled.
- e —— onnect the sockets on
Cables Video Processor Keyboard | syb-assem bly — - the end of their cables
sockets monitor unit unit level Cable to the corresponding
| 32 plugs at the rear of the
[ I I ] Keyboard processor unit.
Mbeorzfc;'y Box Arithmetic Switch | Boards §S§S§S Processor subassembly
(4 req.) casing board (4req.) | level Assemble one switch(s)
to the inside of each of
|—|—|—| I | I I I the 4 plug connections
at the back of the box.
Ram . Micro- Ram . Chip Then fit 4 memory
chip Switch| | Board processor chip Switch| | Board level cards boards into the 4
(4req.) (2req.) [Board | identical rows of
connectors. Finally, fit
Bill of materials for computer Memory card: the arithmetic cards
Y ! ) c 4 C into the front connector
Item Low-level  Quantity required assemble 4 RAM chips | ¢ C row.
code for one unit and 1 switch onto card goooa
Arithmetic board 2 Assembled Fabricate chips -
Box casing 2 1
Ram chip 3 16 and boards
Keyboard unit 1 1
Memory board 2 Assembled
Processor unit 1 Assembled
Ram chip 3 2
Switch 3 9
Video unit 1 1
Board type X 3 4
Board typeY 3 1
Microprocessor 3 1

FIGURE 2-5 The process flow chart and the bill of materials (BOM) for a personal computer. See Chapter 34.

2. The tightest tolerance is 0.002 in., and the angular tolerance on the bevel is +1°.
3. The material is AISI1340 cold-rolled steel, BHN 200.
4. The job order calls for 25 parts.

Now the engineer can draw a number of conclusions regarding the processing of
the part. First, because concentric, external, cylindrical surfaces are involved, turning
operations are required and the piece should be made on some type of lathe. Second,
because 25 pieces are to be made, the use of an engine lathe or a computer numerical
control (CNC) lathe would be preferred over an automatic screw machine where the
setup time will likely be too long to justify this small a lot size. As the company’s numer-
ical control (NC) lathe is in use, an engine lathe will be used. Third, because the maxi-
mum required diameter is approximately ’/g in., 1-in.-diameter cold-rolled stock will be
satisfactory; it will provide about !/ in. of material for rough and finish turning of
the large diameter. From this information, the operations sheet(s) for a particular
engine lathe is (are) prepared.

The engineer prepares the operations sheet shown in Figure 2-7 listing, in
sequence, the operations required for machining the threaded shaft shown in the part
drawing. A single operation sheet lists the operations that are done in sequence on a
single machine. This sheet is for an engine lathe (see Chapter 22).

Operations sheets vary greatly as to details. The simpler types often list only the
required operations and the machines to be used. Speeds and feeds may be left to
the discretion of the operator, particularly when skilled workers and small quantities
are involved. However, it is common practice for complete details to be given regarding



FIGURE 2-6 Part drawing fora
punch used in a progressive die
set (above) with the route sheet
(traveler) for making the punch.
The route sheet is used in the job
shop (layout in Figure 2-4) to tell
the material handler (forklift truck
driver) where to take the
containers of parts after each
operation is completed. The
manufacturing engineer designs
the process plan or sequence of
operations to make the product.
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1
,.000 . 7D .
32 io.125 * 003

3|5
f I3k
||
- 21 -
32
3
13
Punch
Matl. — 0.250 dia. AISI 1040 Par_t
H.T. to 50 R.C. on 0.249 dia. drawing

DARIC INDUSTRIES
ROUTING SHEET

NAME OF PART Punch PARTNO. __ 2
QUANTITY 1,000 MATERIAL SAE 1040
EQUIPMENT
OPERATION | DESCRIPTION OF OPERATION | OR MACHINES | TOOLING
NUMBER See Fig 41-4
1 Turn, 3, 0.125, and 0.249 J &L turret #642 box tools
diameters lathe 12
2 Cut off to 13% length " #6 cutoff in
cross
turret
3 Mill 1% radius #1 Milwaukee | Special jaws
in vise
1% form cutter
X 4" D
4 Drill 5 hole Turret Drill 4
5 Heat treat. 1,700° F for 30 Atmosphere
minutes, oil quench furnace
6 Grind (cutting edges) Surface grinder 3 1% end radius
on wheel
7 Check hardness Rockwell
tester

tools, speeds, and often the time allowed for completing each operation. Such data are
necessary if the work is to be done on NC machines, and experience has shown that
these preplanning steps are advantageous when ordinary machine tools are used.

The selection of speeds and feeds required to manufacture the part is discussed in
Chapters 20-24 and will depend on many factors such as tool material, workpiece
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BHN = 200

45° + 1° \;— 14 NF-2 thread

=
III

Il ] T osor
|| 4 y 0.499

Matl. AISI 1340 Medium carbon steel
BHN = 200

Threaded shaft made in quantities of 25 units.

DEBLAKOS INDUSTRIES

OPERATION SHEET
Threaded Shaft 1340 Cold Rolled Steel

PART NAME: Part No. 7358-267-10
CUTTING SPEED DEPTH OF
OPER.|  NAME OF OPERATION | MACH. CUTTINGTOOL FEED cuT REMARKS
NO. TOOL ft/min rpm ipr Inches
Engine . .
10 Face end of bar Lathe 120 458 Hand Use 3-jaw Universal chuck
20 Center drill end " Combination center drill 750 Hand
9 To prevent chattering, keep
30 Cut off to 355 \ Parting tool 120 458 Hand overhang of work and tool
length at a minimum and feed
steadily. Use lubricant.
RH faci | R max Before replacing part in 3-jaw
40 Face to length acing t.oo . 120 458 Hand e %05 *| chuck, scribe % line
(small radius point) ' marking the 33 inch length.
50 Center drill end " Combination center drill 750 Hand
Place between centers,
60 wrn 507 giamet . RH turning tool 120 (R) 458 |(R).0089| (R).081 (3)
UM “4gg d1ameter, (small radius point) 160 | (P 611 [(F).0029] (F).007
and face shoulder
Remove and replace end RH tools

) 120 R) 458 [(R).0089| (R).057
70 for end and turn g% " (R) (small radius point) :F))GH }F)) 10029 2F)) 005

(F) Round nose tool 160

diameter
;
80 Produce 45°-chamfer ! RH round nose tool 120 458 Hand EE)) goorgax.
(1) Swivel compound rest to 30
degrees.
(2) Set tool with thread gage.
(3) When tool touches outside
90 Cut Z - 14 NF-2 thread . Threading tool 60 208 (R) .004 diamter of work set cross slide
8 (F) .001 to zero.

(4) Depth of cut for roughing = .004.

(5) Engage thread dial indicator on
any line.

(6) Depth of cut for finishing = .001
Use compound rest.

Remove burrs and sharp

edges Hand file

Date

FIGURE 2-7 Part drawing (above) and operations sheet, which provides details of the recommended manufacturing
process steps.

material, and depth of cut. Tables of machining data will give suggested values for the
turning and facing operations for either high-speed-steel or carbide tools. The tables are
segregated by workpiece material (medium-carbon-alloy steels, wrought or cold
worked) and then by process—in this case, turning. For these materials, additional
tables for drilling and threading would have to be referenced. The depth of cut dictates
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the speed and feed selection. The depth of cut for a roughing pass for operation 60 was
0.081 in., and the finish pass was 0.007 in. Therefore, for operation 60, three roughing
cuts and one finishing cut are used. Looking ahead to Chapter 22, could you estimate or
determine the cutting time for one of these roughing cuts?

While the operation sheet does not specifically say so, high-speed-steel tools are
being used throughout. If the job were being done on an NC lathe, it is likely that all
the cutting tools would be carbides, which would change all the cutting parameters.
Notice also that the job as described for the engine lathe required two setups, a three-
jaw chuck to get the part to length and produce the centers and a between-centers setup
to complete the part. It was necessary to stop the lathe to invert the part. Do you think
this part could be manufactured efficiently in an NC lathe? How would you orient
the part in the NC lathe? (See Chapter 40 for discussion of NC lathes.)

Speed and feed recommendations are often computerized to be compatible with
computer-aided manufacturing and computer-aided process planning systems, but the
manufacturing engineer is still responsible for the final process plan. As noted earlier,
the cutting time, as computed from the machining parameters, represents only 30 to
40% of the total time needed to complete the part. Referring again to Figure 2-6, the
operator will need to pick up the part after it is cut off at operation 30, stop the lathe,
open up the chuck, take out the piece of metal in the chuck, scribe a line on the part
marking the desired 3',-in. length, place the part back in the chuck, change the cutoff
tool to a facing tool, adjust the facing tool to the right height, and move the tool to the
proper position for the desired facing cut in operation 40. All these operations take
time, and someone must estimate how much time is required for such noncutting opera-
tions if an accurate estimate of total time to make the part is to be obtained.

When an operation is machine controlled, as in making a lathe cut of a certain
length with power feed, the required time can be determined by simple mathematics.
For example, if a cut is 10 in. in length and the turning speed is 200 rpm, with a feed of
0.005 in. per revolution, the cutting time required will be 10 minutes. See Chapter 22 for
details of this calculation. Procedures are available for determining the time required
for people-controlled machining elements, such as moving the carriage of a lathe by
hand, back from the end of one cut to the starting point of a following cut. Such determi-
nations of time estimates are generally considered the job of the industrial engineer,
and space does not permit us to cover this material, but the techniques are well estab-
lished. Actual time studies, accumulated data from past operations, or some type of
motion-time data, such as MTM (methods-time-measurement), can be employed for
estimating such times. Each can provide accurate results that can be used for establish-
ing standard times for use in planning. Various handbooks and books on machine shop
estimating contain tables of average times for a wide variety of elemental operations for
use in estimating and setting standards. However, such data should be used with great
caution, even for planning purposes, and they should never be used as a basis of wage
payment. The conditions under which they were obtained may have been very different
from those for which a standard is being set.

Quantity versus Process and Material Alternatives. Most processes are not equally
suitable and economical for producing a wide range of quantities for a given product.
Consequently, the quantity to be produced should be considered, and the product
design should be adjusted to the process that actually is to be used before the design is
finalized. As an example, consider the part shown in Figure 2-8. Assume that, function-
ally, a brass alloy, a heat-treated aluminum alloy, or stainless steel would be suitable
materials. What material and process would be most economical if 10, 100, or 1000 parts
were to be made?

If only 10 parts were to be made, lathe turning, milling the flat, milling the slot, and
drilling and tapping the holes would be very economical. The part could be machined
out of bar stock. Casting would require the making of a pattern, which would be about
as costly to produce as the part itself. It is likely that a suitable piece of stainless steel,
brass, or heat-treated aluminum alloy would be available in the correct diameter and
finish so that the largest diameter would not need any additional machining. Brass may
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Part drawing for a family of drive pinions, A, C, C.D.

Tap3 -16, 1 (13) deep

1.375
Part no. 8060 A (44.07) 1.100 B ‘_l
Part name Drive pinion Slot 0.030 (0.77)—| |=— 4.75
Quantity 1000 i | (120.7)
Lot size 200 -
Material 430F stainless = é)_‘
cold finished i () () 16 pin. (400 nm) finish
Diameter ~ 1.780 +.003 B }
Length 12 ft 4_1.750_,_1_4_ 0.50
12.7
( ) 18.750 (A) B <—,
14.750 (B)
10.750 (C)
8.750 (D)

0.375

1_(9-5)

Four places
3D view of part P
1.250 diameter
View A-A View B-B
Material: 430F stainless steel
cold-finished, annealed
Partno. 8060 Ordering quantity 1000 Material 430F Stainless
Part name _Drive Pinion Lot requirement 200 steel, 1.780 + 0.003 in.
cold - finished 12-ft
bars = 1000 pieces
Unit material cost_$ 2247
Workstation Operation Description of operations Setup Cycle Unit Labor Labor + Cost for labor
no. (list tools and gages) hour hour/ estimate rate overhead + overhead
100 units rate rate
Engine lathe 10 Face A-A end 0.05 3.2 10.067 0.117 18.35 170 3.65
#137 center drill. A-A and
rough turn has
cast of f to length 18.750
Engine lathe 1 Center drill B-B end 32 8.067 0.095 18.35 170 2.96
# 227 finish turn 1.100
turn 1.735 dirn
Vertical drill 20 End mill 0.50 stat 18 7.850 0.088 19.65 1.85 3.20
# 357 with 1/2 HSS and
mill (collet future)
Horizontal drill 30 Slab mill 4.75 x 3/8 13 1500 0.022 19.65 1.80 0.78
# 469 (resting vise HSS tool)
NC rarret 40 Drill 3/8 hcles-4x 0.66 5.245 0.056 17.40 2.15 2.10
drill press tap 3/8-16
# 474 (collet fixture)
Cylindrical 50 6rind shaft to 10 10.067 0.110 19.65 1.80 3.89
Grinder 16gm - 1.10
#67
$ 16.58 + 22.47 =
39.051
Estimated mig —
cost per unit
FIGURE 2-8 (Top) Part drawing with 3D view of part. (Bottom) Process planning sheet based on manufacturing the

pinion in a job shop.
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be slightly more expensive than the other materials in low volumes. However, brass
material with sawing, turning, milling, and drilling most likely would be the best combi-
nation. For 10 parts, the excess cost of brass over stainless steel would not be great, and
this combination would require no special consideration on the part of the designer.

For a quantity of 100 parts, an effort to minimize machining costs may be worth-
while. Forging discussed in Chapter 16 might be the most economical process, followed
by machining. Stainless steel would be cheaper than any of the other permissible mate-
rials. Although the design requirements for forging this simple shape would be minimal,
the designer would want to consider them, particularly as to whether the part should be
forged, as this will reduce machining time. (Can stainless steel be forged?)

For 1000 parts, entirely different solutions become feasible. The use of an alumi-
num extrusion, with the individual units being sawed off, might be the most economical
solution, assuming that the lead time required obtaining a special extrusion die was not
a detriment. Aluminum can be cut at much higher speeds than stainless steel. What
material would you recommend for the part now? How many feet of extrusion would
be required, including sawing allowance? How much should be spent on the die so that
the per-piece cost would not be great and probably would be more than offset by the
savings in machining costs? If extrusion is used, the designer should make sure that any
tolerances specified are well within commercial extrusion tolerances.

So what did the manufacturing engineer (MfE) decide to do for this part?
Figure 2-8 shows the process plan developed for this part using stainless steel bars that
were purchased in 12-ft lengths with diameters of 1.70 & 0.003 in. Follow the processing
steps (operations 10-50) to understand how the pinion was made. Notice that the pro-
cess plan is used to obtain a cost estimate for this part. The total cost estimate takes into
account all of the one-time or fixed costs associated with the component plus the labor
and material costs (variable costs) required to make the component. Estimating the cost
of making a product prior to ever making the first one is usually the job of the industrial
engineer (IE) or MfE, and there are many good reference texts available for this work.

This simple example clearly illustrates how quantity can interact with material
and process selection and how the selection of the process may require special consider-
ations and design revisions on the part of the designer. Obviously, if the dimensional
tolerances were changed, entirely different solutions might result. When more complex
products are involved, these relations become more complicated, but they also are usu-
ally more important and require detailed consideration by the designer.

The production job shop becomes extremely difficult to manage as it grows,
resulting in long product throughput times and very large in-process inventory levels.
In the job shop, parts typically spend 95% of the time waiting (delay) or being trans-
ported and only 5% of the time on the machine. Thus, the time spent actually adding
value may only be 2 or 3% of the total time available. The job shop typically builds large
volumes of products but still builds lots or batches, usually medium-sized lots of 50 to
200 units. The lots may be produced only once, or they may be produced at regular
intervals. The purpose of batch production is often to satisfy continuous customer
demand for an item. This system usually operates in the following manner: Because the
production rate can exceed the customer demand rate, the shop builds an inventory of
the item, then changes over the machines to produce other products to fill other
orders. This involves tearing down the setups on many machines and resetting them for
new products. When the stock of the first item becomes depleted, production is
repeated to build the inventory again. See Chapter 44 on the Web for a discussion on
inventory control.

Some machine tools are designed for higher production rates. For example,
automatic lathes capable of holding many cutting tools can have shorter processing
times than engine lathes. The machine tools are often equipped with specially designed
workholding devices, jigs, and fixtures, which increase process output rate, precision,
accuracy, and repeatability.

Industrial equipment, furniture, textbooks, and components for many assembled
consumer products (household appliances, lawn mowers, and so on) are made in pro-
duction job shops. Such systems are called machine shops, foundries, plastic-molding
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factories, and pressworking shops. Because the job shop has for years been the domi-
nant factory design, most service companies are also job shops, organized functionally.
Does your school have separate engineering or technology departments? Are you
routed to different departments for processing? This is how the job shop works.

FLOW SHOP

The flow shop has a product-oriented layout composed mainly of flow lines. When the
volume gets very large, especially in an assembly line, this is called mass production,
shown schematically in Figure 2-9. This kind of system can have (very) high production
rates. Specialized equipment, dedicated to the manufacture of a particular product, is
used. The entire plant may be designed exclusively to produce the particular product or
family of products, using special-purpose rather than general-purpose equipment. The
investment in specialized machines and specialized tooling is high. Many production
skills are transferred from the operator to the machines so that the manual labor skill
level in a flow shop tends to be lower than in a production job shop. Items are made to
“flow” through a sequence of operations by material-handling devices (conveyors,
moving belts, and transfer devices).The items move through the operations one at a
time. The time the item spends at each station or location is fixed or equal (balanced).
Figure 2-10 shows a layout of an assembly line or flow line requiring line balancing.

Figure 2-11 shows an example of an automated transfer machine for the assembly
of engine blocks at the rate of 100 per hour. All the machines are specially designed and
built to perform specific tasks and are not capable of making any other products. Conse-
quently, to be economical, such machines must be operated for considerable periods of
time to spread the cost of the initial investment over many units. These machines and
systems, although highly efficient, can be utilized only to make products in very large
volume, hence the term mass production. Changes in product design are often avoided
or delayed because it would be too costly to change the process or scrap the machines.

However, as we have already noted, products manufactured to meet the demands
of free-economy, mass-consumption markets need to incorporate changes in design for
improved product performance as well as style changes. Therefore, hard automation
systems need to be as flexible as possible while retaining the ability to mass-produce.

The incorporation of programmable logic controllers (PLCs) and feedback con-
trol devices have made these machines more flexible. Modern PLCs have the functional
sophistication to perform virtually any control task. These devices are rugged, reliable,
easy to program, and economically competitive with alternative control devices. PLCs
have replaced conventional hard-wired relay panels in many applications because they
are easy to reprogram. Relay panels have the advantage of being well understood by
maintenance people and are invulnerable to electronic noise, but construction time is
long and tedious. PLCs allow for mathematical algorithms to be included in the closed-
loop control system and are being widely used for single-axis, point-to-point control as
typically required in straight-line machining, robot handling, and robot-assembly appli-
cations. They do not at this time challenge the computer numerical controls used on
multi-axis contouring machines. However, PLCs are used for monitoring temperature,
pressure, and voltage on such machines. PLCs are used on transfer lines to handle com-
plex material movement problems, gaging, automatic tool setting, online tool wear
compensation, and automatic inspection, giving these systems flexibility that they never
had before.

The transfer line has been combined with CNC machines to form flexible manu-
facturing systems (FMSs).These systems are discussed in Chapters 39 and 40.

In the flow-line manufacturing system, the processing and assembly facilities are
arranged in accordance with the product’s sequence of operations; see Figure 2-11. Work-
stations or machines are arranged in line with only one workstation of a type, except
where duplicates are needed for balancing the time products take at each station. The
line is organized by the processing sequence needed to make a single product or a regular
mix of products. A hybrid form of the flow line produces batches of products moving
through clusters of workstations or processes organized by product flow. In most cases,
the setup times to change from one product to another are long and often complicated.
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Schematic of a flow shop manufacturing system, which requires line balancing.

Various approaches and techniques have been used to develop machine tools that
would be highly effective in large-scale manufacturing. Their effectiveness was closely
related to the degree to which the design of the products was standardized and the time
over which no changes in the design were permitted. If a part or product is highly stan-
dardized and will be manufactured in large quantities, a machine that will produce the
parts with a minimum of skilled labor can be developed. A completely tooled automatic
screw machine is a good example for small parts.

Most factories are mixtures of the job shop with flow lines. Obviously, the demand
for products can precipitate a shift from batch to high-volume production, and much of
the production from these plants is consumed by that steady demand. Subassembly
lines and final assembly lines are further extensions of the flow line, but the latter are
usually much more labor intensive.

PROJECT SHOP

In the typical project shop, or project manufacturing system, a product must remain in a
fixed position or location during manufacturing because of its size and/or weight. The
materials, machines, and people used in fabrication are brought to the site. Prior to the
development of the flow shop, cars were assembled in this way. Today, large products
like locomotives, large machine tools, large aircraft, and large ships use fixed-position
layout. Obviously, fixed-position fabrication is also used in construction jobs (buildings,
bridges, and dams); see Figure 2-12. As with the fixed-position layout, the product
is large, and the construction equipment and workers must be moved to it. When
the job is completed, the equipment is removed from the construction site. The
project shop invariably has job shop/flow shop elements manufacturing all the
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FIGURE 2-12 The project shop
involves large stationary
assemblies (projects), where
components are usually
fabricated elsewhere and
transported to the site.

Plans
Materials
Supplies
Labor
Equipment

subassemblies and components for the large complex project and thus has a functional-
ized production system.

The project shop often produces one-of-a-kind products with very low production
rates—from one per day to one per year. The work is scheduled using project manage-
ment techniques like the critical path method (CPM) or program evaluation and review
technique (PERT). These methods use precedence diagrams that show the sequence of
manufacturing and assembly events or steps and the relationship (precedence) between
the steps. There is always a path through the diagram that consumes the most time,
called the critical path. If any of the tasks on the longest path are delayed, it is likely
the whole project will be delayed. The process engineer must know the relationships
(the order) of the processes and be able to estimate the times needed to perform each
task. All this (and more) is the responsibility of project management. Project shop man-
ufacturing is labor intensive, with projects typically costing in the millions of dollars.

CONTINUOUS PROCESS

In the continuous process, the project physically flows. Oil refineries, chemical process-
ing plants, and food-processing operations are examples. This system is sometimes
called flow production, when the manufacture of either complex single parts (such as a
canning operation or bottling operation) or assembled products (such as television sets)
is described. However, these are not continuous processes but rather high-volume flow
lines. In continuous processes, the products really do flow because they are liquids,
gases, or powders. Continuous processes are the most efficient but least flexible kinds
of manufacturing systems. They usually have the leanest, simplest production systems
because these manufacturing systems designs are the easiest to control, having the least
work-in-process (WIP). However, these manufacturing systems usually involve com-
plex chemical reactions, and thus a special kind of manufacturing engineer (MfE),
called the chemical engineer (ChE), is usually assigned the task of designing, building,
and running the manufacturing system.

LEAN MANUFACTURING SYSTEM
The lean shop, or the lean manufacturing system, employs U-shaped cells or parallel
rows to manufacture components. The entire mass production factory is reconfigured.
The final assembly lines are converted to mixed-model, final assembly so that the
demand for subassemblies and components is leveled, making the daily demand for
components the same every day. Subassembly lines are also reconfigured into volume-
flexible, single-piece flow cells; see Figure 2-13.

The restructuring of the job shop is difficult; the concept is shown in Figure 2-14.
In the cells, the machine tools are upgraded to be single-cycle automatics so parts can be
loaded into the machine and the machining cycle started. The operator moves off to the
next machine in the sequence, carrying the part from the previous process with him, so
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FIGURE 2-13 The manufacturing system design on the left, called ““mass production,” produces large volumes at low unit
cost. It can be restructured into a lean manufacturing system design to achieve single-piece flow, on the requirements of a L-
CMS design. On the right is a manufacturing cell with a small transfer serving one station in the cell.

the lean shop employs standing, walking multiprocess workers. System design require-
ments are used to design the cells. In a linked-cell system, the key proprietary aspects
are the U-shaped manufacturing and assembly cells. In the cells, the axiomatic design
concept of decoupling is employed to separate (decouple) the processing times for indi-
vidual machines from the cycle time for the cell, enabling the lead time for a batch of
parts to be independent of the processing times for individual machines. This effect of
this is to take all the variation out of the supply chain lead times, so scheduling of the
supply system becomes so simple that the supply chain can be operated by a pull system
of production control (kanban). Using kanban, the inventory levels can be dropped,
which decreases in turn, the throughput time for the manufacturing system.

Workers in the cells are also multifunctional; each worker can operate more than
one kind of process and also perform inspection and machine maintenance duties
according to a standard work pattern. Cells eliminate the job shop concept of one per-
son—-one machine and thereby greatly increase worker productivity and utilization. The
restriction of the cell to a family of parts makes reduction of setup in the cell possible.
The general approach to setup reduction is discussed in Chapter 27 as part of the cell
design strategy.

In some cells decouplers are placed between the processes, operations, or
machines to connect the movement of parts between operators. A decoupler physically
holds one unit, decouples the variability in processing time between the machines, and
enables the separation of the worker from the machine. Decouplers can provide flexi-
bility, part transportation, inspection for defect prevention (poka-yoke) and quality
control, and process delay for the manufacturing cell.

Here is how an inspection decoupler might work. The part is removed from a pro-
cess and placed in a decoupler. The decoupler inspects the part for a critical dimension
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FIGURE 2-14 The job shop portion of the plant requires a systems level conversion to reconfigure it into
manufacturing cells, operated by standing and walking workers.

and turns on a light if a bad (oversized) part is detected. A process delay decoupler
delays the part movement to allow the part to cool down, heat up, cure, or whatever is
necessary, for a period of time greater than the cycle time for the cell. Decouplers are
vital parts of manned and unmanned cells and will be discussed further in Chapter 29.
The system design ensures that the right mix and quantity of parts are made
according to an averaged customer demand. This system is robust in that it ensures that
the right quantity and mix are made, even though there is variation or disturbance in the
manufacturing process or other operations in the manufacturing system. If process vari-
ation or disturbances to the system occur from outside the manufacturing system’s
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boundary (i.e., incoming parts are defective), the system design is robust enough to han-
dle these disturbances due to its feedback control design.

A typical linked-cell system is shown in Figure 2-15 with the customer demand
information illustrated by dashed lines.

A specific level of inventory is established after each producing cell and is held in
the kanban links. This set-point level is sometimes called the standard work-in-process
(SWIP) inventory. The SWIP defines the minimum inventory necessary for the system
to produce the right quantity and mix to the external customer and to be able to com-
pensate for disturbances and variation to the system.

B 2.5 SUMMARY OF FACTORY DESIGNS

Let us summarize the characteristics of the lean shop versus the other basic factory
designs; see Table 2-2. The cell makes parts one at a time in a flexible design. Cell
capacity (the cycle time) can be altered quickly to respond to changes in customer
demand by increasing or decreasing operators. The cycle time does not depend on the
machining times.

Families of parts with similar designs, flexible workholding devices, and tool chan-
gers in programmable machines allow rapid changeover from one component to another.
Rapid change are over means that quick or one-touch setup is employed, often like flip-
ping a light switch. This leads to small lot production. Significant inventory reductions
between the cells are possible and the inventory level can be directly controlled by
the user. Quality is controlled within the cell, and the equipment within the cell is

Characteristics of Basic Manufacturing Systems

Characteristics

Job Shop

Flow Shop

Project Shop

Continuous Process

Lean Shop

Types of machines

Design of processes
Setup time

Workers

Inventories
(WIP)

Lot sizes

Manufacturing
lead time

Flexible
General purpose

Functional or process
Process

Long, variable
frequent

Single function,
highly skilled: one
worker—one machine

Large inventory to
provide for large
variety

Small to medium
Long, variable

Single purpose
Single function

Product flow
layout

Long and
complex

One function,
lower-skilled: one
worker—one machine

Large to provide
buffer storage

Large lot

Short, constant
time

General purpose
Mobile, manual
Automation

Project or
fixed-position layout

Variable, every
job different

Specialized, highly
skilled

Variable,
usually large

Small lot

Long, variable
lead

Specialized, high
technology

Product

Skill level
varies

Skill level varies

Very small

Very large

Very fast,
constant

Simple, customized
Single-cycle
automatic

Linked U-shaped
cells

Multifunctional,
multipurpose

Multifunctional,
multiprocess

Small

Small

Short,
constant
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maintained routinely by the workers. The utilization of individual machines is not opti-
mized, but the cell as a whole operates to exactly meet the pace of the customer’s
demand.

These characteristics of the lean shop are different from that of the other manu-
facturing systems because it has a different design. In the next section, we will review a
bit of the history of factory designs.

THE EVOLUTION OF THE FIRST FACTORY

There was a time when there were no factories. From 1700 to 1850, most manufacturing
was performed by skilled craftsmen in home-based workshops, what historians call
cottage industry. These artisans were gunsmiths, blacksmiths, toolmakers, silver-
smiths, and so on. The machines they had for forming and cutting materials were
manually powered.

Amber & Amber (1962) in their yardstick for automation pointed out that the first
step in mechanizing and automating the factory was to power the machines. The need to
power the machine tools efficiently created the need to gather the machine tools into
one location where the power source was concentrated. By this time, the steel and cast
iron to build machine tools were becoming economically available. Railroads were built
to transport goods. These were the technologies that influenced the factory design and
are now called enabling technologies; see Table 2-3. A functional design evolved
because of the method needed to drive or power the machines.

The first factories were built next to rivers, and the machines were powered by
flowing water driving waterwheels, which drove overhead shafts that ran into the fac-
tory. See Figure 2-16. Machines of like type were set, all in a line, underneath the appro-
priate power shaft (i.e., the shaft that turned at the speed needed to drive this type of
machine). Huge leather belts were used to take power off the shaft to the machines.
Thus, a factory design of collected like processes evolved, and it came to be known as
the job shop. So, all the lathes were collected under their own power shaft, likewise all
the milling machines and all the drill presses. Later, the waterwheel was replaced by a
steam engine, which allowed the factory to be built somewhere other than next to a
river. Eventually, large electric motors were used, and later individual electric motors
for each machine replaced the large steam and electric engines. Nevertheless, the job
shop design was replicated, and the functional design held. Many early factories were in
the northeastern part of the United States and were manufacturing guns. Filing jigs
were used by laborers to create interchangeable parts. In time, this design became

The Evolution of Manufacturing System Designs®

First Factory Second Factory Third Factory Fourth Factory
Revolution Revolution Revolution Revolution
Time period 1840-1910 1910-1970 1960-2010 2000-2??
Manufacturing Job shop Flow shop Lean shop Global Information
system design Technology
Layout Functional layout Product layout Linked-cells to Mixed Integrated supply chain

Enabling technologies

Historical company
name

Economics

Power for machines, steel
production, and railroad
for transportation

Whitney, Colt,
and Remington

Economy of collected
technology

Moving final assembly line,
standardization leading to
true interchangeability,
and automatic material
handling

Singer, Ford

Economy of scale, high
volume > low unit cost

Model Final Assembly line

U-shaped cells, kanban,
and rapid die exchange

Toyota Motor Company”,
Hewlett-Packard, Omark,
Harley Davidson, Honda

Economy of scope, wide
variety at low unit cost

Virtual reality/simulation,
3D design using low-cost,
and very high performance
computers, digital
technology®

Boeing, Lockheed,

Electric Boat, and
Mercedes

Economy of global
manufacturing

#MSD (manufacturing system design), including machine tools, material handling equipment, tooling and people
® System developed by Taiichi Ohno, who called it the Toyota Production System (TPS)
¢Single-source digital product definition and 3D design, a manufacturing system simulated using virtual reality
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known as the American Armory System. People from all over the world came to Amer-
ica to observe the American Armory System, and this functionally designed system was
duplicated around the factory world as a key driver in the first factory revolution.

FACTORY REVOLUTIONS EVOLVE

Revolutions do not happen overnight but require many simultaneous events. An evolu-
tion in thought, philosophy, and the mindset of people in the factory, as well as the
redesign of the factory, are needed to revolutionize the factory setup. Even though
manufacturing is the leading wealth producer in the world, historians have often neglec-
ted the technical aspects of history.

The model used here is based on Thomas Kuhn’s book, The Structure of Scientific
Revolutions. He said there are three phases in any revolution: the crisis stage, the revo-
lution stage, and the normal science stage, as shown in Figure 2-17. Some people have
portrayed this last stage as the diffusion of science. The first factory revolution can be
considered a crisis due to the problems associated with craft production such as produc-
ing products in which filing was used to fit products together. This crisis was highlighted
in the United States by a congressional mandate to have interchangeable parts for mus-
kets in the field in the late 18th century.

Eli Whitney received a contract from Congress to produce 4000 muskets in 1'%
years with interchangeable parts. In wartime there was a need for part interchangeabil-
ity so that particular musket parts could be replaced in the field, instead of replacing the
entire musket. The goal was to reduce replacement time and cost. At that time, muskets
consisted of parts that were all craft-made, filed-to-fit products.
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FIGURE 2-17 Evolution of the
first factory revolution.
(David Cochran)

Evolution of the First Factory Revolution

37 Years of Revolutions Don't Happen Overnight
EVOLUTION
T 1785 Thomas Jefferson proposes that Congress mandate
Crisis interchangeable parts for all musket contracts.
24 vrs. 1792 Eli Whitney invents cotton gin.

1798 Eli Whitney contract for 4000 muskets in 1.5 years.

1801 Eli Whitney demonstrates interchangeability to Congress.

1809 Eli Whitney delivers, 8.5 years late, non-interchangeable
parts.

1811 John Hall patents breech-loading rifle.

1812 Roswell Lee becomes superintendent of Springfield Armory.

Revolution 1815 Congress orders Ordnance Dept. to require interchangeable
13 yrs. parts.

1818 Blanchard invents trip hammer for making gun barrels.

1819 Blanchard invents lathe for making gunstocks.

1819 Lee introduces inspection gages; Springfield Armory.

1822 John Hall announces success at Harpers Ferry using system
of gages to measure parts. Government report praises
effort.

Normal 1825 Eli Whitney dies.
L 1834 Simeon North at Middletown, CT, adopts Hall's gages,
science - - - -
years del/vers.r/fles (parts) interchangeable with Harpers Ferry
production.

1839 Samuel Colt and Eli Whitney Jr. revolver contract.

1845 The Armory Practice spreads to private contractors.

1860 Pocket micrometer invented.

Part interchangeability was a manufacturing challenge for the armory system
from the beginning, and the ultimate success in achieving part interchangeability was
the result of John Hall’s work in 1822. His innovation was the ability to measure the
product. Instead of attempting to produce parts to a master part, as was the practice at
the time, a system of gages was introduced to measure the part. As a result, the engi-
neers and designers had to be able to draw the parts with specifications in terms of their
geometric dimensions and tolerances. The entire need for drawings, tolerances, and
specifications was the result of part measurement to achieve part interchangeability.

Many people viewed part interchangeability as adding additional manufacturing
cost and concluded that it was unnecessary. However, standard measurements and part
interchangeability were key enabling technologies for the development of the moving
assembly line during the second factory revolution.

After this evolution occurred, the practice of using gages to achieve part inter-
changeability was then moved to Middletown, Connecticut, from Harper’s Ferry, which
had adopted Hall’s system of gages. A gun could then be assembled from parts made
from the Harper’s Ferry and Middletown locations. By 1845, this armory practice
spread to private contractors. Soon, the ability to do gaging became ubiquitous through-
out the country. In 1860, the pocket micrometer was invented, and the science of mea-
surement spread throughout the world.

As a system design, the job shop still exists. Modern-day versions of the job shop
produce large volumes of goods in batches or lots of 50 to 200 pieces. Processes are still
grouped functionally but the walls are removed. Between the machines, filling the
aisles, are tote boxes filled with components in various stages of completion. While it
may be difficult to actually count the inventory, these designs have thousands of parts
on the floor at any one time. However, the production system for the early job shop was
minimal and most decisions about how to make the products were made by the opera-
tors on the shop floor.

EVOLUTION OF THE SECOND MSD—THE FLOW SHOP
The second factory revolution led to the development of mass production, shown in
Figure 2-18. Henry Ford defined the concept of economies of scale with mass production.
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Evolution of the Second Factory Revolution

50Years of Revolutions Don't Happen Overnight
REVOLUTION
1878 Wisconsin sponsors 200-mile race, offering $10,000 for “a cheap and
practical substitute for the use of horses and other animals on the
highway and farm.”
1893 First production gasoline car by Charles & Frank Duryea, only 13 made in
. three years. “It ran no faster than a man could walk but it did run.”
Crisis 1898 Haynes-Apperson Auto Co. produces one car every 3 weeks for $1500.
35 yrs. 1898 Winton Motor Carriage Co. 22 single cylinders; 100 in 1899 for $1000.
1901 Single-cylinder curved dash Olds—weight 700 pounds, cost $650.
2500 made in 1902; 4000 in 1903; 5508 in 1904; 6500 in 1905.
1903 Ford Model A, twin horizontally opposed engine, $750 ea., 1708 in 1904.
1905 25 made/day, Ford Mfg. Co. formed to produce engines/transmissions.
1906 Model N outsells Oldsmobile with 8,729, a 4 cylinder at $500.
1907 Models N, R ($750) and S ($700) sold 14,887 and 10,202 in 1908.
1908 Model T introduced, single cast 4 cylinder, 5 body styles: $825-$1000.
1909 100 produced per day. 17,771 Model T's sold.
1913 Moving assembly line at Highland Park. 308K in 1914, 501K in 1915 at $440.
Revolution 1922 Over 1 Million model T’s sold yearly to 1926.
15 yrs. 1923 1.82 million produced at average of $300 with more options standard.
Normal science 1928 Chevrolet out-sells Ford and produces 1.2 million vehicles.
years 1945 Beginning of theThird Industrial Revolution

FIGURE 2-18 Evolution of the second factory revolution. (David Cochran)

His primary ‘““mass production” tools were the extreme division of labor, the moving as-
sembly line, the shortage chaser to control minimum and maximum stock levels, and the
overarching reliance of assembly cycle time predictability with interchangeable parts.
Ford is credited with many product design innovations, as well as manufacturing
innovations. He developed the process for engine blocks. One reason for the Model T’s
success was a single cast engine block instead of four cylinders bolted together. The use of
this manufacturing process innovation decreased the car’s weight and increased power.
However, the enabling technology for mass production was interchangeable parts
based on exact standards of measurement. Ford insisted that every product meet specifi-
cations. He was a stickler about keeping all gages calibrated in the factory. In other
words, the second factory revolution was founded on the first factory revolution concept
of part interchangeability. Flow-line manufacturing began in the 1900s for small items
and evolved to the moving assembly line at the Ford Motor Company around 1913. This
methodology was developed by Ford production engineers led by Charles Sorenson.
Today’s moving assembly line for automobile production has hundreds of stations where
the car is assembled. This requires the work at each station to be balanced where tasks
at each station take about the same amount of time. This is called line balancing. The
moving assembly line makes cars one at a time, in what is now called single piece flow.
Just as in the 1800s, people throughout the world came to observe how this system
worked, and the new design methodology was again spread around the world. For many
companies, a hybrid system evolved, which included a mixture of job shop and flow shop,
with the components made in the job shop feeding the assembly line. This design per-
mitted companies to manufacture large volumes of identical products at low unit cost.
Mass production relied on the first factory revolution for part interchangeability,
while producing products in a fixed cycle time with moving assembly lines. To produce
at a fixed cycle time, division of labor was used, and unskilled workers replaced the
craftsmen in the factory (see Adam Smith’s Wealth of Nations). With the division of
labor, instead of assembling an entire transmission, the workers performed the same
small set of tasks on each transmission. As a result, labor turnover in the factory
increased dramatically, so Ford introduced the ““five-dollar day,” salary for all his work-
ers, an exorbitant amount of money in those days. In fact, the five-dollar day created the
economic system that enabled the emergence of the middle class. The workers were
able to buy the products they produced in high-volume, mass-production factories.
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Between 1928 and 1945, the Ford factory system diffused to other products. Dur-
ing WWII, airplanes were produced at Ford’s Willow Run Factory using fixed cycle
time, moving assembly lines, and interchangeable parts. Planes were moved down
an assembly line at the pace of demand. All kinds of tooling and jigs were designed
and built so that interchangeable parts could be assembled onto the aircraft in a fixed
cycle time.

Next came a very automated form of the flow line for machining or assembling
complex products like engines for cars in large volumes (200,000 to 400,000 per year). It
was called the transfer line. The enabling technology here is repeat cycle automatic
machines. This system also required interchangeable parts based on precise standards
of measurement (gage blocks). The transfer line is designed for large volumes of identi-
cal goods. These systems are very expensive and not very flexible.

The parts that feed the flow line were made in the job shop in large lots, held in
inventory for long periods of time, then brought to the line where a particular product
was being assembled. The line would produce one product over a long run and then
switch to another product, which could be made for days or weeks. This mass-produc-
tion system was in place during WWII and was clearly responsible for producing the
military equipment and weapons that enabled the allies to win the war.

This massive production machine thrived after WWII, which enabled automobile
producers and many other companies to make cars in large volumes using the economy
of scale. Just when it appeared that nothing could stop this machine, a new player, the
Toyota Motor Company, evolved a new manufacturing system that truly changed the
manufacturing world. This system is based on a different system design, which ushered
in the third factory revolution, characterized by global companies producing for world-
wide markets.

THE THIRD MSD—LEAN PRODUCTION

The latest MSD is sometimes called lean production, the Toyota Production System
(TPS), just-in-time (JIT) manufacturing, or many other names. A new manufacturing
system design brings one or more new companies to the forefront of the industrial world
(this time, Toyota). See Figure 2-19 for details of this revolution. Each new design
employs some unique enabling technologies, in this case, manufacturing and assembly

Third Factory Revolution at Toyota in Japan (Ohno, 1988)

21 Years of Revolutions Don't Happen Overnight
REVOLUTION
Crisis 1945 Need to rebuild wide variety of products in low volume after World War II.
3yrs. Only had six presses, requiring frequent and fast changeover.
1948 Withdrawal by subsequent processes.
1949 Intermediate warehouses abolished.
1950 In-line cells. Horseshoe or U-shaped machine layout replaces job shop.
1950 Machining and assembly lines balanced.
1953 Supermarket system in machine shop.
1955 Assembly and body plants linked.
. 1955 Main plant assembly line production system adopts visual control,
Re1vé)lurt|on line stop, and mixed load. Automation to autonomation.
s 1958 Warehouse withdrawal slips abolished.
1961 Andon installed, Motomachi assembly plant.
1962 15-minute main plant setups.
1962 Kanban adopted company-wide.
1962 Full work control of machines pokayoke.
1965 Kanban adopted for ordering outside parts for 100% of supply system;
began teaching system to affiliates.
1966 First autonomated line Kamigo plant.
i i 1971 Main office and Motomachi setups reach 3 minutes.
Diffusion 1971 Body indication system at Motomachi Crown line.
& n_ormal 1981 Publication of Toyota Production System in English and infusion in United States.
science 1990 Publication of the Machine That Changed the World.
FIGURE 2-19 Third factory revolution at Toyota in Japan. (David Cochran)
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Factory Revolutions Are Driven by New Manufacturing System

Designs (MSDs)
Zero 1700-1850 No
Craft/cottage production-hand powered tools MSD
First Factory 1840-1910 Job shop
Revolution First factory revolution (American Armory System) (functional layout)

+ Creation of factories with powered machines
+* Mechanization/Interchangeable parts
Second Factory 1910-1970 Flow shop
Revolution * Second factory revolution (the Ford system) (product layout)
+ Assembly line—flow shop product layout
+ Economy of scale yields mass production era
+ Automation (automatic material handling)
Third Factory 1960-2010 (estimated) Lean shop
Revolution + Third factory revolution (lean production) (linked-cell layout)
* U-shaped manufacturing and assembly cells
+ One-piece flow with mixed-model final assembly
+ Flexibility in customer demand and product design
+ Integrated control functions (kanban)

cells that produce defect-free goods. The new system has now been adopted by more
than 60% of American manufacturing companies and has been disseminated around
the industrial world.

Black’s Theory of Factory Revolutions as outlined in Table 2-4, proposes that we
are now 40-plus years into the factory revolution. This factory revolution is not based on
computers, hardware, or a particular process, but once again on the design of the manu-
facturing system —the complex arrangement of physical elements characterized by
measurable parameters. Again, people throughout the world went to observe the new
design, but this time they went to Japan to try to understand how this tiny nation
became a giant in the global manufacturing arena.

After World War II, the Japanese were confronted with different requirements of
manufacturing than that of the Americans. The United States had almost an infinite
capacity to produce. There were rows of stamping presses in the factories, a surplus of
resources, pent-up demand, and many people with money, so all the United States had
to do was to produce. In Japan, there were very few presses and very little money. One
of the first concepts of the Toyota Production System was that all parts had to be good,
because there was no excess capacity and no dealers in the United States to fix the
defects. The right mix of cars of perfect quality had to be made with limited resources,
and they had to be exactly right the first time in spite of any variations or disturbances
to the system.

The result was a new manufacturing system design, and just as a new MSD pushed
Colt and Remington to the forefront in the first factory revolution and Ford and Singer
in the second factory revolution, the development of this new manufacturing system
design vaulted Toyota into world leadership. Black defines the new physical system
design as linked-cell (Black, 1991) or L-CMS for linked-cell manufacturing system.
Toyota called it the Toyota Production System (TPS). Schonberger called it the JIT/
TQC system or World Class Manufacturing (WCM) system. In 1990 it was finally given
a name that would become universal: lean production. This term was coined by John
Krafcik, an engineer in the International Motor Vehicle program at the Massachusetts
Institute of Technology (Womack et al., 1991).

What was different about this system design was the development of manufactur-
ing and assembly cells linked to final assembly by a unique material control system, pro-
ducing a functionally integrated system for inventory and production control. In cells,
processes are grouped according to the sequence of operations needed to make a prod-
uct. This design uses one-piece flow like the flow shop, but is designed for flexibility.
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FIGURE 2-20 The functionally designed job shop can be restructured into manufacturing cells to process families of
components at production rates that match part consumption.

The cell is designed in a U-shape or in parallel rows so that the workers can readily
rebalance the line and change the output rate while moving from machine to machine
loading and unloading parts. Figure 2-20 shows how the job shop in Figure 2-4 can be
rearranged into manned cells. Cell 3 has one worker who can make a walking loop
around the cell in 60 seconds. The machines in the cell have been upgraded to single-
cycle automatic capability so they can complete the desired processing untended, turn-
ing themselves off when done with a machining cycle. The operator comes to a machine,
unloads a part, checks the part, loads a new part into the machine, and starts the
machining cycle again. The cell usually includes all the processing needed for a com-
plete part or subassembly and may even include assembly steps.

To form a linked-cell manufacturing system, the first step is to restructure portions
of the job shop, converting it in stages into manned cells. At the same time, the linear
flow lines in subassembly are also reconfigured into U-shaped cells, which operate
much like the manufacturing cells. The long setup times typical in flow lines must be
vigorously attacked and reduced so that the flow lines can be changed quickly from
making one product to another. The need to perform line-balancing tasks is eliminated
through design. The standing, walking workers are capable of performing multiples of
operations. More details are given in Chapter 29.

SUMMARY ON MANUFACTURING CELLS

Product designers can easily see how parts are made in the manufacturing cells because
all the operations and processes are together. Because quality-control techniques are
also integrated into the cells, the designer knows exactly the cell’s process capability.
The designer can easily configure the future designs to be made in the cell. This is truly
designing for manufacturing. CNC machining centers can do the same sequence of
steps but are not as flexible as a cell composed of multiple, simple machines. Cellular
layouts facilitate the integration of critical production functions while maintaining
flexibility in producing superior-quality families of components. The cells facilitate
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Problems

single-piece-flow (SPF) and volume flexibility. SPF is the movement of one part at a
time between machines by the multiprocess operators. In the main, each machine exe-
cutes a step in the sequence of processes or operations. The outcome of that step is
checked before the part is advanced to the next step. Volume flexibility is achieved by
the separation of man’s activities from the operations that machines do better. Output
per hour can be changed by the rapid reallocation of operations to workers.

B Key WORDS

American Armory System
assembly line

Ford Production System
just-in-time (JIT)

mass production
operations sheet

project shop
route sheet

bill of materials (BOM) manufacturing part interchangeability single-piece-flow
continuous process lean production process planning (SPF)
critical path method (CPM) lean shop production system standard work-in-process
decouplers line balancing program evaluation and (SWIP)
flexible manufacturing linked-cell system review technique Toyota Production System

system (FMS) manufacturing system (PERT) (TPS)
flow shop manufacturing system programmable logic transfer line
job shop design (MSD) controller (PLC) volume flexibility

B REVIEW QUESTIONS
1. What are the major functional elements or departmental 9. Explain the difference between a route sheet and an opera-

areas of the production system? (See Chapter 44 on the Web
for help.)

10.

tions sheet (or a process planning sheet).
What does the study of ergonomics entail? (This was not dis-

2. What s a route sheet? Who uses it? cussed in Chapter 2.)
3. What is the function of a route sheet? 11. In project shop manufacturing, what is the critical path? (Not
4. Find an example of a route sheet other than the one in the discussed in Chapter 2.)

book. 12. How do the job shop, flow shop, and lean shop manufactur-
5. What are other names for a route sheet? ing systems perform in terms of quality, cost, delivery, and
6. What is a process flow chart? How is it related to the bill of flexibility?

materials? 13. What are the possibilities of incorporating lean manufactur-
7. What is an operations sheet? How is it related to the route ing concepts into a high-volume transfer line for machining?

sheet? 14. How did the Ford thinking build on the first factory

W

. How does the design of the product influence the design of

the manufacturing system, including assembly and the pro-
duction system?

revolution?

B PROBLEMS

. Discuss this statement: “‘Software can be as costly to design

and develop as hardware and will require long production
runs to recover, even though these costs may be hidden in
the overhead costs.”

. Table 2-1 lists some examples of service job shops. Compare

your college to a manufacturing/production system, using
the definition of a manufacturing system given in the chapter.
Who is the internal customer in the academic job shop?
‘What or who are the products in the academic job shop?

. Outline your critical path through the academic job shop.
. Explain how function dictates design with respect to the

design of footwear. Use examples of different kinds of foot-
wear (shoes, sandals, high heels, boots, etc.) to emphasize
your points. For example, cowboy boots have pointed toes so

that they slip into the stirrups easily and high heels to keep
the foot in the stirrup.

. Most companies, when computing or estimating costs for a

job, will add in an overhead cost, often tying that cost to
some direct cost, such as direct labor, through the academic
job shop. How would you calculate the cost per unit of a
product to include overhead?

. What is the impact of minimizing the unit cost of each

operation:

a. On machine design?
b. On the workers?
c. On the factory as a system?
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Jury Duty for an Engineer

Katrin S. is suing the PogiBear Snowmobile Company
and an engineer for PippenCat Components for
$750,000 over her friend’s death. He was killed while
racing his snowmobile through the woods in the upper
peninsula of Michigan. Her lawyer, Ken, claims that her
friend was killed because a tie-rod broke, causing him to
lose control and crash into a tree, breaking his neck.
While it was impossible to determine whether the tie-rod
broke before the crash or as a result of the crash, the
following evidence has been put forth.

The tie-rod was originally designed and made entirely
out of low-carbon steel (heat treated by case hardening)
in three pieces, as shown in Figure CS-2 These tie-rods
were subcontracted by PogiBear to PippenCat
Components. PippenCat Components changed the
material of the sleeves from steel to a heat-treated
aluminum having the same ultimate tensile strength
(UTS), value as the steel. They did this because
aluminum sleeves were easier to thread than steel
sleeves. It was further found that threads on one of the
tie-rod bolts were not as completely formed as they
should have been. The sleeve of the tie-rod in question
was split open (fractured) and one of the tie-rod bolts was
bent. Katrin’s lawyer further claimed that the tie-rod was
not assembled properly. He claimed that one rod was
screwed into the sleeve too far and the other not far

Tie-rod bolt

enough, thereby giving it insufficient thread engagement.
The engineer for PippenCat testified that these tie-rods
are hand assembled and checked only for overall length
and that such a misassembly was possible. In his
summary, Ken, Katrin’s lawyer, stated that the failure was
due to a combination of material change, manufacturing
error, and bad assembly—all combining to result in a
failure of the tie-rod.

A design engineer for PogiBear testified that the tie-
rods were “way overdesigned” and would not fail even with
slightly small threads or misassembly. PogiBear’s lawyer
then claimed that the accident was caused by driver failure
and that the tie-rod broke upon impact of the snowmobile
with the tree. One of the men racing with Katrin’s friend
claimed that her friend’s snowmobile had veered sharply
just before he crashed, but under cross examination he
admitted that they had all been drinking that night because
it was so cold (he guessed —20° to —30°F). Because this
accident had taken place more than 5 years ago, he could
not remember how much they had had to drink.

You are a member of the jury and have now been
sequestered to decide if PogiBear and PippenCat are
guilty of negligence resulting in death. The rest of the jury,
knowing you are an engineer, has asked for your opinion.
What do you think? Who is really to blame for this
accident? What actually caused the accident?

Tie-rod bolt

(S

)

Sleeve




CHAPTER 3

PROPERTIES OF MATERIALS

3.1 INTRODUCTION 3.3 DynNamIC PROPERTIES 3.6 FRACTURE TOUGHNESS AND THE
Metallic and Nonmetallic Impact Test FRACTURE MECHANICS APPROACH
Materials Fatigue and the Endurance Limit 3.7 PHYSICAL PROPERTIES
Physical and Mechanical Fatigue Failures 3.8 TESTING STANDARDS AND TESTING
Eropertics ) 3.4 TemperATURE ErrecTs (BotH HiGH CONCERNS
Stress and Strain AND Low) Case Study: Separation of Mixed
3.2 STATIC PROPERTIES Creep Materials
Tensile Test 3.5 MACHINABILITY, FORMABILITY, AND
Compression Tests WELDABILITY

Hardness Testing

B 3.1 INTRODUCTION

The history of man has been intimately linked to the materials that have shaped his
world, so much so that we have associated periods of time with the dominant material,
such as the Stone Age, Bronze Age, and Iron Age. Stone was used in its natural state,
but bronze and iron were made possible by advances in processing. Each contributed to
the comfort, productivity, safety, and security of everyday living. One replaced the
other when new advantages and capabilities were realized, iron being lighter and stron-
ger than bronze for example. Many refer to the close of the 20th century as the Silicon
Age. The multitude of devices that have been made possible by the transistor and com-
puter chip [ultra-fast computers, cell phones, global positioning system (GPS) units,
etc.] have revolutionized virtually every aspect of our lives. From the manufacturing
perspective, however, the current era lacks a materials designation. We now use an
extremely wide array of materials, falling into the categories of metals, ceramics, poly-
mers, and a myriad of combinations known as composites.

With each of these materials, the ultimate desire is to convert it into some
form of useful product. Manufacturing has been described as the various activi-
ties that are performed to convert “‘stuff’ into “‘things.”” Successful products
begin with appropriate materials. You wouldn’t build an airplane out of lead, or
an automobile out of concrete —you need to start with the right stuff. But “‘stuff”’
rarely comes in the right shape, size, and quantity for the desired use. Parts and

Processing Performance components must be produced by subjecting materials to one or more processes

FIGURE3-1 The interdependent Iizfteﬁl a}fseries (;f ope.rations) that alter their shape, thgir Properties, or both.

relationships between structure, uch of a manufacturing education rf:lates to understanding: (1) the §tructure of

properties, processing, and materials, (2) the properties of materials, (3) the processing of materials, and (4)

performance. the performance of materials, as well as the interrelations between these four fac-
tors, as illustrated in Figure 3-1.

This chapter will begin to address the properties of engineering materials. Chap-
ters 4 and 5 will discuss the subject of structure and begin to provide the whys behind
various properties. Chapter 6 introduces the possibility of controlling and modifying
structure to produce desired properties. Many engineering materials do not have a sin-
gle set of properties, offering instead a range or spectrum of possibilities. Taking advan-
tage of this range, we might want to intentionally make a material weak and ductile for
easy shaping (making forming loads low, extending tool life, and preventing cracking or
fracture), and then, once the shape has been produced, make the material strong for
enhanced performance during use.

Structure Properties
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Properties of Materials

When selecting a material for a product or application, it is important to ensure that
its properties will be adequate for the anticipated operating conditions. The various
requirements of each part or component must first be estimated or determined. These
requirements typically include mechanical characteristics (strength, rigidity, resistance to
fracture, the ability to withstand vibrations or impacts) and physical characteristics
(weight, electrical properties, appearance), as well as features relating to the service envi-
ronment (ability to operate under extremes of temperature or resist corrosion). Candidate
materials must possess the desired properties within their range of possibilities.

To help evaluate the properties of engineering materials, a variety of standard
tests have been developed, and data from these tests have been tabulated and made
readily available. Proper use of these data, however, requires sound engineering judg-
ment. [t is important to consider which of the evaluated properties are significant, under
what conditions the test values were determined, and what cautions or restrictions
should be placed on their use. Only by being familiar with the various test procedures,
their capabilities, and their limitations can one determine if the resulting data are appli-
cable to a particular problem.

METALLIC AND NONMETALLIC MATERIALS
While engineering materials are often grouped as metals, ceramics, polymers and com-
posites, a more simplistic distinction might be to separate into metallic and nonmetallic.
The common metallic materials include iron, copper, aluminum, magnesium, nickel,
titanium, lead, tin, and zinc, as well as the many alloys of these metals, including steel,
brass, and bronze. They possess the metallic properties of luster, high thermal conduc-
tivity, and high electrical conductivity; they are relatively ductile; and some have good
magnetic properties. Some common nonmetals are wood, brick, concrete, glass, rubber,
and plastics. Their properties vary widely, but they generally tend to be weaker, less
ductile, and less dense than the metals, with poor electrical and thermal conductivities.
Although metals have traditionally been the more important of the two groups,
the nonmetallic materials have become increasingly important in modern manufactur-
ing. Advanced ceramics, composite materials, and engineered plastics have emerged in
anumber of applications. In many cases, metals and nonmetals are viewed as competing
materials, with selection being based on how well each is capable of providing the
required properties. Where both perform adequately, total cost often becomes the
deciding factor, where total cost includes both the cost of the material and the cost of
fabricating the desired component. Factors such as product lifetime, environmental
impact, energy requirements, and recyclability are also considered.

PHYSICAL AND MECHANICAL PROPERTIES

A common means of distinguishing one material from another is through their physical
properties. These include such features as density (weight); melting point; optical char-
acteristics (transparency, opaqueness, or color); the thermal properties of specific heat,
coefficient of thermal expansion, and thermal conductivity; electrical conductivity; and
magnetic properties. In some cases, physical properties are of prime importance when
selecting a material, and several will be discussed in more detail near the end of this
chapter.

More often, however, material selection is dominated by the properties that
describe how a material responds to applied loads or forces. These mechanical propert-
ies are usually determined by subjecting prepared specimens to standard test condi-
tions. When using the obtained results, however, it is important to remember that they
apply only to the specific conditions that were employed in the test. The actual service
conditions of engineered products rarely duplicate the conditions of laboratory testing,
so considerable caution should be exercised.

STRESS AND STRAIN

When a force or load is applied to a material, it deforms or distorts (becomes
strained), and internal reactive forces (stresses) are transmitted through the solid.
For example, if a weight, W, is suspended from a bar of uniform cross section and
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FIGURE 3-2 Tension loading
and the resultant elongation.
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length L, asin Figure 3-2, the bar will elongate by an amount AL. For a given weight,
the magnitude of the elongation, AL, depends on the original length of the bar. The
amount of elongation per unit length, expressed as e = AL/L, is called the unit strain.
Although the ratio is that of a length to another length and is therefore dimension-
less, strain is usually expressed in terms of millimeters per meter, inches per inch, or
simply as a percentage.

Application of the force also produces reactive stresses, which serve to transmit
the load through the bar and on to its supports. Stress is defined as the force or load
being transmitted divided by the cross-sectional area transmitting the load. Thus, in Fig-
ure 3-2, the stress is S = W/A, where A is the cross-sectional area of the supporting bar.
Stress is normally expressed in megapascals in SI units (where a Pascal is one Newton
per square meter) or pounds per square inch in the English system.

In Figure 3-2, the weight tends to stretch or lengthen the bar, so the strain is known
as a tensile strain and the stress as a tensile stress. Other types of loadings produce other
types of stresses and strains (Figure 3-3). Compressive forces tend to shorten the mate-
rial and produce compressive stresses and strains. Shear stresses and strains result when
two opposing forces acting on a body are offset with respect to one another.

B 3.2 STATIC PROPERTIES

FIGURE 3-3 Examples of ‘ t t t T

When the forces that are applied to a material are constant, or nearly so, they are said to
be static. Because static or steady loadings are observed in many applications, it is
important to characterize the behavior of materials under these conditions. For design
engineers, the strength of a material may be of primary concern, along with the amount
of elastic stretching or deflection that may be experienced when the product is under
load. Manufacturing engineers, wanting to shape products with mechanical forces,
need to know the stresses necessary to effect permanent deformation. At the same
time, they want to perform this deformation without inducing cracking or fracture.

As a result, a number of standardized tests have been developed to evaluate
the static properties of engineering materials. Individual test results can be used to
determine if a given material or batch of material has the necessary properties to meet
specified requirements. The results of multiple tests can provide the materials charac-
terization information that is used when selecting materials for various applications. In
all cases, it is important to determine that the conditions for the product being consid-
ered are indeed similar to those of the standard testing. Even when the service condi-
tions differ, however, the results of standard tests may still be helpful in qualitatively
rating and comparing various materials.
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tension, compression, and shear AL
loading—and their response. Tension Compression Shear
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FIGURE 3-4 Two common
types of standard tensile test
specimens: (a) round; (b) flat.
Dimensions are in inches, with
millimeters in parentheses.

FIGURE 3-5
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TENSILE TEST

The most common of the static tests is the uniaxial tensile test. The test begins with the
preparation of a standard specimen with prescribed geometry, like the round and flat
specimens described in Figure 3-4. The standard specimens ensure meaningful and
reproducible results and have been designed to produce uniform uniaxial tension in the
central portion while ensuring reduced stresses in the enlarged ends or shoulders that
are placed in moving grips.

Strength Properties. The standard specimen is then inserted into a testing machine
like the one shown in Figure 3-5. A tensile force or load, W, is applied and measured by
the testing machine, while the elongation or stretch (AL) of a specified length (gage
length) is simultaneously monitored. A plot of the coordinated load—elongation data pro-
duces a curve similar to that of Figure 3-6. Because the loads will differ for different-size
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(a) Universal (tension and compression) testing machine; (b) schematic of the load frame showing

how motion of the darkened yoke can produce tension or compression with respect to the stationary (white)
crosspiece. [(a) Courtesy of Instron, Industrial Products Group, Grove City, PA; (b) Courtesy of Satec Systems Inc., Grove

City, PA]



FIGURE 3-6 Engineering
stress-strain diagram for a low-
carbon steel.

Section 3.2 Static Properties 63

MPa 103 Psi
500 |- i
400 Maximum (ultimate) load / — 60
. Breaking strength
Upper yield - 50
point
300 [—
— 40

f<~—— Lower yield

Engineering stress

200 _j\ point - 30
\ Proportional limit
Yield-poi 1%
100 |- giongation
9 —{ 10
0 | | | | 0
0 5 10 15 20 25

Engineering strain — % (in./in. X 1072

specimens and the amount of elongation will vary with different gage lengths, it is impor-
tant to remove these geometric or size effects if we are to produce data that are character-
istic of a given material and not a particular specimen. If the load is divided by the original
cross-sectional area, A, and the elongation is divided by the original gage length, L, the
size effects are eliminated and the resulting plot becomes known as an engineering stress-
engineering strain curve (see Figure 3-6). This is simply a load-elongation plot with the
scales of both axes modified to remove the effects of specimen size.

In Figure 3-6 it can be noted that the initial response is linear. Up to a certain
point, the stress and strain are directly proportional to one another. The stress at which
this proportionality ceases is known as the proportional limit. Below this value, the
material obeys Hooke’s law, which states that the strain is directly proportional to the
stress. The proportionality constant, or ratio of stress to strain, is known as Young’s
modulus or the modulus of elasticity. This is an inherent property of a given material'
and is of considerable engineering importance. As a measure of stiffness, it indicates the
ability of a material to resist deflection or stretching when loaded and is commonly des-
ignated by the symbol E.

Up to a certain stress, if the load is removed, the specimen will return to its origi-
nal length. The response is elastic or recoverable, like the stretching and relaxation of a
rubber band. The uppermost stress for which this behavior is observed is known as the
elastic limit. For most materials the elastic limit and proportional limit are almost iden-
tical, with the elastic limit being slightly higher. Neither quantity should be assigned
great engineering significance, however, because the determined values are often
dependent on the sensitivity and precision of the test equipment.

The amount of energy that a material can absorb while in the elastic range is called
the resilience. The area under a load—elongation curve is the product of a force and a dis-
tance, and is therefore a measure of the energy absorbed by the specimen. If the area is
determined up to the elastic limit, the absorbed energy will be elastic (or potential) energy
and is regained when the specimen is unloaded. If the same determination is performed on
an engineering stress-engineering strain diagram, the area beneath the elastic region cor-
responds to an energy per unit volume, and is known as the modulus of resilience.

Elongation beyond the elastic limit becomes unrecoverable and is known as
plastic deformation. When the load is removed, only the elastic stretching will be recov-
ered, and the specimen will retain a permanent change in shape (in this case, an increase
in length). For most components, the onset of plastic flow represents failure, because
the part dimensions will now be outside of allowable tolerances. In manufacturing

! The modulus of elasticity is determined by the binding forces between the atoms. Since these forces cannot
be changed, the elastic modulus is characteristic of a specific material and is not alterable by the structure
modifications that can be induced by processing.
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FIGURE 3-7 Stress-strain
diagram for a material not having
a well-defined yield point,
showing the offset method for
determining yield strength. $; is
the 0.1% offset yield strength; S,
is the 0.2% offset yield strength.
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processes where plastic deformation is used to produce the desired shape, the applied

stresses must be sufficient to induce the required amount of plastic flow. Permanent
deformation, therefore, may be either desirable or undesirable, but in either case, it is
important to determine the conditions where elastic behavior transitions to plastic flow.
Whenever the elastic limit is exceeded, increases in strain no longer require pro-
portionate increases in stress. For some materials, like the low-carbon steel tested in
Figure 3-6, a stress value may be reached where additional strain occurs without any
further increase in stress. This stress is known as the yield point, or yield-point stress. In
Figure 3-6, two distinct points are observed. The highest stress preceding extensive
strain is known as the upper yield point, and the lower, relatively constant, ‘“‘run-out”
value is known as the lower yield point. The lower value is the one that usually appears

in tabulated data.
stress-strain curves more like that shown in Figure 3-7. For these materials, the elastic-

to-plastic transition is not distinct, and detection of plastic deformation would be
dependent upon machine sensitivity or operator interpretation. To solve this dilemma,
we simply define a useful and easily determined property known as the offset yield

Most materials, however, do not have a well-defined yield point, and exhibit

0.1% ‘
>
0.2%

Strain - % (in./in.)

strength. Offset yield strength does not describe the onset of plastic deformation, but

instead defines the stress required to produce a specified, acceptable, amount of perma-
nent strain. If this strain, or “offset,” is specified to be 0.2% (a common value), we sim-
ply determine the stress required to plastically deform a 1-in. length to a final length of
1.002 in. (a 0.2% strain). If the applied stresses are then kept below this 0.2% offset
yield strength value, the user can be guaranteed that any resulting plastic deformation

will be less than 0.2% of the original dimension.

Offset yield strength is determined by drawing a line parallel to the elastic line, but
displaced by the offset strain, and reporting the stress where the constructed line inter-
sects the actual stress-strain curve. Figure 3-7 shows the determination of both 0.1%
offset and 0.2% offset yield strength values, S; and S,, respectively. The intersection

values are reproducible and are independent of equipment sensitivity. It should be
noted that the offset yield strength values are meaningless unless they are reported in
conjunction with the amount of offset strain used in their determination. While 0.2% is
a common offset for many mechanical products (and is generally assumed unless
another number is specified), applications that cannot tolerate that amount of deforma-
tion may specify offset values of 0.1% or even 0.02%. It is important, therefore, to verify
that any tabulated data being used was determined under the desired conditions.

As shown in Figure 3-6, the load (or engineering stress) required to produce addi-

tional plastic deformation continues to increase. Because the material is deforming, this

load is the product of the material strength times the cross-sectional area. During tensile
deformation, the specimen is continually increasing in length. The cross-sectional area,
therefore, must be decreasing, but the overall load-bearing ability of the specimen con-
tinues to increase! For this to occur, the material must be getting stronger. The mecha-
nism for this phenomenon will be discussed in Chapter 4, where we will learn that the

strength of a metal continues to increase with increased deformation.

During the plastic deformation portion of a tensile test, the weakest location of
the specimen is continually undergoing deformation and becoming stronger. As each
weakest location strengthens, another location assumes that status and deforms. As a
consequence, the specimen deforms and strengthens uniformly, maintaining its original
cylindrical or rectangular geometry. As plastic deformation progresses, however, the

additional increments of strength decrease in magnitude, and a point is reached where
the decrease in area cancels the increase in strength. When this occurs, the load-bearing
ability peaks, and the force required to continue straining the specimen begins to
decrease, as seen in the Figure 3-6. The stress at which the load-bearing ability peaks is
known as the ultimate strength, tensile strength, or ultimate tensile strength of the
material. The weakest location in the test specimen at that time continues to be the
weakest location by virtue of the decrease in area, and further deformation becomes
localized. This localized reduction in cross-sectional area is known as necking, and is

shown in Figure 3-8.



FIGURE 3-8 A standard 0.505-
in.-diameter tensile specimen
showing a necked region that has
developed prior to failure. (E. Paul
DeGarmo)

FIGURE 3-9 Final elongation
in various segments of a tensile
test specimen: (a) original
geometry; (b) shape after
fracture.
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If the straining is continued, necking becomes intensified and the tensile specimen
will ultimately fracture. The stress at which fracture occurs is known as the breaking
strength or fracture strength. For ductile materials, necking precedes fracture, and the
breaking strength is less than the ultimate tensile strength. For a brittle material, frac-
ture usually terminates the stress-strain curve before necking, and often before the
onset of plastic flow.

Ductility and Brittleness. When evaluating the suitability of a material for certain
manufacturing processes or its appropriateness for a given application, the amount of
plasticity that precedes fracture, or the ductility, can often be a significant property. For
metal deformation processes, the greater the ductility, the more a material can be
deformed without fracture. Ductility also plays a key role in toughness, a property that
will be described shortly.

One of the simplest ways to evaluate ductility is to determine the percent elonga-
tion of a tensile test specimen at the time of fracture. As shown in Figure 3-9, ductile
materials do not elongate uniformly when loaded beyond necking. If the percent
change of the entire 8-in. gage length were computed, the elongation would be 31%.
However, if only the center 2-in. segment is considered, the elongation of that portion is
60%. A valid comparison of material behavior, therefore, requires similar specimens
with the same standard gage length.

In many cases, material “failure” is defined as the onset of localized deformation
or necking. Consider a sheet of metal being formed into an automobile body panel. If
we are to assure uniform strength and corrosion resistance in the final panel, the opera-
tion must be performed in such a way as to maintain uniform sheet thickness. For this
application, a more meaningful measure of material ductility would be the uniform
elongation or the percent elongation prior to the onset of necking. This value can be
determined by constructing a line parallel to the elastic portion of the diagram, passing
through the point of highest force or stress. The intercept where the line crosses the
strain axis denotes the available uniform elongation. Because the additional deforma-
tion that occurs after necking is not considered, uniform elongation is always less than
the total elongation at fracture (the generally reported elongation value).
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True stress

FIGURE 3-10 True stress—true strain
curve for an engineering metal, showing

CHAPTER 3 Properties of Materials

Another measure of ductility is the percent reduction in area that occurs in the
necked region of the specimen. This can be computed as

A, — A
R.A. :”A—fx 100%

o

where A, is the original cross-sectional area and Ais the smallest area in the necked
region. Percent reduction in area, therefore, can range from 0% (for a brittle glass spec-
imen that breaks with no change in area) to 100% (for extremely plastic soft bubble
gum that pinches down to a point before fracture).

When materials fail with little or no ductility, they are said to be brittle. Brittle-
ness, however, is simply the lack of ductility, and should not be confused with a lack of
strength. Strong materials can be brittle, and brittle materials can be strong.

Toughness. Toughness, or modulus of toughness, is the work per unit volume required
to fracture a material. The tensile test can provide one measure of this property, because
toughness corresponds to the total area under the stress-strain curve from test initiation
to fracture, and thereby encompasses both strength and ductility. Caution should be
exercised when using toughness data, however, because the work or energy to fracture
can vary markedly with different conditions of testing. Variations in the temperature or
the speed of loading can significantly alter both the stress-strain curve and the toughness.

In most cases, toughness is associated with impact or shock loadings, and the val-
ues obtained from high-speed (dynamic) impact tests often fail to correlate with those
obtained from the relatively slow-speed (static) tensile test.

True Stress—True Strain Curves. The stress-strain curve in Figure 3-6 is a plot of engi-
neering stress, S, versus engineering strain, e, where § is computed as the applied load
divided by the original cross-sectional area, A,, and e is the elongation, AL, divided by
the original gage length, L,. As the test progresses, the cross section of the test specimen
changes continually, first in a uniform manner and then nonuniformly after necking
begins. The actual stress should be computed based on the instantaneous cross-
sectional area, A, not the original, A,. Because the area is decreasing, the actual or
true stress will be greater than the engineering stress plotted in Figure 3-6. True stress,
o, can be computed by taking simultaneous readings of the load, W, and the minimum
specimen diameter. The actual area can then be computed, and true stress can be deter-
mined as

o=—
A

The determination of true strain is a bit more complex. In place of the change in

length divided by the original length that was used to compute engineering strain, true

strain is defined as the summation of the incremental strains that occur throughout the

deformation

Uniform Nonuniform
deformation

test. For a specimen that has been stretched from length L, to length L, the
true, natural, or logarithmic strain, would be:

L
! ‘—/%—lnL—D—‘z’—Zln&
ST, T YD
L

0

Fracture
Maxirmum The preceding equalities make use of the following relationships for
load cylindrical specimens that maintain constant volume (i.e., V, = L,A,
=V =LA)
Yield point
L_4,_D,
L, A D?
True strain

true stress continually increasing
throughout the test.

NOTE: Because these relations are based on cylindrical geometry, they apply
only up to the onset of necking.

Figure 3-10 depicts the type of curve that results when the data from a uni-
axial tensile test are converted to the form of true stress versus true strain.



FIGURE 3-11 Sectionofa
tensile test specimen stopped just
prior to failure, showing a crack
already started in the necked
region, which is experiencing
triaxial tension. (Photo by E. R.
Parker, courtesy E. Paul DeGarmo)
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FIGURE 3-12  Stress-strain
diagram obtained by unloading
and reloading a specimen.
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FIGURE 3-13  True stress—true
strain curves for metals with large
and small strain hardening.
Metals with larger n values
experience larger amounts of
strengthening for a given strain.
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Because the true stress is a measure of the material strength at any point during the test, it
will continue to rise even after necking. Data beyond the onset of necking should be used
with extreme caution, however, because the geometry of the neck transforms the stress
state from uniaxial tension (stretching in one direction with compensating contractions in
the other two) to triaxial tension, in which the material is stretched or restrained in all three
directions. Because of the triaxial tension, voids or cracks (Figure 3-11) tend to form in the
necked region and serve as a precursor to final fracture. Measurements of the external
diameter no longer reflect the true load-bearing area, and the data are further distorted.

Strain Hardening and the Strain-Hardening Exponent. Figure 3-12 is a true
stress—true strain diagram, which has been modified to show how a ductile metal (such
as steel) will behave when subjected to slow loading and unloading. Loading and
unloading within the elastic region will result in simply cycling up and down the linear
portion of the curve between points O and A. However, if the initial loading is carried
through point B (in the plastic region), unloading will follow the path BeC, which is
approximately parallel to the line OA, and the specimen will exhibit a permanent elon-
gation of the amount OC. Upon reloading from point C, elastic behavior is again
observed as the stress follows the line CfD, a slightly different path from that of unload-
ing. Point D is now the yield point or yield stress for the material in its partially
deformed state. A comparison of points A and D reveals that plastic deformation has
made the material stronger. If the test were again interrupted at point E, we would find
a new, even higher-yield stress. Thus, within the region of plastic deformation, each of
the points along the true stress—true strain curve represents the yield stress for the mate-
rial at the corresponding value of strain.

When metals are plastically deformed, they become harder and stronger, a phe-
nomenon known as strain hardening. Therefore, if a stress induces plastic flow, an even
greater stress will be required to continue the deformation. In Chapter 4 we will discuss
the atomic-scale features that are responsible for this phenomenon.

Various materials strain harden at different rates; that is, for a given amount of
deformation different materials will exhibit different increases in strength. One method
of describing this behavior is to mathematically fit the plastic region of the true stress—
true strain curve to the equation

o= K¢"

and determine the best-fit value of 7, the strain-hardening exponent.” As shown in
Figure 3-13, a material with a high value of n will have a significant increase in
strength with a small amount of deformation. A material with a small n value will
show little change in strength with plastic deformation.

Damping Capacity. In Figure 3-12 the unloading and reloading of the specimen fol-
low slightly different paths. The area between the two curves is proportional to the
amount of energy that is converted from mechanical form to heat and is therefore
absorbed by the material. When this area is large, the material is said to exhibit good
damping capacity and is able to absorb mechanical vibrations or damp them out
quickly. This is an important property in applications such as crankshafts and machin-
ery bases. Gray cast iron is used in many applications because of its high damping capac-
ity. Materials with low damping capacity, such as brass and steel, readily transmit both

sound and vibrations.

Rate Considerations. The rate or speed at which a tensile test is conducted can have
a significant effect on the various properties. Strain rate sensitivity varies widely for the
engineering materials. Plastics and polymers are very sensitive to testing speed, as are
metals with low melting points, such as lead and zinc. Those materials that are sensitive
to speed variations exhibit higher strengths and lower ductility when speed is increased.

2 Taking the logarithm of both sides of the equation yields log o = log K + 1 log &, which has the same form as
the equation y = mx + b if y is log o and x is log €. This is the equation of a straight line with slope m and
intercept b. Therefore, if the true stress—true strain data were plotted on a log-log scale with stress (o) on the
y-axis and strain (g) on the x, the slope of the data in the plastic region would be 7.
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It is important to recognize that standard testing selects a standard speed, which may or
may not correlate with the conditions of product application.

COMPRESSION TESTS

When a material is subjected to compressive loadings, the relationships between stress
and strain are similar to those for a tension test. Up to a certain value of stress, the mate-
rial behaves elastically. Beyond this value, plastic flow occurs. In general, however, a
compression test is more difficult to conduct than a standard tensile test. Test specimens
must have larger cross-sectional areas to resist bending or buckling. As deformation
proceeds, the material strengthens by strain hardening and the cross section of the spec-
imen increases, combining to produce a substantial increase in required load. Friction
between the testing machine surfaces and the ends of the test specimen will alter the
results if not properly considered. The type of service for which the material is intended,
however, should be the primary factor in determining whether the testing should be
performed in tension or compression.

HARDNESS TESTING

The wear resistance and strength of a material can also be evaluated by assessing its
“hardness.” Hardness is actually a hard-to-define property of engineering materials,
and a number of different tests have been developed using various phenomena. The
most common of the hardness tests are based on resistance to permanent deformation
in the form of penetration or indentation. Other tests evaluate resistance to scratching,
wear resistance, resistance to cutting or drilling, or elastic rebound (energy absorption
under impact loading). Because these phenomena are not the same, the results of the
various tests often do not correlate with one another. While hardness tests are among
the easiest to perform on the shop floor, caution should be exercised to ensure that the
selected test clearly evaluates the phenomena of interest. The various ASTM specifica-
tions® provide details regarding sample preparation, selection of loads and penetrators,
minimum sample thicknesses, spacing and near-edge considerations, and conversions
between scales.

Brinell Hardness Test. The Brinell hardness test was one of the earliest accepted
methods of measuring hardness. A tungsten carbide or hardened steel ball 10 mm. in
diameter is pressed into the flat surface of a material by a standard load of 500 or
3000 kg. The load is maintained for a period of time to permit sufficient plastic deforma-
tion to occur to support the applied load (10 to 15 seconds for iron or steel and up to
30 seconds for softer metals), and the load and ball are then removed. The diameter of
the resulting spherical indentation (usually in the range of 2 to 5 mm) is then measured
to an accuracy of 0.05 mm using a special grid or traveling microscope. The Brinell hard-
ness number (BHN) is equal to the load divided by the surface area of the spherical
indentation when the units are expressed as kilograms per square millimeter.

In actual practice, the Brinell hardness number is determined from tables that cor-
relate the Brinell number with the diameter of the indentation produced by the speci-
fied load. Figure 3-14 shows a typical Brinell tester, along with a schematic of the testing
procedure, which is actually a two-step operation —load then measure.

The Brinell test measures hardness over a relatively large area and is somewhat
indifferent to small-scale variations in the material structure. It is relatively simple and
easy to conduct and is used extensively on irons and steels. On the negative side, how-
ever, the Brinell test has the following limitations:

1. It cannot be used on very hard or very soft materials.

2. The results may not be valid for thin specimens. It is best if the thickness of material
is at least 10 times the depth of the indentation. Some standards specify the minimum
hardnesses for which the tests on thin specimens will be considered valid.

3. The test is not valid for case-hardened surfaces.

3 ASTM hardness testing specifications include E3, E10, E18, E103, E140, and E384.



FIGURE 3-14 (a) Brinell
hardness tester; (b) Brinell test
sequence showing loading and
measurement of the indentation
under magnification with a scale
calibrated in millimeters.
(Courtesy of Wilson Hardness, an
Instron Company, Norwood, MA)

FIGURE 3-15 (a) Operating
principle of the Rockwell
hardness tester; (b) typical
Rockwell hardness tester with
digital readout. (Courtesy of
Mitutoyo America Corporation,
Aurora, IL)
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4. The test must be conducted far enough from the edge of the material so that no edge
bulging occurs.

5. The substantial indentation may be objectionable on finished parts.
6. The edge or rim of the indentation may not be clearly defined or may be difficult to see.

Portable testers are available for use on pieces that are too large to be brought to a
benchtop machine.

The Rockwell Test. The Rockwell hardness test is the most widely used hardness test,
and is similar to the Brinell test, with the hardness value again being determined by an
indentation or penetration produced by a static load. Figure 3-15a shows the key
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Some Common Rockwell Hardness Tests

Scale Symbol  Penetrator Load (kg) Typical Materials

A Brale 60 Cemented carbides, thin steel, shallow case-hardened steel
B L-in. ball 100 Copper alloys, soft steels, aluminum alloys, malleable iron
C Brale 150 Steel, hard cast irons, titanium, deep case-hardened steel
D Brale 100 Thin steel, medium case-hardened steel

E t-in. ball 100 Cast iron, aluminum, magnesium

F L-in. ball 60 Annealed coppers, thin soft sheet metals

G L-in. ball 150 Hard copper alloys, malleable irons

H 1-in ball 60 Aluminum, zinc, lead

features of the Rockwell test. A small indenter, either a hardened steel ball of 1/16, 1/8, %
or 1-in. in diameter, or a diamond-tipped cone called a brale, is first seated firmly against
the material by the application of a 10-kg ““minor’’ load. This causes a slight elastic pen-
etration into the surface and removes the effects of any surface irregularities. The loca-
tion of the indenter is noted, and “major” load of 60, 100, or 150 kg. is then applied to
the indenter to produce a deeper penetration by inducing plastic deformation. When
the indenter ceases to move, the major load is removed. With the minor load still
applied to hold the indenter firmly in place, the testing machine, like the one shown in
Figure 3-15b, now displays a numerical reading. This Rockwell hardness number is
really an indication of the distance of indenter travel or the depth of the plastic or per-
manent penetration that was produced by the major load, with each unit representing a
penetration depth of 2 pm.

To accommodate a wide range of materials with a wide range of strength, there
are 15 different Rockwell test scales, each having a specified major load and indenter
geometry. Table 3-1 provides a partial listing of Rockwell scales, which are designated
by letters, and some typical materials for which they are used. Because of the different
scales, a Rockwell hardness number must be accompanied by the letter corresponding
to the particular combination of load and indenter used in its determination. The nota-
tion Rc60 (or Rockwell C 60), for example, indicates that a 120-degree diamond-tipped
brale indenter was used in combination with a major load of 150 kg, and a reading of 60
was obtained. The B and C scales are the most common, with B being used for copper
and aluminum and C for steels.*

Rockwell tests should not be conducted on thin materials (typically less than
1.5 mm or 1/16 in.), on rough surfaces, or on materials that are not homogeneous, such
as gray cast iron. Because of the small size of the indentation, variations in roughness,
composition, or structure can greatly influence test results. For thin materials, or where
a very shallow indentation is desired (as in the evaluation of surface-hardening treat-
ments such as nitriding or carburizing), the Rockwell superficial hardness test is pre-
ferred. Operating on the same Rockwell principle, this test employs smaller major and
minor loads (15 or 45 kg and 3 kg, respectively), and uses a more sensitive depth-meas-
uring device. Fifteen different test configurations are again available, so test results
must be accompanied by the specific test designation.

In comparison with the Brinell test, the Rockwell test offers the attractive advan-
tage of direct readings in a single step. Because it requires little (if any) surface prepara-
tion and can be conducted quite rapidly (up to 300 tests per hour or 5 per minute), it is
often used for quality control purposes, such as determining if an incoming product
meets specification, ensuring that a heat treatment was performed properly, or simply
monitoring the properties of products at various stages of manufacture. It has the addi-
tional advantage of producing a small indentation that can be easily concealed on the
finished product or easily removed in a later operation.

4The Rockwell C number is computed as 100 — (Depth of penetration in wm/2 wm), while the Rockwell B
number is 130 — (Depth of penetration in um/2 pum).



FIGURE 3-16
Microindentation hardness
tester. (Image used with
permission from LECO Corporation)
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Vickers Hardness Test (also called Diamond Pyramid Hardness). The Vickers
hardness test is similar to the Brinell test, but uses a 136-degree square-based diamond-
tipped pyramid as the indenter and loads between 1 and 120 kg. Like the Brinell value,
the Vickers hardness number is also defined as load divided by the surface area of the
indentation expressed in units of kilograms per square millimeter. The advantages of
the Vickers approach include the increased accuracy in determining the diagonal of a
square impression as opposed to the diameter of a circle, and the assurance that even
light loads will produce some plastic deformation. The use of diamond as the indenter
material enables the test to evaluate any material and effectively places the hardness of
all materials on a single scale.

Like the other indentation or penetration methods, the Vickers test has a num-
ber of attractive features: (1) it is simple to conduct, (2) little time is involved, (3)
little surface preparation is required, (4) the marks are quite small and are easily hid-
den or removed, (5) the test can be done on location, (6) it is relatively inexpensive,
and (7) it provides results that can be used to evaluate material strength or assess
product quality.

Microindentation Hardness. Hardness tests have also been developed for applica-
tions where the testing involves a very precise area of material, or where the material
or modified surface layer is exceptionally thin. These tests were previously called
microhardness tests, but the newer microindentation term is more appropriate since it
is the size of the indentation that is extremely small, not the measured value of hard-
ness.’ Special machines, such as the one shown in Figure 3-16, have been constructed
for this type of testing, which must be performed on specimens with a polished metallo-
graphic surface. The location for the test is selected under high magnification. A prede-
termined load ranging from 25 to 3600 g is then applied through a small diamond-
tipped penetrator. In the Knoop test, a diamond-shaped indenter with the long diago-
nal seven times the short diagonal is used, and the length of the indentation is meas-
ured under a magnification of about 200 to 400X. Figure 3-17 compares the indenters
for the Vickers and Knoop tests, and shows a series of Knoop indentations progressing
left-to-right across a surface-hardened steel specimen, from the hardened surface to
the unhardened core. The hardness value, known as the Knoop hardness number, is
again obtained by dividing the load in kilograms by the projected area of the indenta-
tion, expressed in square millimeters. A light-load Vickers test can also be used to
determine microindentation hardness.

Vickers

PN
S
§
&

Knoop

FIGURE 3-17

(a)

(b)

(a) Comparison of the diamond-tipped indenters used in the Vickers and Knoop hardness tests; (b) series of Knoop

hardness indentations progressing left-to-right across a surface-hardened steel specimen (hardened surface to unhardened core).

(Courtesy of Buehler)

5The ASTM Standard E384 has been renamed ““Standard Test Method for Microindentation Hardness of
Materials” to reflect this change in nomenclature.
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FIGURE 3-18 Durometer
hardness tester. (Courtesy of
Newage Testing Instruments,
An AMETEK Co.; www
.hardnesstesters.com)

Other Hardness Determinations. When testing soft, elastic materials, such as rubbers
and nonrigid plastics, a durometer is often be used. This instrument, shown in Figure 3-18,
measures the resistance of a material to elastic penetration by a spring-loaded conical steel
indenter. No permanent deformation occurs. A similar test is used to evaluate the strength
of molding sands used in the foundry industry, and will be described in Chapter 12.

In the scleroscope test, hardness is measured by the rebound of a small diamond-
tipped ““hammer’” that is dropped from a fixed height onto the surface of the material to
be tested. This test evaluates the resilience of a material, and the surface on which the
test is conducted must have a fairly high polish to yield good results. Because the test is
based on resilience, scleroscope hardness numbers should only be used to compare sim-
ilar materials. A comparison between steel and rubber, for example, would not be valid.

Another definition of hardness is the ability of a material to resist being scratched.
A crude but useful test that employs this principle is the file test, where one determines
if a material can be cut by a simple metalworking file. The test can be either a pass—fail
test using a single file, or a semiquantitative evaluation using a series of files that have
been pretreated to various levels of known hardness. This approach is commonly used
by geologists. Ten selected materials are used to create a scale that enables the hardness
of rocks and minerals to be classified from O to 10.

Relationships among the Various Hardness Tests. Because the various hardness
tests often evaluate different phenomena, there are no simple relationships between
the different types of hardness numbers. Approximate relationships have been devel-
oped, however, by testing the same material on a variety of devices. Table 3-2 presents
a correlation of hardness values for plain carbon and low-alloy steels. It may be noted
that for Rockwell C numbers above 20, the Brinell values are approximately 10 times
the Rockwell number. Also, for Brinell values below 320, the Vickers and Brinell values
agree quite closely. Because the relationships among the various tests will differ with
material, mechanical processing, and heat treatment, correlations such as Table 3-2
should be used with caution.

Hardness Conversion Table for Steels

Rockwell

Number Tensile Strength

Brinell Vickers _— Scleroscope _—

Number Number C B Number ksi MPa
940 68 97 368 2537

7577 860 66 92 352 2427
7227 800 64 88 337 2324
686 745 62 84 324 2234
660* 700 60 81 311 2144
615% 655 58 78 298 2055
559% 595 55 73 276 1903
500 545 52 69 256 1765
475 510 50 67 247 1703
452 485 48 65 238 1641
431 459 46 62 212 1462
410 435 44 58 204 1407
390 412 42 56 196 1351
370 392 40 53 189 1303
350 370 38 110 51 176 1213
341 350 36 109 48 165 1138
321 327 34 108 45 155 1069
302 305 32 107 43 146 1007

(continued)



FIGURE 3-19 Relationship of
hardness and tensile strength for
a group of standard alloy steels.
(Courtesy of ASM International,
Materials Park, OH)
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Rockwell

Number Tensile Strength
Brinell Vickers Scleroscope _
Number Number C B Number ksi MPa
285 287 30 105 40 138 951
277 279 28 104 39 34 924
262 263 26 103 37 128 883
248 248 24 102 36 122 841
228 240 20 98 34 116 800
210 222 17 96 32 107 738
202 213 14 94 30 99 683
192 202 12 92 29 95 655
183 192 9 90 28 91 627
174 182 7 88 26 87 600
166 175 4 86 25 83 572
159 167 2 84 24 80 552
153 162 82 23 76 524
148 156 80 22 74 510
140 148 78 22 71 490
135 142 76 21 68 469
131 137 74 20 66 455
126 132 72 20 64 441
121 121 70 62 427
112 114 66 58

#Tungsten, carbide ball; others, standard ball.

Relationship of Hardness to Tensile Strength. Table 3-2 and Figure 3-19 show a
definite relationship between tensile strength and hardness. For plain carbon and low-
alloy steels, the tensile strength (in pounds per square inch) can be estimated by multi-
plying the Brinell hardness number by 500. In this way, an inexpensive and quick hard-
ness test can be used to provide a close approximation of the tensile strength of the steel.
For other materials, however, the relationship is different and may even exhibit too
much variation to be dependable. The multiplying factor for age-hardened aluminum is
about 600, while for soft brass it is around 800.

Tensile strength, 1000 psi
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Products or components can also be subjected to a wide variety of dynamic loadings.
These may include (1) sudden impacts or loads that change rapidly in magnitude,
(2) repeated cycles of loading and unloading, or (3) frequent changes in the mode of
loading, such as from tension to compression. To select materials and design for these
conditions, we must be able to characterize the mechanical properties of engineering
materials under dynamic loadings.

Most dynamic tests subject standard specimens to a well-controlled set of test con-
ditions. The conditions experienced by actual parts, however, rarely duplicate the con-
trolled conditions of the standardized tests. While identical tests on different materials
can indeed provide a comparison of material behavior, the assumption that similar
results can be expected for similar conditions may not always be true. Because dynamic
conditions can vary greatly, the quantitative results of standardized tests should be used
with extreme caution, and one should always be aware of test limitations.

IMPACT TEST

Several tests have been developed to evaluate the foughness or fracture resistance of a
material when it is subjected to a rapidly applied load, or impact. Of the tests that have
become common, two basic types have emerged: (1) bending impacts, which include the
standard Charpy and Izod tests, and (2) tension impacts.

The bending impact tests utilize specimens that are supported as beams. In the
Charpy test, shown schematically in Figure 3-20, the standard specimen is a square bar
containing a V-, keyhole-, or U-shaped notch. The test specimen is positioned horizon-
tally, supported on the ends, and an impact is applied to the center, behind the notch, to
complete a three-point bending. The Izod test specimen, while somewhat similar in size
and appearance, is supported vertically as a cantilever beam and is impacted on the
unsupported end, striking from the side of the notch (Figure 3-21). Impact testers, like
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(a) (b)
FIGURE 3-20 (a) Standard Charpy impact specimens; illustrated are keyhole and U-notches; dimensions are in

millimeters with inches in parentheses; (b) standard V-notch specimen showing the three-point bending type of impact

loading.
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FIGURE 3-21 (a) Izod impact specimen; dimensions are in millimeters with inches in parentheses;

(b) cantilever mode of loading in the Izod test.
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FIGURE 3-22 Impact testing
machine. (Courtesy of Tinius
Olsen, Inc., Horsham, PA)
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FIGURE 3-24 Tensile impact
test.
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the one shown in Figure 3-22, supply a predetermined impact energy in the form of a
pendulum swinging from a starting height. After breaking or deforming the specimen,
the pendulum continues its upward swing with an energy equal to its original minus that
absorbed by the impacted specimen. The loss of energy is measured by the angle that
the pendulum attains during its upward swing.

The test specimens for bending impacts must be prepared with geometric preci-
sion to ensure consistent and reproducible results. Notch profile is extremely critical,
because the test measures the energy required to both initiate and propagate a fracture.
The effect of notch profile is shown dramatically in Figure 3-23. Here, two specimens
have been made from the same piece of steel with the same reduced cross-sectional
area. The one with the keyhole notch fractures and absorbs only 43 ft-1b of energy, while
the unnotched specimen resists fracture and absorbs 65 ft-1b during the impact.

Caution should also be placed on the use of impact data for design purposes. The
test results apply only to standard specimens containing a standard notch that have been
subjected to very specific test conditions. Changes in the form of the notch, minor varia-
tions in the overall specimen geometry, or faster or slower rates of loading (speed of the
pendulum) can all produce significant changes in the results. Under conditions of sharp
notches, wide specimens, and rapid loading, many ductile materials lose their energy-
absorbing capability and fail in a brittle manner. (For example, the standard impact
tests should not be used to evaluate materials for bullet-proof armor, because the veloc-
ities of loading are extremely different.)

FIGURE 3-23 Notched and unnotched impact specimens before and after testing. Both
specimens had the same cross-sectional area, but the notched specimen fractures while the
other doesn’t. (E. Paul DeGarmo)

The results of standard tests, however, can be quite valuable in assessing a material’s
sensitivity to notches and the multi-axial stresses that exist around a notch. Materials
whose properties vary with notch geometry are termed notch-sensitive. Good surface fin-
ish and the absence of scratches, gouges and defects in workmanship will be key to satisfac-
tory performance. Materials that are notch-insensitive can often be used with as-cast or
rough-machined surfaces with no risk of premature failure.

Impact testing can also be performed at a variety of temperatures. As will be seen
in a later section of this chapter, the evaluation of how fracture resistance changes with
temperature, such as a ductile-to-brittle transition, can be crucial to success when
selecting engineering materials for low-temperature service.

The tensile impact test, illustrated schematically in Figure 3-24, eliminates the use
of a notched specimen, thereby avoiding many of the objections inherent in the Charpy
and Izod tests. Turned specimens are subjected to uniaxial impact loadings applied
through drop weights, modified pendulums, or variable-speed flywheels.

FATIGUE AND THE ENDURANCE LIMIT

Materials can also fail by fracture if they are subjected to repeated applications of stress,
even though the peak stresses have magnitudes less than the ultimate tensile strength
and usually less than the yield strength. This phenomenon, known as fatigue, can result
from either the cyclic repetition of a particular loading cycle or entirely random
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FIGURE 3-25 Schematic
diagram of a Moore rotating-
beam fatigue machine. (Adapted
from Hayden et al., The Structure
and Properties of Materials,

Vol. 3, p. 15, Wiley, 1965)

FIGURE 3-26 Typical S-N
curve for steel showing an
endurance limit. Specific
numbers will vary with the type
of steel and treatment.
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variations in stress. Almost 90% of all metallic fractures are in some degree attributed
to fatigue.

For experimental simplicity, a periodic, sinusoidal loading is often utilized, and
conditions of equal-magnitude tension—compression reversals provide further simplifi-
cation. These conditions can be achieved by placing a placing a cylindrical specimenin a
rotating drive and hanging a weight so as to produce elastic bending along the axis, as
shown in Figure 3-25. Material at the bottom of the specimen is stretched, or loaded in
tension, while material on the top surface is compressed. As the specimen turns, the
surface of the specimen experiences a sinusoidal application of tension and compres-
sion with each rotation.

By conducting multiple tests, subjecting identical specimens to different levels of
maximum loading and recording the number of cycles necessary to achieve fracture,
curves such as that in Figure 3-26 can be produced. These curves are known as stress
versus number of cycles, or =N curves. If the material being evaluated in Figure 3-26
were subjected to a standard tensile test, it would require a stress in excess of 480 MPa
(70,000 psi) to induce failure by fracture. Under cyclic loading with a peak stress of only
380 MPa (55,000 psi), the specimen will fracture after about 100,000 cycles. If the peak
stress were further reduced to 350 MPa (51,000 psi), the fatigue lifetime would be
extended by an order of magnitude to approximately 1,000,000 cycles. With a further
reduction to any value below 340 MPa (49,000 psi), the specimen would not fail by
fatigue, regardless of the number of stress application cycles.

The stress below which the material will not fail regardless of the number of load
cycles is known as the endurance limit or endurance strength, and may be an important
criterion in many designs. Above this value, any point on the curve is the fatigue
strength, the maximum stress that can be sustained for a specified number of loading
cycles.

A different number of loading cycles is generally required to determine the endur-
ance limit for different materials. For steels, 10 million cycles are usually sufficient. For
several of the nonferrous metals, 500 million cycles may be required. For aluminum, the
curve continues to drop such that if aluminum has an endurance limit, it is at such a low
value that a cheaper and much weaker material could be used. In essence, if aluminum
is used under realistic stresses and cyclic loading, it will fail by fatigue after a finite
lifetime.
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FIGURE 3-27 Fatigue strength
of Inconel alloy 625 at various
temperatures. (Courtesy of
Huntington Alloy Products
Division, The International Nickel
Company, Inc., Toronto, Canada)
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Cycles to failure

The fatigue resistance of an actual product is sensitive to a number of additional
factors. One of the most important of these is the presence of stress raisers (or stress
concentrators), such as sharp corners, small surface cracks, machining marks, or surface
gouges. Data for the S—N curves are obtained from polished-surface, “flaw-free’’ speci-
mens, and the reported lifetime is the cumulative number of cycles required to initiate a
fatigue crack and then grow or propagate it to failure. If a part already contains a sur-
face crack or flaw, the number of cycles required for crack initiation can be reduced
significantly. In addition, the stress concentrator magnifies the stress experienced at the
tip of the crack, accelerating the rate of subsequent crack growth. Great care should be
taken to eliminate stress raisers and surface flaws on parts that will be subjected to cyclic
loadings. Proper design and good manufacturing practices are often more important
than material selection and heat treatment.

Operating temperature can also affect the fatigue performance of a material.
Figure 3-27 shows S—N curves for Inconel 625 (a high-temperature Ni-Cr-Fe alloy) deter-
mined over a range of temperatures. As temperature is increased, the fatigue strength
drops significantly. Because most test data are generated at room temperature, caution
should be exercised when the product application involves elevated service temperatures.

Fatigue lifetime can also be affected by changes in the environment. When metals
are subjected to corrosion during the cyclic loadings, the condition is known as corrosion
fatigue, and both specimen lifetime and the endurance limit can be significantly reduced.
Moreover, the nature of the environmental attack need not be severe. For some materi-
als, tests conducted in air have been shown to have shorter lifetimes than those run in a
vacuum, and further lifetime reductions have been observed with increasing levels of
humidity. The test results can also be dependent on the frequency of the loading cycles.
For slower frequencies, the environment has a longer time to act between loadings. At
high frequencies, the environmental effects may be somewhat masked. The application
of test data to actual products, therefore, requires considerable caution.

Residual stresses can also alter fatigue behavior. If the specimen surface is in a
state of compression, such as that produced from shot peening, carburizing, or burnish-
ing, it is more difficult to initiate a fatigue crack, and lifetime is extended. Conversely,
processes that produce residual tension on the surface, such as welding or machining,
can significantly reduce the fatigue lifetime of a product.

If the magnitude of the load varies during service, the fatigue response can be
extremely complex. For example, consider the wing of a commercial airplane. As the
wing vibrates during flight, the wing-fuselage joint is subjected to a large number of
low-stress loadings. While large in number, these in-flight loadings may be far less dam-
aging than a few high-stress loadings, like those that occur when the plane impacts the
runway during landing. From a different perspective, however, the heavy loads may be
sufficient to stretch and blunt a sharp fatigue crack, requiring many additional small-
load cycles to “‘reinitiate’ it. Evaluating how materials respond to complex patterns of
loading is an area of great importance to design engineers.

Because reliable fatigue data may take a considerable time to generate, we may
prefer to estimate fatigue behavior from properties that can be determined more
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Material

Ratio of Endurance Limit
to Tensile Strength for

Materials

quickly. Table 3-3 shows the approximate ratio of the endurance limit to the
ultimate tensile strength for several engineering metals. For many steels the
endurance limit can be approximated by 0.5 times the ultimate tensile
strength as determined by a standard tensile test. For the nonferrous metals,
Ratio however, the ratio is significantly lower.

Aluminum
Beryllium copper (heat-treated)
Copper, hard
Magnesium
Steel

AISI 1035

Screw stock

AISI 4140 normalized
Wrought iron

038 FATIGUE FAILURES
029 Components that fail as a result of repeated or cyclic loadings are com-
033 monly called fatigue failures. These fractures form a major part of a larger
0.38 group known as progressive fractures. Consider the fracture surfaces
shown in Figure 3-28. Arrows identify the points of fracture initiation,
046 which often correspond to discontinuities in the form of surface cracks,
044 sharp corners, machining marks, or even ‘‘metallurgical notches,” such as
0.54 an abrupt change in metal structure. With each repeated application of
063 ]oad, the stress at the tip of the crack exceeds the strength of the material,

and the crack grows a very small amount. Crack growth continues with
each successive application of load until the remaining cross section is no longer
sufficient to withstand the peak stresses. Sudden overload fracture then occurs
through the remainder of the material.

The overall fracture surface tends to exhibit two distinct regions: a smooth, rela-
tively flat region where the crack was propagating by cyclic fatigue and a fibrous,
irregular, or ragged region that corresponds to the sudden overload tearing. The size of
the overload region reflects the area that must be intact in order to support the highest
applied load. In Figure 3-28a, the applied load is high and only a small fatigue area is
necessary to reduce the specimen to the point of overload fracture. In the b section of
the figure, the fatigue fracture propagates about halfway through before sudden over-
load occurs.

The smooth areas of the fracture often contain a series of parallel ridges radiating
outward from the origin of the crack. These ridges may not be visible under normal
examination, however. They may be extremely fine, they may have been obliterated by
a rubbing action during the compressive stage of repeated loading, or they may be very
few in number if the failure occurred after only a few cycles of loading (low-cycle
fatigue). Electron microscopy may be required to reveal the ridges, or fatigue striations,

FIGURE 3-28 Fatigue fractures with arrows indicating the points of fracture initiation, the
regions of fatigue crack propagation, and the regions of sudden overload or fast fracture. (a)
High applied load results in a small fatigue region compared to the area of overload fracture;
(b) low applied load results in a large area of fatigue fracture compared to the area of overload
fracture. NOTE: The overload area is the minimum area required to carry the applied loads.
(From “Fatigue Crack Propagation,” an article publshed in the May 2008 issue of Advanced
Materials & Processes magazine, Reprinted with permission of ASM International . All rights
reserved. www.asminternational.org)
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FIGURE 3-29 Fatigue fracture
of AlSI type 304 stainless steel
viewed in a scanning electron
microscope at 810x. Well-
defined striations are visible.
(From “Interpretation of SEM
Fractographs,”” Metals Handbook
Vol. 9, 8th ed. p.70. Reprinted with
permission of ASM International®™.
All rights reserved. www
.asminternational.org)
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that are characteristic of fatigue failure. Figure 3-29 shows an example of these mark-
ings at high magnification. Larger marks, known as beach marks may appear on the
fatigued surface, lying parallel to the striations. These can be caused by interruptions to
the cyclic loadings, changes in the magnitude of the applied load, and isolated overloads
(not sufficient to cause ultimate fracture). Ratchet marks, or offset steps, can appear on
the fracture surface if multiple fatigue cracks nucleate at different points and grow
together.

For some fatigue failures, the overload area may exhibit a crystalline appearance,
and the failure is sometimes attributed to the metal having “‘crystallized.”” As will be
noted in Chapter 4, engineering metals are almost always crystalline materials. The final
overload fracture simply propagated along the intercrystalline surfaces (grain bounda-
ries), revealing the already-existing crystalline nature of the material. The conclusion
that the material failed because it crystallized is totally erroneous, and the term is a
definite misnomer.

Another common error is to classify all progressive-type failures as fatigue
failures. Other progressive failure mechanisms, such as creep failure and stress—cor-
rosion cracking, will also produce the characteristic two-region fracture. In addition,
the same mechanism can produce fractures with different appearances depending
on the magnitude of the load, type of loading (torsion, bending, or tension), temper-
ature, and operating environment. Correct interpretation of a metal failure gener-
ally requires far more information than that acquired by a visual examination of the
fracture surface.

A final misconception regarding fatigue failures is to assume that the failure is
time dependent. The failure of materials under repeated loads below their static
strength is primarily a function of the magnitude and number of loading cycles. If the
frequency of loading is increased, the time to failure should decrease proportionately.
If the time does not change, the failure is dominated by one or more environmental
factors, and fatigue is a secondary component.

M 3.4 TeMPERATURE EFrecTs (BOTH HIGH AND Low)

The test data used in design and engineering decisions should always be obtained under
conditions that simulate those of actual service. A number of engineered structures,
such as aircraft, space vehicles, gas turbines, and nuclear power plants, are required to
operate under temperatures as low as —130°C (—200°F) or as high as 1250°C (2300°F).
To cover these extremes, the designer must consider both the short- and long-range
effects of temperature on the mechanical and physical properties of the material being
considered. From a manufacturing viewpoint, the effects of temperature are equally
important. Numerous manufacturing processes involve heat, and the elevated tempera-
ture and processing may alter the material properties in both favorable and unfavorable
ways. A material can often be processed successfully, or economically, only because
heating or cooling can be used to change its properties.
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FIGURE 3-30 The effects of
temperature on the tensile
properties of a medium-carbon
steel.

FIGURE 3-31 The effects of
temperature on the tensile
properties of magnesium.

FIGURE 3-32 The effects of
temperature and strain rate on
the tensile strength of copper.
(From A. Nadai and M. |.
Manjoine, Journal of Applied
Mechanics, Vol. 8, 1941, p. A82,
courtesy of ASME)
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Elevated temperatures can be quite useful in modifying the strength and ductility
of a material. Figure 3-30 summarizes the results of tensile tests conducted over a wide
range of temperatures using a medium-carbon steel. Similar effects are presented for
magnesium in Figure 3-31. As expected, an increase in temperature will typically induce
a decrease in strength and hardness and an increase in elongation. For manufacturing
operations such as metal forming, heating to elevated temperature may be extremely
attractive because the material is now both weaker and more ductile.

Figure 3-32 shows the combined effects of temperature and strain rate (speed of test-
ing) on the ultimate tensile strength of copper. For a given temperature, the rate of defor-
mation can also have a strong influence on mechanical properties. Room-temperature
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70 22 ‘ ? 4‘0 ‘ 8‘0 Tso standard-rate tensile test data will be of little value if the application
9 e involves a material being hot-rolled at speeds of 1300 m/min (5000 ft/min).
3 60 Pt The effect of temperature on impact properties became the subject
Z 50 |- % of intense study in the 1940s when the increased use of welded-steel con-
2 @ struction led to catastrophic failures of ships and other structures while
S 40 = 1% £ operating in cold environments. Welding produces a monolithic (single-
s L piece) product where cracks can propagate through a joint and continue
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Ij:: 20 decreasing temperature on the impact properties of two low-carbon
1022 | \ I steels. Although similar in form, the two curves are significantly differ-
—40  -20 0 20 40°C ent. The steel indicated by the solid line becomes brittle (requires very
Temperature

FIGURE 3-33 The effect of temperature on the
impact properties of two low-carbon steels.

FIGURE 3-34 Notch
toughness impact data: steel
from the Titanic versus modern
steel plate for both longitudinal
and transverse specimens.
(Courtesy 1&SM, September 1999,
p. 33, Iron and Steel Society,
Warrendale, PA)

little energy to fracture) at temperatures below —4°C (25°F) while the
other steel retains good fracture resistance down to —26°C (—15°F). The
temperature at which the toughness goes from high-energy absorption to
low energy absorption is known as the ductile-to-brittle transition tem-
perature. As the temperature changes across this transition, the fracture appearance
also changes. At high temperatures, ductile fracture occurs, and the specimen deforms
in the region of ultimate fracture. At low temperatures, the fracture is brittle in nature,
and the fracture area retains the original square shape. A plot of percent shear in the
fracture surface (ductile fracture) versus temperature results in a curve similar to that
for toughness, and the 50% point is reported as the fracture appearance transition tem-
perature (FATT).

Figure 3-34 shows the ductile-to-brittle transition temperature for steel salvaged
from the R.M.S. Titanic along with data from currently used ship plate material. While
both are quality materials for their era, the Titanic steel has a much higher transition
temperature and is generally more brittle. The Titanic struck an iceberg in salt water.
The water temperature at the time of the accident was —2°C, and the results show that
the steel would have been quite brittle. All steels tend to exhibit a ductile-to-brittle
transition, but the temperature at which it occurs varies with carbon content and alloy.
Metals such as aluminum, copper, and some types of stainless steel do not have a duc-
tile-to-brittle transition and can be used at low temperatures with no significant loss of
toughness.

Two separate curves are provided for each of the steels in Figure 3-34, reflecting
test specimens cut in different orientation with respect to the direction of product roll-
ing. Here, we see that processing features can further affect the properties and perform-
ance of a material. Because the performance properties can vary widely with the type of
material, chemistry variations within the class of material, and prior processing, special
cautions should be taken when selecting materials for low-temperature applications.
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FIGURE 3-35 Creep curve for a single specimen at a fixed FIGURE 3-36 Stress-rupture diagram of solution-
elevated temperature, showing the three stages of creep and annealed Incoloy alloy 800 (Fe-Ni-Cr alloy). (Courtesy
reported creep rate. Note the nonzero strain at time zero due of Huntington Alloy Products Division, The International

to the initial application of the load.

Nickel Company, Inc., Toronto, Canada)

CREEP

Long-term exposure to elevated temperatures can also lead to failure by a phenomenon
known as creep. If a tensile-type specimen is subjected to a constant load at elevated tem-
perature, it will elongate continuously until rupture occurs, even though the applied stress
is below the yield strength of the material at the temperature of testing. While the rate of
elongation is often quite small, creep can be an important consideration when designing
equipment such as steam or gas turbines, power plant boilers, and other devices that oper-
ate under loads or pressures for long periods of time at high temperature.

If a test specimen is subjected to conditions of fixed load and fixed elevated tem-
perature, an elongation-versus-time plot can be generated, similar to the one shown in
Figure 3-35. The curve contains three distinct stages: a short-lived initial stage, a rather
long second stage where the elongation rate is somewhat linear, and a short-lived third
stage leading to fracture. Two significant pieces of engineering data are obtained from
this curve: the rate of elongation in the second stage, or creep rate, and the total elapsed
time to rupture. These results are unique to the material being tested and the specific
conditions of the test. Tests conducted at higher temperatures or with higher applied
loads would exhibit higher creep rates and shorter rupture times.

When creep behavior is a concern, multiple tests are conducted over a range of tem-
peratures and stresses, and the rupture time data are collected into a single stress—rupture
diagram, like the one shown in Figure 3-36. This simple engineering tool provides an over-
all picture of material performance at elevated temperature. In a similar manner, creep
rate data can also be plotted to show the effects of temperature and stress. Figure 3-37
presents a creep-rate diagram for the same high-temperature nickel-base alloy.
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M 3.5 MACHINABILITY, FORMABILITY, AND WELDABILITY

While it is common to assume that the various ‘‘-ability’’ terms also refer to specific
material properties, they actually refer to the way a material responds to specific proc-
essing techniques. As a result, they can be quite nebulous. Machinability, for example,
depends not only on the material being machined but also on the specific machining
process, the conditions of that process (such as cutting speed), and the aspects of that
process that are of greatest interest. Machinability ratings are frequently based on rela-
tive tool life. In certain applications, however, we may be more interested in how easy a
metal is to cut, or how it performs under high machining speeds, and less interested in
the tool life or the resulting surface finish. For other applications, surface finish or the
formation of fine chips may be the most desirable feature. A material with high machin-
ability to one individual may be considered to have poor machinability by a person
using a different process or different process conditions.

In a similar manner, malleability, workability, and formability all refer to a material’s
suitability for plastic deformation processing. Because a material often behaves differently
at different temperatures, a material with good ‘‘hot formability’” may have poor deforma-
tion characteristics at room temperature. Furthermore, materials that flow nicely at low
deformation speeds may behave in a brittle manner when loaded at rapid rates. Formabil-
ity, therefore, needs to be evaluated for a specific combination of material, process, and
process conditions, and the results should not be extrapolated or transferred to other pro-
cesses or process conditions. Likewise, the weldability of a material will also depend on the
specific welding or joining process and the specific process parameters.

B 3.6 FRACTURE TOUGHNESS AND THE FRACTURE
MECHANICS APPROACH

A discussion of the mechanical properties of materials would not be complete without
mention of the many tests and design concepts based on the fracture mechanics
approach. Instead of treating test specimens as flaw-free materials, fracture mechanics
begins with the premise that all materials contain flaws or defects of some given size.
These may be material defects, such as pores, cracks, or inclusions; manufacturing
defects, in the form of machining marks, arc strikes, or contact damage to external sur-
faces; or design defects, such as abrupt section changes, excessively small fillet radii, and
holes. When the specimen is subjected to loads, the applied stresses are amplified or
intensified in the vicinity of these defects, potentially causing accelerated failure or fail-
ure under unexpected conditions.

Fracture mechanics seeks to identify the conditions under which a defect will grow or
propagate to failure and, if possible, the rate of crack or defect growth. The methods con-
centrate on three principal quantities: (1) the size of the largest or most critical flaw, usually
denoted as a; (2) the applied stress, denoted by o; and (3) the fracture toughness, a quantity
that describes the resistance of a material to fracture or crack growth, which is usually
denoted by K with subscripts to signify the conditions of testing. Equations have been
developed that relate these three quantities at the onset of crack growth or propagation for
various specimen geometries, flaw locations, and flaw orientations. If nondestructive testing
or quality control methods have been applied, the size of the largest flaw that could go
undetected is often known. By mathematically placing this worst possible flaw in the worst
possible location and orientation, and coupling this with the largest applied stress for that
location, a designer can determine the value of fracture toughness necessary to prevent that
flaw from propagating during service. Specifying any two of the three parameters allows the
computation of the third. If the material and stress conditions were defined, the size of the
maximum permissible flaw could be computed. Inspection conditions could then be
selected to ensure that flaws greater than this magnitude are cause for product rejection.
Finally, if a component is found to have a significant flaw and the material is known, the
maximum operating stress can be determined that will ensure no further growth of that flaw.

In the past, detection of a flaw or defect was usually cause for rejection of the part
(Detection = Rejection). With enhanced methods and sensitivities of inspection,
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FIGURE 3-38 Plot of the
fatigue crack growth rate versus
AK for a typical steel—the
fracture mechanics approach.
Similar shape curves are obtained
for most engineering metals.
(Courtesy of ASM International,
Materials Park, OH)

almost every product can now be shown to contain flaws. Fracture mechanics comes to
the rescue. According to the philosophy of fracture mechanics, each of the flaws or
defects in a material can be either dormant or dynamic. Dormant defects are those
whose size remains unchanged through the lifetime of the part, and are indeed permissi-
ble. A major goal of fracture mechanics, therefore, is to define the distinction between
dormant and dynamic for the specific conditions of material, part geometry, and applied
loading. The basic equation of fracture mechanics assumes the form of K > ao+/7a,
where K is the fracture toughness of the material (a material property); o is the maxi-
mum applied tensile stress; a is the size of the largest or most critical flaw; and « is a
dimensionless factor that considers the flaw location, orientation, and shape. The left
side of the equation considers the material and the right side describes the usage condi-
tion (a combination of flaw and loading). The relationship is usually described as a
greater than or equal. When the material number, K, is greater than the usage condi-
tion, the flaw is dormant. When equality is reached, the flaw becomes dynamic, and
crack growth or fracture occurs. Alternative efforts to prevent material fracture gener-
ally involve overdesign, excessive inspection, or the use of premium-quality materials—
all of which increase cost and possibly compromise performance.

Fracture mechanics can also be applied to fatigue, which has already been cited as
causing as much as 90% of all dynamic failures. The standard method of fatigue testing
applies cyclic loads to polished, ‘“flaw-free’” specimens, and the reported lifetime
includes both crack initiation and crack propagation. In contrast, fracture mechanics
focuses on the growth of an already existing flaw. Figure 3-38 shows the crack growth
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rate (change in size per loading cycle denoted as da/dN) plotted as a function of the
fracture mechanics parameter, AK (where AK increases with an increase in either the
flaw size and/or the magnitude of applied stress). Because the fracture mechanics
approach begins with an existing flaw, it provides a far more realistic guarantee of mini-
mum service life.

Fracture mechanics is a truly integrated blend of design (applied stresses), inspec-
tion (flaw-size determination), and materials (fracture toughness). The approach has
proven valuable in many areas where fractures could be catastrophic.

M 3.7 PHYSICAL PROPERTIES

For certain applications, the physical properties of a material may be even more impor-
tant than the mechanical. These include the thermal, electrical, magnetic, and optical
characteristics.

We have already seen several ways in which the mechanical properties of materi-
als change with variations in temperature. In addition to these effects, there are some
truly thermal properties that should be considered. The heat capacity or specific heat of
a material is the amount of energy that must be added to or removed from a given mass
of material to produce a 1-degree change in temperature. This property is extremely
important in processes such as casting, where heat must be extracted rapidly to promote
solidification, or heat treatment, where large quantities of material are heated and
cooled. Thermal conductivity measures the rate at which heat can be transported
through a material. While this may be tabulated separately in reference texts, it is help-
ful to remember that for metals, thermal conductivity is directly proportional to electri-
cal conductivity. Metals such as copper, gold, and aluminum that possess good electrical
conductivity are also good transporters of thermal energy. Thermal expansion is
another important thermal property. Most materials expand upon heating and contract
upon cooling, but the amount of expansion or contraction will vary with the material.
For components that are machined at room temperature but put in service at elevated
temperatures, or castings that solidify at elevated temperatures and then cool to room
temperature, the as-manufactured dimensions must be adjusted to compensate for the
subsequent changes.

Electrical conductivity or electrical resistivity may also be an important design
consideration. These properties will vary not only with the material, but also with the
temperature and the way the material has been processed.

The magnetic response of materials can be classified as diamagnetic, para-
magnetic, ferromagnetic, antiferromagnetic, or ferrimagnetic. These terms refer to the
way in which the material responds to an applied magnetic field. Material properties,
such as saturation strength, remanence, and magnetic hardness or softness, describe the
strength, duration, and nature of this response.

Still other physical properties that may assume importance include weight or den-
sity, melting and boiling points, and the various optical properties, such as the ability to
transmit, absorb, or reflect light or other electromagnetic radiation.

B 3.8 TESTING STANDARDS AND TESTING CONCERNS

When evaluating the mechanical and physical properties of materials, it is important
that testing be conducted in a consistent and reproducible manner. ASTM Interna-
tional, formerly the American Society of Testing and Materials, maintains and updates
many testing standards, and it is important to become familiar with their contents. For
example, ASTM specification E370 describes the ‘““Standard Test Methods and Defini-
tions for Mechanical Testing of Steel Products.” Tensile testing is described in specifica-
tions E8 and E83, impact testing in E23, creep in E139, and penetration hardness in E10.
Other specifications describe fracture mechanics testing, as well as procedures to eval-
uate corrosion resistance, compressive strength, shear strength, torsional properties,
and corrosion-fatigue.

In addition, it is important to note not only the material being tested, but also the
location from which the specimen was taken and its orientation. Rolled sheet, rolled
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plate and rolled bars, for example, will have different properties when tested parallel to
the direction of rolling (longitudinal) and perpendicular to the rolling direction (trans-
verse). See Figure 3-34 for an example. This variation of properties with direction is
known as anisotropy and may be crucial to the success or failure of a product.

B Key WORDS

engineering stress—
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engineering stress
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fatigue failure
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11.

12.

. What eras in the history of man have been linked to materials?
. Knowledge of what four aspects is critical to the successful

application of a material in an engineering design?

. Give an example of how we might take advantage of a mate-

rial that has a range of properties.

. What are some properties commonly associated with metal-

lic materials?

. What are some of the more common nonmetallic engineer-

ing materials?

. What are some of the important physical properties of

materials?

. Why should caution be exercised when applying the results

from any of the standard mechanical property tests?

. What are the standard units used to report stress and strain in

the English system? In the metric or SI system?

. What are static properties?
. What is the most common static test to determine mechani-

cal properties?

Why might Young’s modulus or stiffness be an important
material property?

What are some of the tensile test properties that are used to
describe or define the elastic-to-plastic transition in a material?

13.

14.

15.

16.

17.

18.

19.

20.

21.

Why is it important to specify the “offset’” when providing
yield strength data?

During the plastic deformation portion of a tensile test, a
cylindrical specimen first maintains its cylindrical shape
(increasing in length and decreasing in diameter) then transi-
tions into a state called “necking.” What is the explanation
for this behavior?

What are two tensile test properties that can be used to
describe the ductility of a material?

Is a brittle material a weak material? What does brittleness
mean?

What is the toughness of a material?

What is the difference between true stress and engineering
stress? True strain and engineering strain?

Explain how the plastic portion of a true stress—true strain
curve can be viewed as a continuous series of yield strength
values.

What is strain hardening or work hardening? How might this
phenomenon be measured or reported? How might it be
used in manufacturing?

How might tensile test data be misleading for a “‘strain rate
sensitive’’ material?



22.

23.

24.
25.

26.

217.

28.
29.

30.

31.
32.

33.
34.

35.

36.

37.

38.

39.

What are some of the different material characteristics or
responses that have been associated with the term hardness?
What are the similarities and differences between the Brinell
and Rockwell hardness tests?

Why are there different Rockwell hardness scales?

When might a microhardness test be preferred over the
more-standard Brinell or Rockwell tests?

Why might the various types of hardness tests fail to agree
with one another?

What is the relationship between penetration hardness and
the ultimate tensile strength for steel?

Describe several types of dynamic loading.

Why should the results of standardized dynamic tests be
applied with considerable caution?

What are the two most common types of bending impact
tests? How are the specimens supported and loaded in each?
What aspects or features can significantly alter impact data?
What is “‘notch sensitivity,”” and how might it be important in
the manufacture and performance of a product?

Which type of failure accounts for almost 90% of metal failures?
What is the endurance limit? What occurs when stresses are
above it? Below it?

Are the stresses applied during a fatigue test above or below
the yield strength (as determined in a tensile test)?

What features may significantly alter the fatigue lifetime or
fatigue behavior of a material?

What relationship can be used to estimate the endurance
limit of a steel?

What material, design, or manufacturing features can con-
tribute to the initiation of a fatigue crack?

How might the relative sizes of the fatigue region and the
overload region provide useful information about the design
of the product?

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
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Problems

What are fatigue striations, and why do they form?

Why is it important for a designer or engineer to know a
material’s properties at all possible temperatures of
operation?

Why should one use caution when using steel at low (below
zero Fahrenheit) temperature?

How might the orientation of a piece of metal (with respect
to its rolling direction) affect properties such as fracture
resistance?

How might we evaluate the long-term effect of elevated tem-
perature on an engineering material?

What is a stress—rupture diagram, and how is one developed?
Why are terms such as machinability, formability, and weld-
ability considered to be poorly defined and therefore quite
nebulous?

What is the basic premise of the fracture mechanics approach
to testing and design?

What are some of the types of flaws or defects that might be
presentin a material?

What three principal quantities does fracture mechanics
attempt to relate?

What is a dormant flaw? A dynamic flaw? How do these fea-
tures relate to the former “Detection = Rejection” criteria
for product inspection?

What are the three most common thermal properties of a
material, and what do they measure?

Describe an engineering application where the density of
the selected material would be an important material
consideration.

Why is it important that property testing be performed in a
standardized and reproducible manner?

Why is it important to consider the orientation of a test speci-
men with respect to the overall piece of material?

B PROBLEMS

. Select a product or component for which physical properties

are more important than mechanical properties.

a. Describe the product or component and its function.

b. What are the most important properties or characteristics?

c. What are the secondary properties or characteristics that
would also be desirable?

. Repeat Problem 1 for a product or component whose domi-

nant required properties are of a static mechanical nature.

. Repeat Problem 1 for a product or component whose domi-

nant requirements are dynamic mechanical properties.

. One of the important considerations when selecting a mate-

rial for an application is to determine the highest and lowest
operating temperature along with the companion properties
that must be present at each extreme. The ductile-to-brittle
transition temperature, discussed in Section 3.4, has been an
important factor in a number of failures. An article that
summarized the features of 56 catastrophic brittle fractures
that made headline news between 1888 and 1956 noted that
low temperatures were present in nearly every case. The
water temperature at the time of the sinking of the Titanic
was above the freezing point for salt water but below the

transition point for the steel used in construction of the hull

of the ship.

a. Which of the common engineering materials exhibits a
ductile-to-brittle transition?

b. For plain carbon and low-alloy steels, what is a typical
value (or range of values) for the transition temperature?

c. What type of material would you recommend for construc-
tion of a small vessel to transport liquid nitrogen within a
building or laboratory?

d. Figure 3-34 summarizes the results of impact testing per-
formed on hull plate from the R.M.S. Titanic and similar
material produced for modern steel-hulled ships. Why
should there be a difference between specimens cut longi-
tudinally (along the rolling direction) and transversely
(across the rolling direction)? What advances in steel mak-
ing have led to the significant improvement in low-temper-
ature impact properties?

. Several of the property tests described in this chapter pro-

duce results that are quite sensitive to the presence or
absence of notches or other flaws. The fracture mechanics
approach to materials testing incorporates flaws into the tests



88

CHAPTER 3  Properties of Materials

and evaluates their performance. The review article men-

tioned in Problem 4 cites the key role of a flaw or defect in

nearly all of the headline-news fractures.

a. What are some of the various “flaws or defects’’ that might
be present in a product? Consider flaws that might be pres-
ent in the starting material; flaws that might be introduced
during manufacture; and flaws that might occur due to
shipping, handling, use, maintenance, or repair.

b. What particular properties might be most sensitive to flaws
or defects?

c. Discuss the relationship of flaws to the various types of
loading (tension versus compression, torsion, shear).

d. Fracture mechanics considers both surface and interior flaws
and assigns terms such as ““crack initiator,” “‘crack propaga-
tor,” and ““crack arrestor.” Briefly discuss why location and
orientation may be as important as the physical size of a flaw.

Separation of Mixed Materials

ecause of the amount of handling that occurs during
material production, within warehouses, and during
manufacturing operations, along with loading, shipping,

not an uncommon occurrence. Mixed materials also
occur when industrial scrap is collected, or when
discarded products are used as new raw materials
through recycling. Assume that you have equipment to
perform each of the tests described in this chapter (as
well as access to the full spectrum of household and

For each of the following material combinations,
determine one or more procedures that would permit
separation of the mixed materials. Use standard data-
source references to help identify distinguishable
properties.

. Steel and aluminum cans that have been submitted
. Stainless steel sheets of Type 430 ferritic stainless
and unloading, material mix-ups and mixed materials are
. 6061-T6 aluminum and AZ91 magnesium that have
. Transparent bottles of polyethylene and poly-

. Hot-rolled bars of AISI 1008 and 1040 steel.

department store items and even a small machine shop). . Hot-rolled bars of AISI 1040 (plain-carbon) steel and

. Mixed plastic consisting of recyclable thermoplastic

for recycling

and Type 316 austenitic stainless.

become mixed in a batch of machine shop scrap.
propylene (both thermoplastic polymers) that have
been collected for recycling.

4140 steel (a molybdenum-containing alloy)
polyvinylchloride (PVC) and nonrecyclable

polyester—as might occur from automotive dash-
boards, consoles, and other interior components.
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B 4.1 STRUCTURE-PROPERTY-PROCESSING-PERFORMANCE
RELATIONSHIPS

The success of many manufactured products depends on the selection of materials
whose properties meet the requirements of the application. Primitive cultures were
often limited to the naturally occurring materials in their environment. As civilizations
developed, the spectrum of construction materials expanded. Materials could now be
processed and their properties altered and improved. The alloying or heat treatment of
metals, and the firing of ceramics are examples of techniques that can substantially alter
the properties of a material. Fewer compromises were required and enhanced design
possibilities emerged. Products, in turn, became more sophisticated. While the early
successes in altering materials were largely the result of trial and error, we now recog-
nize that the properties and performance of a material are a direct result of its structure
and processing. If we want to change the properties, we will most likely have to induce
changes in the material structure.

Because all materials are composed of the same basic components— particles that
include protons, neutrons, and electrons—it is amazing that so many different materials
exist with such widely varying properties. This variation can be explained, however, by
the many possible combinations these units can assume in a macroscopic assembly. The
subatomic particles combine in different arrangements to form the various elemental
atoms, each having a nucleus of protons and neutrons surrounded by the proper number
of electrons to maintain charge neutrality. The specific arrangement of the electrons
surrounding the nucleus affects the electrical, magnetic, thermal, and optical properties
as well as the way the atoms bond to one another. Atomic bonding then produces a
higher level of structure, which may be in the form of a molecule, crystal, or amorphous
aggregate. This structure, along with the imperfections that may be present, has a pro-
found effect on the mechanical properties. The size, shape, and arrangement of multiple
crystals, or the mixture of two or more different structures within a material, produce a
higher level of structure, known as microstructure. Variations in microstructure further
affect the material properties.

Because of the ability to control structures through processing, and the ability to
develop new structures through techniques such as composite materials, engineers now
have at their disposal a wide variety of materials with an almost unlimited range of
properties. The specific properties of these materials depend on all levels of structure,
from subatomic to macroscopic (Figure 4-1). This chapter will attempt to develop an
understanding of the basic structure of engineering materials and how changes in that
structure affect their properties and performance.
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B 4.2 THE STRUCTURE OF ATOMS

Experiments have revealed that atoms consist of a relatively dense nucleus composed
of positively charged protons and neutral particles of nearly identical mass, known as
neutrons. Surrounding the nucleus are the negatively charged electrons, which appear
in numbers equal to the protons so as to maintain a neutral charge balance. Distinct
groupings of these basic particles produce the known elements, ranging from the rela-
tively simple hydrogen atom to the unstable transuranium atoms more than 250 times as
heavy. Except for density and specific heat, however, the weight of atoms has very little
influence on their engineering properties.

The light electrons that surround the nucleus play an extremely significant role in
determining material properties. These electrons are arranged in a characteristic struc-
ture consisting of shells and subshells, each of which can contain only a limited number
of electrons. The first shell, nearest the nucleus, can contain only 2. The second shell can
contain 8, the third, 18, and the fourth, 32. Each shell and subshell is most stable when it
is completely filled. For atoms containing electrons in the third shell and beyond, how-
ever, relative stability is achieved with eight electrons in the outermost layer or subshell.

If an atom has slightly less than the number of outer-layer electrons required
for stability, it will readily accept electrons from another source. It will then have more
electrons than protons and becomes a negatively charged atom, or negative ion.
Depending on the number of additional electrons, ions can have negative charges of 1,
2,3, or more. Conversely, if an atom has a slight excess of electrons beyond the number
required for stability (such as sodium, with one electron in the third shell), it will readily
give up the excess electron and become a positive ion. The remaining electrons
become more strongly attached, so further removal of electrons becomes progressively
more difficult.

The number of electrons surrounding the nucleus of a neutral atom is called the
atomic number. More important, however, are those electrons in the outermost shell or
subshell, which are known as valence electrons. These are influential in determining
chemical properties, electrical conductivity, some mechanical properties, the nature of
interatomic bonding, the atom size, and optical characteristics. Elements with similar
electron configurations in their outer shells tend to have similar properties.

B 4.3 AtoMmic BONDING

Atoms are rarely found as free and independent units, but are usually linked or bonded
to other atoms in some manner as a result of interatomic attraction. The electron struc-
ture of the atoms plays the dominant role in determining the nature of the bond.

Three types of primary bonds are generally recognized, the simplest of which is
the ionic bond. If more than one type of atom is present, the outermost electrons can
break free from atoms with excesses in their valence shell, transforming them into posi-
tive ions. These electrons then transfer to atoms with deficiencies in their outer shell,
converting them into negative ions. The positive and negative ions have an electrostatic
attraction for each other, resulting in a strong bonding force. Figure 4-2 presents a crude
schematic of the ionic bonding process for sodium and chlorine. Ionized atoms do not
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FIGURE4-3
Three-dimensional
structure of the sodium
chloride crystal. Note how
the various ions are
surrounded by ions of the
opposite charge.

FIGURE 4-2

lonization of sodium and
chlorine, producing stable outer
shells by electron transfer.

usually unite in simple pairs, however. All positively charged atoms attract all nega-
tively charged atoms. Therefore, each sodium ion will attempt to surround itself with
negative chlorine ions, and each chlorine ion will attempt to surround itself with posi-
tive sodium ions. Because the attraction is equal in all directions, the result will be a
three-dimensional structure, like the one shown in Figure 4-3. Because charge neutral-
ity must be maintained within the structure, equal numbers of positive and negative
charges must be present in each neighborhood. General characteristics of materials
joined by ionic bonds include high density, moderate to high strength, high hardness,
brittleness, high melting point, and low electrical and thermal conductivities (because
all electrons are captive to specific atoms, movement of electrical charge would require
movement of entire atoms or ions).

A second type of primary bond is the covalent bond. Here, the atoms in the assem-
bly find it impossible to produce completed shells by electron transfer but achieve the
same goal through electron sharing. Adjacent atoms share outer-shell electrons so that
each achieves a stable electron configuration. The shared (negatively charged) elec-
trons locate between the positive nuclei, forming a positive—negative—positive bonding
link. Figure 4-4 illustrates this type of bond for a pair of chlorine atoms, each of which
contains seven electrons in the valence shell. The result is a stable two-atom molecule,
Cl,. Stable molecules can also form from the sharing of more than one electron from
each atom, as in the case of nitrogen (Figure 4-5a). The atoms in the assembly need not
be identical (as in HF, Figure 4-5b), the sharing does not have to be equal, and a single
atom can share electrons with more than one other atom. For atoms such as carbon and
silicon, with four electrons in the valence shell, one atom may share its valence electrons
with each of four neighboring atoms. The resulting structure is a three-dimensional net-
work of bonded atoms, like the one shown in Figure 4-5c, where each atom is the center
of a four-atom tetrahedron formed by its four neighbors as shown
in Figure 4-5d. Because each atom only wants four neighbors, car-
bon and silicon materials tend to be light in weight. The covalent
bond tends to produce materials with high strength and high melt-
ing point. Because atom movement within the three-dimensional
structure (plastic deformation) requires the breaking of discrete
bonds, covalent materials are characteristically brittle. Electrical
conductivity depends on bond strength, ranging from conductive
tin (weak covalent bonding), through semiconductive silicon and
germanium, to insulating diamond (carbon). Ionic or covalent
bonds are commonly found in ceramic and polymeric materials.

A third type of primary bond is possible when a complete
outer shell cannot be formed by either electron transfer or elec-
tron sharing. This bond is known as the metallic bond (Figure 4-6).
If each of the atoms in an aggregate contains only a few valence
electrons (one, two, or three), these electrons can be easily
(d) removed to produce “‘stable’” ions. The positive ions (nucleus and
inner, nonvalence electrons) then arrange in a three-dimensional
periodic array, and are surrounded by wandering, universally

(d) shows the tetrahedron formed by a silicon shared, valence electrons, sometimes referred to as an electron

atom and its four neighbors.

cloud or electron gas. These highly mobile, free electrons account
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@ @ FIGURE 4-6 Schematic of the metallic
@ bond showing the positive ions and free
electrons.

for the high electrical and thermal conductivity values as well as the opaque (nontrans-
parent) characteristic observed in metals (the free electrons are able to absorb the vari-
ous discrete energies of light radiation). They also provide the “‘cement” required for
the positive—negative—positive attractions that result in bonding. Bond strength, and
therefore material strength and melting temperature, varies over a wide range. More
significant, however, is the observation that the positive ions can now move within the
structure without the breaking of discrete bonds. Materials bonded by metallic bonds
can be deformed by atom-movement mechanisms and produce an altered-shape that is
every bit as strong as the original. This phenomenon is the basis of metal plasticity, ena-
bling the wide variety of forming processes used in the fabrication of metal products.

B 4.4 SECONDARY BONDS

Weak or secondary bonds, known as van der Waals forces, can form between molecules
that possess a nonsymmetrical distribution of electrical charge. Some molecules, such as
hydrogen fluoride and water,' can be viewed as electric dipoles. Certain portions of the
molecule tend to be more positive or more negative than others (an effect referred to as
polarization). The negative part of one molecule tends to attract the positive region of
another, forming a weak bond. Van der Waals forces contribute to the mechanical
properties of a number of molecular polymers, such as polyethylene and polyvinyl chlo-
ride (PVC).

B 4.5 ATOM ARRANGEMENTS IN MATERIALS

As atoms bond together to form aggregates, we find that the particular arrangement of
the atoms has a significant effect on the material properties. Depending on the manner
of atomic grouping, materials are classified as having molecular structures, crystal struc-
tures, or amorphous structures.

Molecular structures have a distinct number of atoms that are held together by
primary bonds. There is only a weak attraction, however, between a given molecule
and other similar groupings. Typical examples of molecules include O,, H,O, and C;H,
(ethylene). Each molecule is free to act more or less independently, so these materials
exhibit relatively low melting and boiling points. Molecular materials tend to be weak,
because the molecules can move easily with respect to one another. Upon changes of
state from solid to liquid or liquid to gas, the molecules remain as distinct entities.

Solid metals and most minerals have a crystalline structure. Here, the atoms are
arranged in a three-dimensional geometric array known as a lattice. Lattices are
describable through a unit building block, or unit cell, that is essentially repeated

! The H,0O molecule can be viewed as a 109-degree boomerang or elbow with oxygen in the middle and the two
hydrogens on the extending arms. The eight valence electrons (six from oxygen and two from hydrogen) asso-
ciate with oxygen, giving it a negative charge. The hydrogen arms are positive. Therefore, when two or more
water molecules are present, the positive hydrogen locations of one molecule are attracted to the negative
oxygen location of an adjacent molecule.
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throughout space. Crystalline structures will be discussed more fully in the following
section.

In an amorphous structure, such as glass, the atoms have a certain degree of local
order (arrangement with respect to neighboring atoms), but when viewed as an aggre-
gate, they lack the periodically ordered arrangement that is characteristic of a crystal-
line solid.

B 4.6 CRYSTAL STRUCTURES OF METALS

From a manufacturing viewpoint, metals are an extremely important class of materials.
They are frequently the materials being processed and often form both the tool and the
machinery performing the processing. They are characterized by the metallic bond and
possess the distinguishing characteristics of strength, good electrical and thermal con-
ductivity, luster, the ability to be plastically deformed to a fair degree without fractur-
ing, and a relatively high specific gravity or density compared to nonmetals. The fact
that some metals possess properties different from the general pattern simply expands
their engineering utility.

When metals solidify, the atoms assume a crystalline structure; that is, they
arrange themselves in a geometric lattice. Many metals exist in only one lattice form.
Some, however, can exist in the solid state in two or more lattice forms, with the particu-
lar form depending on the conditions of temperature and pressure. These metals are
said to be allotropic or polymorphic (poly means ‘“‘more than one’’; morph means
“structure’’), and the change from one lattice form to another is called an allotropic
transformation. The most notable example of such a metal is iron, where the allotropic
change makes it possible for heat-treating procedures that yield a wide range of final
properties. It is largely because of its allotropy that iron has become the basis of our
most important alloys.

There are 14 basic types of crystal structures or lattices.
Fortunately, however, nearly all of the commercially impor-
tant metals solidify into one of three lattice types: body-cen-

The Type of Crystal Lattice for Common
Metals at Room Temperature

Metal Lattice Type
Aluminum Face-centered cubic
Copper Face-centered cubic
Gold Face-centered cubic

Iron Body-centered cubic
Lead Face-centered cubic
Magnesium Hexagonal

Silver Face-centered cubic

Tin Body-centered tetragonal
Titanium Hexagonal

tered cubic, face-centered cubic, or hexagonal close-packed.
Table 4-1 lists the room temperature structure for a number
of common metals. Figure 4-7 compares these three struc-
tures to one another, along with the easily visualized, but
rarely observed, simple cubic structure.

To begin our study of crystals, consider the simple cubic
structure illustrated in Figure 4-7a. This crystal can be con-
structed by placing single atoms on all corners of a cube, and
then linking identical cube units together. If we assume that
the atoms are rigid spheres with atomic radii touching one
another, computation reveals that only 52% of available
space is occupied. Each atom is in direct contact with only six

neighbors (plus and minus in each of the x, y, and z cube edge
directions). Both of these observations are unfavorable to
the metallic bond, where atoms desire both a high number of nearest neighbors and
high-efficiency packing.

The largest region of unoccupied space is in the geometric center of the cube,
where a sphere of 0.732 times the atom diameter could be inserted.” If the cube is
expanded to permit the insertion of an entire atom, the body-centered cubic (BCC)
structure results (Figure 4-7b). Each atom now has eight nearest neighbors, and 68 % of
the space is occupied. This structure is more favorable to metals and is observed in room
temperature iron, chromium, manganese, and the other metals listed in Figure 4-7b.

2The diagonal of a cube is equal to the square root of three times the length of the cube edge, and the cube
edge is here equal to two atomic radii or one atomic diameter. Thus, the diagonal is equal to 1.732 times the
atom diameter and is made up of an atomic radius, open space, and another atomic radius. Because two radii
equals one diameter, the open space must be equal in size to 0.732 times the atomic diameter.



94 CHAPTER 4  Nature of Metals and Alloys

FIGURE 4-7 Comparison of
crystal structures: simple cubic,
body-centered cubic, face-
centered cubic, and hexagonal
close-packed.

FIGURE 4-8 Close-packed
atomic plane showing three
directions of atom touching or
close-packing. (Courtesy Ronald
Kohser)
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Compared to materials with other structures, body-centered-cubic metals tend to be
high strength.

In seeking efficient packing and a large number of adjacent neighbors, consider
maximizing the number of spheres in a single layer and then stacking those layers.
The layer of maximized packing is known as a close-packed plane and exhibits the hex-
agonal symmetry shown in Figure 4-8. The next layer is positioned with its spheres occu-
pying either the “point-up’ or ““point-down’’ triangular recesses in the original layer.
Depending on the sequence in which the various layers are stacked, two distinctly
different structures can be produced. Both have 12 nearest neighbors (six within the
original plane and three from each of the layers above and below) and a 74% efficiency
of occupying space.

If the layers are stacked in sets of three (original location, point-up recess of the
original layer, and point-down recess of the original layer), rotation of the resulting
structure reveals cubic symmetry where an atom has been inserted into the center of
each of the six cube faces, like a dice with the number five on each of its sides. This is the
face-centered cubic (FCC) structure shown in Figure 4-7c. It is the preferred structure
for many engineering metals and tends to provide the exceptionally high ductility (abil-
ity to be plastically deformed without fracture) that is characteristic of aluminum, cop-
per, silver, gold, and elevated temperature iron.

A stacking sequence of any two alternating layers results in a structure known as
hexagonal close-packed (HCP), where the individual close-packed planes can be
clearly identified (Figure 4-7d). Metals having this structure, such as magnesium and
zinc, tend to have poor ductility, fail in a brittle manner, and often require special proc-
essing procedures.

B 4.7 DEVELOPMENT OF A GRAIN STRUCTURE

When a metal solidifies, a small particle of solid forms from the liquid with a lattice
structure characteristic of the given material. This particle then acts like a seed or
nucleus and grows as other atoms attach themselves. The basic crystalline unit, or unit
cell, isrepeated, asillustrated in Figure 4-9.
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FIGURE 4-9  Growth of crystals
to produce an extended lattice: (a)
unit cell; (b) multi-cell aggregate.
(Courtesy Ronald Kohser)

FIGURE 4-11

Photomicrograph of alpha ferrite.
(Courtesy Ronald Kohser)
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FIGURE4-10 Schematic representation of the growth of crystals to
produce a polycrystalline material.

In actual solidification, many nuclei form independently throughout the liquid
and have random orientations with respect to one another. Each then grows until it
encounters its neighbors. Because the adjacent lattice structures have different align-
ments or orientations, growth cannot produce a single continuous structure, and a poly-
crystalline solid is produced. Figure 4-10 provides a two-dimensional illustration of this
phenomenon. The small, continuous regions of solid are known as crystals or grains,
and the surfaces that divide them (i.e., the surfaces of crystalline discontinuity) are
known as grain boundaries. The process of solidification is one of crystal nucleation
and growth.

Grains are the smallest unit of structure in a metal that can be observed with an
ordinary light microscope. If a piece of metal is polished to mirror finish with a series of
abrasives and then exposed to an attacking chemical for a short time (etched), the grain
structure can be revealed. The atoms along the grain boundaries are more loosely
bonded and tend to react with the chemical more readily than those that are part of the
grain interior. When viewed under reflected light, the attacked boundaries scatter light
and appear dark compared to the relatively unaffected (still flat) grains (Figure 4-11). In
some cases, the individual grains may be large enough to be seen by the unaided eye, as
with some galvanized steels, but usually magnification is required.

The number and size of the grains in a metal vary with the rate of nucleation and
the rate of growth. The greater the nucleation rate, the smaller the resulting grains.
Conversely, the greater the rate of growth, the larger the grains. Because the resulting
grain structure will influence certain mechanical and physical properties, it is an impor-
tant property to control and specify. One means of specification is through the ASTM
grain size number, defined in ASTM specification E112 as

N=2""

where N is the number of grains per square inch visible in a prepared specimen at
100xmagnification, and # is the ASTM grain size number. Low ASTM numbers mean a
few massive grains, while high numbers refer to materials with many small grains.

M 4.8 FE1LASTIC DEFORMATION

The mechanical properties of a material are strongly dependent on its crystal struc-
ture. An understanding of mechanical behavior, therefore, begins with an under-
standing of the way crystals react to mechanical loads. Most studies begin with
carefully prepared single crystals. Through them, we learn that the mechanical behav-
ior depends on (1) the type of lattice, (2) the interatomic forces (i.e., bond strength),
(3) the spacing between adjacent planes of atoms, and (4) the density of the atoms on
the various planes.

If the applied loads are relatively low, the crystals respond by simply stretching or
compressing the distance between adjacent atoms (Figure 4-12). The basic lattice does
not change, and all of the atoms remain in their original positions relative to one
another. The applied load serves only to alter the force balance of the atomic bonds,
and the atoms assume new equilibrium positions with the applied load as an additional
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FIGURE 4-12 Distortion of a
crystal lattice in response to
various elastic loadings.
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component of force. If the load is removed, the atoms return to their original positions
and the crystal resumes its original size and shape. The mechanical response is elastic in
nature, and the amount of stretch or compression is directly proportional to the applied
load or stress.

Elongation or compression in the direction of loading results in an opposite
change of dimensions at right angles to that direction. The ratio of lateral contraction to
axial stretching is known as Poisson’s ratio. This value is always less than 0.5 and is usu-
ally about 0.3.

B 4.9 PrLASTIC DEFORMATION
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FIGURE 4-13 (a) Close-packed
atomic plane viewed from above;
(b) view from the side (across the
surface) showing the ridges and
valleys that lie in directions of
close-packing.

As the magnitude of applied load becomes greater, distortion (or elastic strain) contin-
ues to increase, and a point is reached where the atoms either (1) break bonds to pro-
duce a fracture or (2) slide over one another in a way that would reduce the load. For
metallic materials, the second phenomenon generally requires lower loads and occurs
preferentially. The atomic planes shear over one another to produce a net displacement
or permanent shift of atom positions, known as plastic deformation. Conceptually, this
is similar to the distortion of a deck of playing cards when one card slides over another.
Because of the metallic bond, where the freely moving electrons cement the structure
together, the result is a permanent change in shape that occurs without a concurrent
deterioration in properties.

Consider the close-packed plane of Figure 4-8, with the three directions of atom
touching (the close-packed directions) identified by bold lines. If we were to look
across the top surface of this plane along one of the three close-packed directions, as in
Figure 4-13, we see a series of parallel ridges. The point-up or point-down depressions,
which become the sites for the next layer of atoms, lie along valleys that parallel the
ridges. If the upper layer were to slide in one of the ridge directions, its atoms would
simply traverse the valleys and would encounter little resistance. Movement in any
other direction would require atoms to climb over the ridges, requiring a greater
applied force. Hence, the preference for deformation to occur by movement along
close-packed planes in directions of atom touching. If close-packed planes are not avail-
able within the crystal structure, plastic deformation tends to occur along planes having
the highest atomic density and greatest separation. The rationale for this can be seen in
the simplified two-dimensional array of Figure 4-14. Planes A and A’ have higher den-
sity and greater separation than planes B and B’. In visualizing relative motion, the
atoms of B and B’ would interfere significantly with one another, whereas planes A and
A’ do not experience this difficulty.

Plastic deformation, therefore, tends to occur by the preferential sliding of
maximum-density planes (close-packed planes if present) in directions of closest pack-
ing. A specific combination of plane and direction is called a slip system, and the result-
ing shear deformation or sliding is known as slip. The ability of a metal to deform along
a given slip system depends on the ease of shearing along that system and the orienta-
tion of the plane with respect to the applied load. Consider a deck of playing cards. The
deck will not “deform” when laid flat on the table and pressed from the top, or when
stacked on edge and pressed uniformly. The cards will slide over one another, however,
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FIGURE 4-15 Slip planes within the BCC, FCC, and HCP crystal structures.

FIGURE 4-14 Simple if the deck is skewed with respect to the applied load so as to induce a shear stress along
schematic illustrating the lower the plane of sliding.

deformation resistance of planes With this understanding, consider the deformation properties of the three most
with higher atomic density and .
larger interplanar spacing. common crystal structures:

1. Body-centered cubic. In the BCC structure, there are no close-packed planes. Slip
occurs on the most favorable alternatives, which are those planes with the greatest
interplanar spacing (six of which are illustrated in Figure 4-15). Within these planes,
slip occurs along the directions of closest packing, which are the diagonals through
the body of the cube. If each specific combination of plane and direction is consid-
ered as a separate slip system, we find that the BCC materials contain 48 attractive
ways to slip (plastically deform). The probability that one or more of these systems
will be oriented in a favorable manner is great, but the force required to produce
deformation is extremely large since there are no close-packed planes. As a result,
materials with this structure generally possess high strength with moderate ductility.
(Refer to the typical BCC metals in Figure 4-7.)

2. Face-centered cubic. In the FCC structure, each unit cell contains four close-packed
planes, as illustrated in Figure 4-15. Each of those planes contains three close-packed
directions, the diagonals along the cube faces, giving 12 possible means of slip. The
probability that one or more of these will be favorably oriented is great, and for this
structure, the force required to induce slip is quite low. Metals with the FCC struc-
ture are relatively weak and possess excellent ductility, as can be confirmed by a
check of the metals listed in Figure 4-7.

3. Hexagonal close-packed. The hexagonal lattice also contains close-packed planes,
but only one such plane exists within the lattice. Although this plane contains three
close-packed directions and the force required to produce slip is again rather low,
the probability of favorable orientation to the applied load is small (especially if one
considers a polycrystalline aggregate). As a result, metals with the HCP structure
tend to have low ductility and are often classified as brittle.

B 4.10 DISLOCATION THEORY OF SLIPPAGE

A theoretical calculation of the strength of metals based on the sliding of entire atomic
planes over one another predicts yield strengths on the order of 3 million pounds per
square inch or 20,000 MPa. The observed strengths in actual testing are typically 100 to
150 times lower than this value. Extremely small laboratory-grown crystals, however,
have been shown to exhibit the full theoretical strength.

An explanation can be provided by the fact that plastic deformation does not
occur by all of the atoms in one plane slipping simultaneously over all the atoms of an
adjacent plane. Instead, deformation is the result of the progressive slippage of a local-
ized disruption known as a dislocation. Consider a simple analogy. A carpet has been
rolled onto a floor, and we now want to move it a short distance in a given direction.
One approach would be to pull on one end and try to “‘shear the carpet across the floor,”
simultaneously overcoming the frictional resistance of the entire area of contact. This
would require a large force acting over a small distance. An alternative approach might
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FIGURE 4-16 Schematic representation of (a) edge and (b) screw dislocations. [(a) From Elements of Physical Metallurgy, by A. G.
Guy, Addison-Wesley Publishing Co., Inc., Reading, MA, 1959, (b) Adapted from Materials Science and Engineering, 7th ed., by William
D. Callister Jr., John Wiley & Sons, Inc., 2007]

be to form a wrinkle at one end of the carpet and walk the wrinkle across the floor to
produce a net shift in the carpet as a whole —a low-force-over-large distance approach
to the same task. In the region of the wrinkle, there is an excess of carpet with respect to
the floor beneath it, and the movement of this excess is relatively easy.

Electron microscopes have revealed that metal crystals do not have all of
their atoms in perfect arrangement, but rather contain a variety of localized imper-
fections. Two such imperfections are the edge dislocation and screw dislocation
(Figure 4-16). Edge dislocations are the edges of extra half-planes of atoms. Screw
dislocations correspond to partial tearing of the crystal plane. In each case, the dislo-
cation is a disruption to the regular, periodic arrangement of atoms and can be
moved about with a rather low applied force. It is the motion of these atomic-scale
dislocations under applied load that is responsible for the observed macroscopic
plastic deformation.

All metals contain dislocations, usually in abundant quantities. The ease of defor-
mation depends on the ease of making them move. Barriers to dislocation motion,
therefore, would tend to increase the overall strength of a metal. These barriers take
the form of other crystal imperfections and may be of the point type (missing atoms or
vacancies, extra atoms or interstitials, or substitution atoms of a different variety, as
shown in Figure 4-17), line type (another dislocation), or surface type (crystal grain
boundary or free surface). To increase the strength of a material, we can either remove
all defects to create a perfect crystal (nearly impossible) or work to impede the move-
ment of existing dislocations by adding other crystalline defects (the basis of a variety of
strengthening mechanisms).

B 4.11 STRAIN HARDENING OR WORK HARDENING

As noted in our discussion of the tensile test in Chapter 3, most metals become stronger
when they are plastically deformed, a phenomenon known as strain hardening or work
hardening. Understanding of this phenomenon can now come from our knowledge of
dislocations and a further extension of the carpet analogy. Suppose that this time our
goal is to move the carpet diagonally. The best way would be to move a wrinkle in one
direction, and then move a second one perpendicular to the first. But suppose that both
wrinkles were started simultaneously. We would find that wrinkle 1 would impede the
motion of wrinkle 2, and vice versa. In essence, the feature that makes deformation easy
can also serve to impede the motion of other, similar dislocations.

In metals, plastic deformation occurs through dislocation movement. As disloca-
tions move, they are more likely to encounter and interact with other dislocations or
other crystalline defects, thereby producing resistance to further motion. In addition,
mechanisms exist that markedly increase the number of dislocations in a metal during



FIGURE4-17 Two-
dimensional schematic showing
the various point defects:

(a) vacancy; (b) interstitial; (c)
smaller-than-host substitutional;
(d) larger-than-host
substitutional. (Adapted from
Essentials of Materials Science
and Engineering, 2nd ed., by

Donald R. Askeland and Pradeep P.

Fulay, Cengage Learning, 2009)
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deformation (usually by several orders of magnitude), thereby enhancing the probabil-
ity of interaction.

The effects of strain hardening become attractive when one considers that
mechanical deformation (metal-forming) is frequently used in the shaping of metal
products. As the product shape is being formed, the material is simultaneously becom-
ing stronger. Because strength can be increased substantially during deformation, a
strain-hardened (deformed), inexpensive metal can often be substituted for a more
costly, stronger one that is machined or cast to shape.

Transmission electron microscope studies have confirmed the existence of dislo-
cations and the slippage theory of deformation. By observing the images of individual
dislocations in a thin metal section, we can see the increase in the number of disloca-
tions and their interactions during deformation. Macroscopic observations also lend
support. When a load is applied to a single metal crystal, deformation begins on the
slip system that is most favorably oriented. The net result is often an observable slip
and rotation, like that of a skewed deck of cards (Figure 4-18). Dislocation motion
becomes more difficult as strain hardening produces increased resistance, and rota-
tion makes the slip system orientation less favorable. Further deformation may then
occur on alternative systems that now offer less resistance, a phenomenon known as
cross slip.

B 4.12 PLASTIC DEFORMATION IN
POLYCRYSTALLINE METALS

Commercial metals are not single crystals, but usually take the form of polycrystalline
aggregates. Within each crystal, deformation proceeds in the manner previously
described. Because the various grains have different orientations, an applied load
will produce different deformations within each of the crystals. This can be seen in
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FIGURE 4-18 Schematic
representation of slip and crystal
rotation resulting from
deformation. (From Richard
Hertzberg, Deformation and
Fracture Mechanics of
Engineering Materials. Reprinted
with permission of John Wiley &
Sons, Inc.)

FIGURE 4-19 Sliplinesina
polycrystalline material.

(From Richard Hertzberg, Deformation
and Fracture Mechanics of Engineering
Materials. Reprinted with permission of
John Wiley & Sons, Inc.)

Figure 4-19, where a metal has been polished and then deformed. The relief of the pol-
ished surface reveals the different slip planes for each of the grains.

One should note that the slip lines do not cross from one grain to another. The
grain boundaries act as barriers to the dislocation motion (i.e., the defect is confined to
the crystal in which it occurs). As a result, metals with a finer grain structure —more
grains per unit area—tend to exhibit greater strength and hardness, coupled with
increased impact resistance. This near-universal enhancement of properties is an
attractive motivation for grain size control during processing.

B 4.13 GRAIN SHAPE AND ANISOTROPIC PROPERTIES

When a metal is deformed, the grains tend to elongate in the direction of metal flow
(Figure 4-20). Accompanying the nonsymmetric structure are directionally varying
properties. Mechanical properties (such as strength and ductility), as well as physical
properties (such as electrical and magnetic characteristics), may all exhibit directional
differences. Properties that vary with direction are said to be anisotropic. Properties
that are uniform in all directions are isotropic.

The directional variation of properties can be harmful or beneficial. By control-
ling the metal flow in processes such as forging, enhanced strength or fracture resistance
can be imparted to certain locations or directions. Caution should be exercised, how-
ever, because an improvement in one direction is generally accompanied by a decline in
another. Moreover, directional variation in properties may create problems during sub-
sequent processing operations, such as the further forming of rolled metal sheets. For

FIGURE 4-20 Deformed grains in a cold-
worked 1008 steel after 50% reduction by
rolling; (From Metals Handbook, 8th ed.,
1972. Reprinted with permission of ASM
International”. Al rights reserved. www
.asminternational.org)
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these and other reasons, both the part designer and the part manufacturer should
consider the effects of directional property variations.

B 4.14 FRACTURE OF METALS

When metals are deformed, strength and hardness increase, while ductility decreases. If
too much plastic deformation is attempted, the metal may respond by fracture. If plastic
deformation precedes the break, the fracture is known as a ductile fracture. Fractures
can also occur before the onset of plastic deformation. These sudden, catastrophic fail-
ures, known as brittle fractures, are more common in metals having the BCC or HCP
crystal structures. Whether the fracture is ductile or brittle, however, often depends on
the specific conditions of material, temperature, state of stress, and rate of loading.

M 4.15 CoLD WORKING, RECRYSTALLIZATION,
AND HOT WORKING

FIGURE 4-21 Recrystallization
of 70-30 cartridge brass: (a) cold-
worked 33%; (b) heated at
580°C (1075°F) for 3 seconds;
(c) 4 seconds; (d) 8 seconds;
45x. (Courtesy J. E. Burke,
General Electric Company,

Fairfield, CT)

During plastic deformation, a portion of the deformation energy is stored within the
material in the form of additional dislocations and increased grain boundary surface
area.” If a deformed polycrystalline metal is subsequently heated to a high enough tem-
perature, the material will seek to lower its energy. New crystals nucleate and grow to
consume and replace the original structure (Figure 4-21). This process of reducing the
internal energy through the formation of new crystals is known as recrystallization.

b

3 A sphere has the least amount of surface area of any shape to contain a given volume of material. When the
shape becomes altered from that of a sphere, the surface area must increase. Consider a round balloon filled
with air. If the balloon is stretched or flattened into another shape, the rubber balloon is stretched further.
When the applied load is removed, the balloon snaps back to its original shape, the one involving the least
surface energy. Metals behave in an analogous manner. During deformation, the distortion of the crystals
increases the energy of the material. Given the opportunity, the material will try to lower its energy by return-
ing to spherical grains.
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The Lowest Recrystallization
Temperature of
Common Metals

The temperature at which recrystallization occurs is different for each
metal and also varies with the amount of prior deformation. The greater
the amount of prior deformation, the more stored energy, and the lower
the recrystallization temperature. There is a lower limit, however, below

Temperature ["F(°C)]  which recrystallization will not take place in a reasonable amount of time.

Table 4-2 gives the lowest practical recrystallization temperatures
for several materials. This is the temperature at which atomic diffusion
(atom movement within the solid) becomes significant, and can often
be estimated by taking 0.4 times the melting point of the metal when
the melting point is expressed as an absolute temperature (Kelvin or

When metals are plastically deformed at temperatures below their
recrystallization temperature, the process is called cold working. The
metal strengthens by strain hardening, and the resultant structure consists
of distorted grains. As deformation continues, the metal decreases in duc-

Metal

Aluminum 300 (150)

Copper 390 (200)

Gold 390 (200)

Iron 840 (450)

Lead Below room temperature Rankine).
Magnesium 300 (150)

Nickel 1100 (590)

Silver 390 (200)

Tin Below room temperature
Zinc Room temperature

tility and may ultimately fracture. It is a common practice, therefore, to

recrystallize the material after a certain amount of cold work. Through
this recrystallization anneal, the structure is replaced by one of new crystals that have
never experienced deformation. All strain hardening is lost, but ductility is restored,
and the material is now capable of further deformation without the danger of fracture.

If the temperature of deformation is sufficiently above the recrystallization tem-
perature, the deformation process becomes hot working. Recrystallization begins as
soon as sufficient driving energy is created, (i.e. deformation and recrystallization take
place simultaneously), and extremely large deformations are now possible. Because a
recrystallized grain structure is constantly forming, the final product will not exhibit the
increased strength of strain hardening.

Recrystallization can also be used to control or improve the grain structure of a
material. A coarse grain structure can be converted to a more attractive fine grain struc-
ture through recrystallization. The material must first be plastically deformed to store
sufficient energy to provide the driving force. Subsequent control of the recrystalli-
zation process then establishes the more desirable final grain size.

B 4.16 GRAIN GROWTH

Recrystallization is a continuous process in which a material seeks to lower its overall
energy. Ideally, recrystallization will result in a structure of uniform crystals with a com-
paratively small grain size. If a metal is held at or above its recrystallization temperature
for any appreciable time, however, the grains in the recrystallized structure can con-
tinue to increase in size. In effect, some of the grains become larger at the expense of
their smaller neighbors as the material seeks to further lower its energy by decreasing
the amount of grain boundary surface area. Because engineering properties tend to
diminish as the size of the grains increase, control of recrystallization is of prime impor-
tance. A deformed material should be held at elevated temperature just long enough
to complete the recrystallization process. The temperature should then be decreased to
stop the process and avoid the property changes that accompany grain growth.

B 4.17 ArLLOYS AND ALLOY TYPES

Our discussion thus far has been directed toward the nature and behavior of pure met-
als. For most manufacturing applications, however, metals are not used in their pure
form. Instead, engineering metals tend to be alloys, materials composed of two or more
different elements, and they tend to exhibit their own characteristic properties.

There are three ways in which a metal might respond to the addition of another
element. The first, and probably the simplest, response occurs when the two materials
are insoluble in one another in the solid state. In this case the base metal and the alloying
addition each maintain their individual identities, structures, and properties. The alloy
in effect becomes a composite structure, consisting of two types of building blocks in an
intimate mechanical mixture.
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The second possibility occurs when the two elements exhibit some degree of solu-
bility in the solid state. The two materials can form a solid solution, where the alloy
element dissolves in the base metal. The solutions can be: substitutional or interstitial.
In the substitutional solution, atoms of the alloy element occupy lattice sites normally
filled by atoms of the base metal. In an interstitial solution, the alloy element atoms
squeeze into the open spaces between the atoms of the base metal lattice.

A third possibility exists where the elements combine to form intermetallic
compounds. In this case, the atoms of the alloying element interact with the atoms of
the base metal in definite proportions and in definite geometric relationships. The
bonding is primarily of the nonmetallic variety (i.e., ionic or covalent), and the lattice
structures are often quite complex. Because of the type of bonding, intermetallic
compounds tend to be hard, but brittle, high-strength materials.

Even though alloys are composed of more than one type of atom, their structure is
still one of crystalline lattices and grains. Their behavior in response to applied loadings
is similar to that of pure metals, with some features reflecting the increased level of
structural complexity. Dislocation movement can be further impeded by the presence
of unlike atoms. If neighboring grains have different chemistries and/or structures, they
may respond differently to the same type and magnitude of load.

B 4.18 ATOMIC STRUCTURE AND ELECTRICAL PROPERTIES

In addition to mechanical properties, the structure of a material also influences its phys-
ical properties, such as its electrical behavior. Electrical conductivity refers to the net
movement of charge through a material. In metals, the charge carriers are the valence
electrons. The more perfect the atomic arrangement, the greater the freedom of elec-
tron movement, and the higher the electrical conductivity. Lattice imperfections or
irregularities provide impediments to electron transport, and lower conductivity.

The electrical resistance of a metal, therefore, depends largely on two factors: (1)
lattice imperfections and (2) temperature. Vacant atomic sites, interstitial atoms, substi-
tutional atoms, dislocations, and grain boundaries all act as disruptions to the regularity
of a crystalline lattice. Thermal energy causes the atoms to vibrate about their equili-
brium position. These vibrations cause the atoms to be out of position, which further
interferes with electron travel. For a metal, electrical conductivity will decrease with an
increase in temperature. As the temperature drops, the number and type of crystalline
imperfections becomes more of a factor. The best metallic conductors, therefore, are
those with fewer defects (such as pure metals with large grain size) at low temperature.

The electrical conductivity of a metal is due to the movement of the free electrons
in the metallic bond. For covalently bonded materials, however, bonds must be broken
to provide the electrons required for charge transport. Therefore, the electrical proper-
ties of these materials are a function of bond strength. Diamond, for instance, has strong
bonds and is a strong insulator. Silicon and germanium have weaker bonds that are
more easily broken by thermal energy. These materials are known as intrinsic semicon-
ductors, because moderate amounts of thermal energy enable them to conduct small
amounts of electricity. Continuing down Group IV of the periodic table of elements, we
find that tin has such weak bonding that a high number of bonds are broken at room
temperature, and the electrical behavior resembles that of a metal.

The electrical conductivity of intrinsic semiconductors can be substantially
improved by a process known as doping. Silicon and germanium each have four valence
electrons and form four covalent bonds. If one of the bonding atoms is replaced with an
atom containing five valence electrons, such as phosphorus or arsenic, the four covalent
bonds would form, leaving an additional valence electron that is not involved in
the bonding process. This extra electron would be free to move about and provide
additional conductivity. Materials doped in this manner are known as n-type
semiconductors.

A similar effect can be created by inserting an atom with only three valence elec-
trons, such as aluminum. An electron will be missing from one of the bonds, creating an
electron hole. When a voltage is applied, a nearby electron can jump into this hole,
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creating a hole in the location that it vacated. Movement of electron holes is equivalent
to a countermovement of electrons and thus provides additional conductivity. Materials
containing dopants with three valence electrons are known as p-type semiconductors.
The ability to control the electrical conductivity of semiconductor material is the func-
tional basis of solid-state electronics and circuitry.

In ionically bonded materials, all electrons are captive to atoms (ions). Charge
transport, therefore, requires the movement of entire atoms, not electrons. Consider a
large block of salt (sodium chloride). It is a good electrical insulator, until it becomes
wet, whereupon the ions are free to move in the liquid solution and conductivity is
observed.
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M REevIEW QUESTIONS

. What enables us to control the properties and performance

of engineering materials?

. What are the next levels of structure that are greater than the

atom?

. What is meant by the term microstructure?
. What is the most stable configuration for an electron shell or

subshell?

. Whatis an ion and what are the two varieties?
. What properties or characteristics of a material are influ-

enced by the valence electrons?

. What are the three types of primary bonds, and what types of

atoms do they unite?

. What are some general characteristics of ionically bonded

materials?

. Where are the bonding electrons located in a covalent bond?
. What are some general properties and characteristics of

covalently bonded materials?

. Why are the covalently bonded hydrocarbon polymers light

in weight?

What are some unique property features of materials bonded
by metallic bonds?

For what common engineering materials are van der Waals
forces important?

What is the difference between a crystalline material and one
with an amorphous structure?

What is a lattice? A unit cell?

16.

17.

18.

19.

20.

21.
22.
23.
24.
25.
26.
27.

28.

What are some of the general characteristics of metallic
materials?

What is an allotropic or polymorphic material?

Why did we elect to focus on only three of the fourteen
basic crystal structures or lattices? What are those three
structures?

Why is the simple cubic crystal structure not observed in the
engineering metals?

What is the efficiency of filling space with spheres in the
simple cubic structure? Body-centered-cubic structure?
Face-centered cubic structure? Hexagonal close-packed
structure?

What is the dominant characteristic of body-centered-cubic
metals? Face-centered-cubic metals? Hexagonal-close-
packed metals?

Whatis a grain? A grain boundary?

What is the most common means of describing or quantifying
the grain size of a solid metal?

What is implied by a low ASTM grain size number? A large
ASTM grain size number?

How does a metallic crystal respond to low applied loads?
What is plastic deformation?

What is a slip system in a material? What types of planes and
directions tend to be preferred?

What structural features account for each of the dominant
properties cited in Question 21?



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

What is a dislocation? What is the difference between an
edge dislocation and a screw dislocation?

What role do dislocations play in determining the mechani-
cal properties of a metal?

What are some of the common barriers to dislocation move-
ment that can be used to strengthen metals?

What are the three major types of point defects in crystalline
materials?

What is the mechanism (or mechanisms) responsible for the
observed deformation strengthening or strain hardening of a
metal?

Why is a fine grain size often desired in an engineering metal?
What is an anisotropic property? Why might anisotropy be a
concern?

What is the difference between brittle fracture and ductile
fracture?

How does a metal increase its internal energy during plastic
deformation?

What is required in order to drive the recrystallization of a
cold-worked or deformed material?

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.
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Problems

In what ways can recrystallization be used to enable large
amounts of deformation without fear of fracture?

How might the lowest recrystallization temperature of a
metal be estimated?

What is the major distinguishing feature between hot and
cold working?

How can deformation and recrystallization improve the
grain structure of a metal?

Why is grain growth usually undesirable?

What types of structures can be produced when an alloy ele-
ment is added to a base metal?

As a result of their ionic or covalent bonding, what types of
mechanical properties are characteristic of intermetallic
compounds?

How is electrical charge transported in a metal (electrical
conductivity)?

What features in a metal structure tend to impede or reduce
electrical conductivity?

What is the difference between an intrinsic semiconductor
and an extrinsic semiconductor?

B PROBLEMS

. A prepared sample of metal reveals a structure with 64 grains

per square inch at 100x magnification.

a. Whatis its ASTM grain size number?

b. Would this material be weaker or stronger than the same
metal with an ASTM grain size number of 4? Why?

. Brass is an alloy of copper with a certain amount of zinc dis-

solved and dispersed throughout the structure. Based on the

material presented in this chapter:

a. Would you expect brass to be stronger or weaker than
pure copper? Why?

b. Low brass (copper alloy 240) contains 20% zinc. Cartridge
brass (copper alloy 260) contains 30% dissolved zinc.
Which would you expect to be stronger? Why?

. It is not uncommon for subsequent processing to expose

manufactured products to extreme elevated temperature.
Zinc coatings can be applied by immersion into a bath of
molten zinc (hot-dip galvanizing). Welding actually melts
and resolidifies the crystalline metals. Brazing deposits mol-
ten filler metal. How might each of the following structural

features, and their associated properties, be altered by an

exposure to elevated temperature?

a. A recrystallized polycrystalline metal.

b. A cold-worked metal.

c. A solid-solution alloy, such as brass where zinc atoms dis-
solve and disperse throughout copper.

. Polyethylene consists of fibrous molecules of covalently

bonded atoms tangled and interacting like the fibers of a cot-

ton ball. Weaker van der Waals forces act between the mole-

cules with a strength that is inversely related to separation
distance.

a. What properties of polyethylene can be attributed to the
covalent bonding?

b. What properties are most likely the result of the weaker
van der Waals forces?

c. If we pull on the ends of a cotton ball, the cotton fibers go
from a random arrangement to an array of somewhat align-
ed fibers. Assuming we get a similar response from de-
formed polyethylene, how might properties change? Why?
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CHAPTER 5

EQUILIBRIUM PHASE DIAGRAMS
AND THE IRON—CARBON SYSTEM
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Solublhty Studies Solidification of AllOy X 5.6 Cast IRONS
Three-Phase Reactions Case Study: Fish Hooks

B 5.1 INTRODUCTION

B 5.2 PHASES

As our study of engineering materials becomes more focused on specific metals and
alloys, it is increasingly important that we acquire an understanding of their natural
characteristics and properties. What is the basic structure of the material? Is the mate-
rial uniform throughout, or is it a mixture of two or more distinct components? If there
are multiple components, how much of each is present, and what are the different chem-
istries? Is there a component that may impart undesired properties or characteristics?
What will happen if temperature is increased or decreased, pressure is changed, or
chemistry is varied? The answers to these and other important questions can be
obtained through the use of equilibrium phase diagrams.

Before we move to a discussion of equilibrium phase diagrams, it is important that we
first develop a working definition of the term phase. As a starting definition, a phase is
simply a form of material possessing a characteristic structure and characteristic prop-
erties. Uniformity of chemistry, structure, and properties is assumed throughout a
phase. More rigorously, a phase has a definable structure, a uniform and identifiable
chemistry (also known as composition), and distinct boundaries or interfaces that sepa-
rate it from other different phases.

A phase can be continuous (like the air in a room) or discontinuous (like grains
of salt in a shaker). A phase can be solid, liquid, or gas. In addition, a phase can be a
pure substance or a solution, provided that the structure and composition are uni-
form throughout. Alcohol and water mix in all proportions and will therefore form a
single phase when combined. There are no boundaries across which structure and/or
chemistry changes. Oil and water, on the other hand, tend to separate into regions
with distinct boundaries and must be regarded as two distinct phases. Ice cubes in
water are another two-phase system, since there are two distinct structures with
interfaces between them.

B 5.3 EQUILIBRIUM PHASE DIAGRAMS

106

An equilibrium phase diagram is a graphic mapping of the natural tendencies of a mate-
rial or a material system, assuming that equilibrium has been attained for all possible
conditions. There are three primary variables to be considered: temperature, pressure,
and composition. The simplest phase diagram is a pressure—temperature (P-7') diagram



FIGURE 5-1 Pressure—
temperature equilibrium phase
diagram for water.
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(water)
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(vapor)

Pressure — atmospheres (not to scale)
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Temperature — °C
(not to scale)

for a fixed-composition material. Areas of the diagram are assigned to the various
phases, with the boundaries indicating the equilibrium conditions of transition.

As an introduction, consider the pressure—temperature diagram for water, pre-
sented as Figure 5-1. With the composition fixed as H,O, the diagram maps the stable
form of water for various conditions of temperature and pressure. If the pressure is held
constant and temperature is varied, the region boundaries denote the melting and boil-
ing points. For example, at 1 atmosphere pressure, the diagram shows that water melts
at 0°C and boils at 100°C. Still other uses are possible. Locate a temperature where the
stable phase is liquid at atmospheric pressure. Maintaining the pressure at one atmo-
sphere, drop the temperature until the material goes from liquid to solid (i.e., ice).
Now, maintain that new temperature and begin to decrease the pressure. A transition
will be encountered where solid goes directly to gas without melting (sublimation). The
combined process just described, known as freeze drying, is employed in the manufac-
ture of numerous dehydrated products. With an appropriate phase diagram, process
conditions can be determined that might reduce the amount of required cooling and the
magnitude of pressure drop required for sublimation. A process operating about the
triple point would be most efficient.

TEMPERATURE-COMPOSITION DIAGRAMS

While the P-T diagram for water is an excellent introduction to phase diagrams, P-T
phase diagrams are rarely used for engineering applications. Most engineering pro-
cesses are conducted at atmospheric pressure, and variations are more likely to occur in
temperature and composition as we consider both alloys and impurities. The most use-
ful mapping, therefore, is usually a temperature—composition phase diagram at 1 atmo-
sphere pressure. For the remainder of the chapter, this will be the form of phase
diagram that will be considered.

For mapping purposes, temperature is placed on the vertical axis and composition
on the horizontal. Figure 5-2 shows the axes for mapping the A-B system, where the
left-hand vertical corresponds to pure material A, and the percentage of B (usually
expressed in weight percent) increases as we move toward pure material B at the right
side of the diagram. The temperature range often includes only solids and liquids, since
few processes involve engineering materials in the gaseous state. Experimental investi-
gations that provide the details of the diagram take the form of either vertical or hori-
zontal scans that seek to locate the various phase transitions.

COOLING CURVES
Considerable information can be obtained from vertical scans through the diagram
where a fixed composition material is heated and slowly cooled. By plotting the cooling
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FIGURE 5-2 Mapping axes for
a temperature-composition
equilibrium phase diagram.

FIGURE 5-3 Cooling curves for
five different solutions of salt and
water: (a) 0% NacCl; (b) 10%
NaCl; (c) 23.5% NacCl; (d) 50%
NaCl; (e) 100% NaCl.

l«— Constant-composition scan
(cooling curve)

Temperature

Isothermal scan

oo e -

Composition (weight percent B)

history in the form of a temperature-versus-time plot, known as a cooling curve, the
transitions in structure will appear as characteristic points, such as slope changes or iso-
thermal (constant-temperature) holds.

Consider the system composed of sodium chloride (common table salt) and water.
Five different cooling curves are presented in Figure 5-3. Curve a is for pure water being
cooled from the liquid state. A decreasing-temperature line is observed for the liquid
where the removal of heat produces a concurrent drop in temperature. When the freezing
point of 0°C is reached (point @), the material begins to change state and releases heat
energy as part of the liquid-to-solid transition. Heat is being continuously extracted from
the system, but because its source is now the change in state, there is no companion
decrease in temperature. An isothermal or constant-temperature hold (a—b) is observed
until the solidification is complete. From this point, as heat extraction continues, the
newly formed solid experiences a steady drop in temperature. This type of curve is char-
acteristic of pure metals and other substances with a distinct melting point.

Curve bin Figure 5-3 presents the cooling curve for a solution of 10% salt in water.
The liquid region undergoes continuous cooling down to point ¢, where the slope
abruptly decreases. At this temperature, small particles of ice (i.e., solid) begin to form
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FIGURE 5-4 Partial equilibrium
diagram for NaCl and H,0
derived from cooling-curve
information.
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and the reduced slope is attributed to the energy released in this transition. The forma-
tion of these ice particles leaves the remaining solution richer in salt and imparts a lower
freezing temperature. Further cooling results in the formation of additional ice, which
continues to enrich the remaining liquid and further lowers its freezing point. Instead of
possessing a distinct melting point or freezing point, this material is said to have a freez-
ing range. When the temperature of point d is reached, the remaining liquid undergoes
an abrupt reaction and solidifies into an intimate mixture of solid salt and solid water
(discussed later), and an isothermal hold is observed. Further extraction of heat pro-
duces a drop in the temperature of the fully solidified material.

For a solution of 23.5% salt in water, a distinct freezing point is again observed, as
shown in curve c. Compositions with richer salt concentration, such as curve d, show
phenomena similar to those in curve b, but with salt being the first solid to form from
the liquid. Finally, the curve for pure salt, curve e, exhibits behavior similar to that of
pure water.

If the observed transition points are now transferred to a temperature—composi-
tion diagram, such as Figure 5-4, we have the beginnings of a map that summarizes the
behavior of the system. Line a—c—f-h-I denotes the lowest temperature at which the
material is totally liquid, and is known as the liquidus line. Line d—f-j denotes a particu-
lar three-phase reaction and will be discussed later. Between the lines, two phases
coexist, one being a liquid and the other a solid. The equilibrium phase diagram, there-
fore, can be viewed as a collective presentation of cooling curve data for an entire range
of alloy compositions.

The cooling curve studies have provided some key information regarding the salt-
water system, including some insight into the use of salt on highways in the winter. With
the addition of salt, the freezing point of water can be lowered from 0°C (32°F) to as low
as —22°C (—7.6°F).

SOLUBILITY STUDIES

The observant reader will note that the ends of the diagram still remain undetermined.
Both pure materials have a distinct melting point, below which they appear as a pure
solid. Can ice retain some salt as a single-phase solid? Can solid salt hold some water
and remain a single phase? If so, how much, and does the amount vary with tempera-
ture? Completion of the diagram, therefore, requires several horizontal scans to deter-
mine any solubility limits and their possible variation with temperature.

These isothermal (constant temperature) scans usually require the preparation of
specimens over a range of composition and their subsequent examination by X-ray
techniques, microscopy, or other methods to determine whether the structure and
chemistry are uniform or if the material is a two-phase mixture. As we move away from
a pure material, we often encounter a single-phase solid solution, in which one compo-
nent is dissolved and dispersed throughout the other. If there is a limit to this solubility,
there will be line in the phase diagram, known as a solvus line, denoting the conditions
of saturation where the single-phase solid solution becomes a two-phase mixture.
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FIGURE 5-5 Lead-tin
equilibrium phase diagram.

FIGURE 5-6 Copper-nickel
equilibrium phase diagram,
showing complete solubility in
both liquid and solid states.
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Figure 5-5 presents the equilibrium phase diagram for the lead—tin system, using the
conventional notation in which Greek letters are used to denote the various single-
phase solids. The upper portion of the diagram closely resembles the salt-water dia-
gram, but the partial solubility of one material in the other can be observed on both
ends of the diagram.'

COMPLETE SOLUBILITY IN BOTH LIQUID AND SOLID STATES

Having developed the basic concepts of equilibrium phase diagrams, we now consider a
series of examples in which solubility changes. If two materials are completely soluble
in each other in both the liquid and solid states, a rather simple diagram results, like the
copper—nickel diagram of Figure 5-6. The upper line is the liquidus line, the lowest tem-
perature for which the material is 100% liquid. Above the liquidus, the two materials
form a uniform-chemistry liquid solution. The lower line, denoting the highest tempera-
ture at which the material is completely solid, is known as a solidus line. Below the soli-
dus, the materials form a solid-state solution in which the two types of atoms are
uniformly distributed throughout a single crystalline lattice. Between the liquidus and
solidus is a freezing range, a two-phase region where liquid and solid solutions coexist.

PARTIAL SOLID SOLUBILITY
Many materials do not exhibit complete solubility in the solid state. Each is often solu-
ble in the other up to a certain limit or saturation point, which varies with temperature.
Such a diagram has already been observed for the lead-tin system in Figure 5-5.

At the point of maximum solubility, 183°C, lead can hold up to 19.2 wt% tin in
a single-phase solution and tin can hold up to 2.5% lead within its structure and still be
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1 ead-tin solders have had a long history in joining electronic components. With the miniaturization of com-
ponents, and the evolution of the circuit board or chip to ever-smaller features, exposure to the potentially
damaging temperatures of the soldering operation became an increasing concern. Figure 5-5 reveals why 60—
40 solder (60 wt% tin) became the primary joining material in the lead-tin system. Of all possible alloys, it has
the lowest (all liquid) melting temperature.
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a single phase. If the temperature is decreased, however, the amount of solute that can
be held in solution decreases in a continuous manner. If a saturated solution of tin
in lead (19.2 wt% tin) is cooled from 183°C, the material will go from a single-phase
solution to a two-phase mixture as a tin-rich second phase precipitates from solution.
This change in structure can be used to alter and control the properties in a number of
engineering alloys.

INSOLUBILITY

If one or both of the components is totally insoluble in the other, the diagrams will also
reflect this phenomenon. Figure 5-7 illustrates the case where component A is com-
pletely insoluble in component B in both the liquid and solid states.

UTILIZATION OF DIAGRAMS
Before moving to more complex diagrams, let us first return to a simple phase diagram,
such as the one in Figure 5-8, and develop several useful tools. For each condition of
temperature and composition (i.e., for each point in the diagram), we would like to
obtain three pieces of information:

1. The phases present. The stable phases can be determined by simply locating the point
of consideration on the temperature-composition mapping and identifying the
region of the diagram in which the point appears.

2. The composition of each phase. If the point lies in a single-phase region, there is only
one component present, and the composition (or chemistry) of the phase is simply the
composition of the alloy being considered. If the point lies in a two-phase region, a tie-
line must be constructed. A tie-line is simply an isothermal (constant-temperature)
line drawn through the point of consideration, terminating at the boundaries of the
single-phase regions on either side. The compositions where the tie-line intersects the
neighboring single-phase regions will be the compositions of those respective phases
in the two-phase mixture. For example, consider point a in Figure 5-8. The tie-line for
this temperature runs from S, to L,. The tie-line intersects the solid phase region at
point S,. Therefore, the solid in the two-phase mixture at point a has the composition
of point S,. The other end of the tie-line intersects the liquid region at L, so the liquid
phase that is present at point a will have the composition of point L.

3. The amount of each phase present. If the point lies in a single-phase region, all of the
material, or 100%, must be of that phase. If the point lies in a two-phase region, the
relative amounts of the two components can be determined by a lever-law calcula-
tion using the previously drawn tie-line. Consider the cooling of alloy X in Figure 5-8
in a manner sufficiently slow so as to preserve equilibrium at all temperatures. For
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Equilibrium diagram of two materials that are FIGURE 5-8 Equilibrium diagram showing the changes

completely insoluble in each other in both the liquid and solid states.  that occur during the cooling of alloy X.
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temperatures above ¢, the material is a single-phase liquid. Temperature ¢ is the
lowest temperature for which the alloy is 100% liquid. If we draw a tie-line at this
temperature, it runs from S; to L, and lies entirely to the left of composition X. At
temperature 3, the alloy is completely solid, and the tie-line lies completely to the
right of composition X. As the alloy cools from temperature t, to temperature 3,
the amount of solid goes from 0 to 100% while the segment of the tie-line that lies to
the right of composition X also goes from 0 to 100%. Similarly, the amount of liquid
goes from 100% to 0 as the segment of the tie-line lying to the left of composition X
also goes from 100% to 0. Extrapolating these observations to intermediate temper-
atures, such as temperature t,, we predict that the fraction of the tie-line that lies to
the left of point a corresponds to the fraction of the material that is liquid. This frac-
tion can be computed as:

d—Sz
L, -5

%Liquid = x 100%

where the values of a, S,, and L, are their composition values in weight percent B
read from the bottom scale of the diagram. In a similar manner, the fraction of solid
corresponds to the fraction of the tie-line that lies to the right of point a.

Lz—a

%Solid = =5,

x 100%

Each of these mathematical relations could be rigorously derived from the conserva-
tion of either A or B atoms, as the material divides into the two different composi-
tions of S, and L,. Because the calculations consider the tie-line as a lever with the
fulcrum at the composition line and the component phases at either end, they are
called lever-law calculations.

Equilibrium phase diagrams can also be used to provide an overall picture of an
alloy system, or to identify the transition points for phase changes in a given alloy. For
example, the temperature required to redissolve a second phase or melt an alloy can be
easily determined. The various changes that will occur during the slow heating or slow
cooling of a material can now be predicted. In fact, most of the questions posed at the
beginning of this chapter can now be answered.

SOLIDIFICATION OF ALLOY X

Let us now apply the tools that we have just developed—tie-lines and lever-laws—to
follow the solidification of alloy X in Figure 5-8. At temperature t;, the first minute
amount of solid forms with the chemistry of point S;. As the temperature drops, more
solid forms, but the chemistries of both the solid and liquid phases shift to follow the tie-
line endpoints. The chemistry of the liquid follows the liquidus line, and the chemistry
of the solid follows the solidus. Finally, at temperature f3, solidification is complete, and
the composition of the single-phase solid is now that of alloy X.

The composition of the first solid to form is different from that of the final solid. If
the cooling is sufficiently slow, such that equilibrium is maintained or approximated, the
composition of the solid changes during cooling and follows the endpoint of the tie-line.
These chemistry changes are made possible by diffusion, the process by which atoms
migrate through the crystal lattice given sufficient time at elevated temperature. If the
cooling rate is too rapid, however, the temperature may drop before sufficient diffusion
occurs. The resultant material will have a nonuniform chemistry. The initial solid that
formed will retain a chemistry that is different from the solid regions that form later.
When these nonequilibrium variations occur on a microscopic level, the resultant struc-
ture is referred to as being cored. Variation on a larger scale is called macrosegregation.

THREE-PHASE REACTIONS

Several of the phase diagrams that were presented earlier contain a feature in which
phase regions are separated by a horizontal (or constant temperature) line. These lines
are further characterized by either a V intersecting from above or an inverted-V
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intersecting from below. The intersection of the V and the line denotes the location of a
three-phase reaction.

One common type of three-phase reaction, known as a eutectic, has already been
observed in Figures 5-4 and 5-5. It is possible to understand these reactions through use
of the tie-line and lever-law concepts that have been developed. Refer to the lead-tin
diagram of Figure 5-5 and consider any alloy containing between 19.2 and 97.5 wt% tin
at a temperature just above the 183°C horizontal line. Tie-line and lever-law computa-
tions reveal that the material contains either a lead-rich or tin-rich solid and remaining
liquid. At this temperature, any liquid that is present will have a composition of 61.9 wt%
tin, regardless of the overall composition of the alloy. If we now focus on this liquid and
allow it to cool to just below 183°C, a transition occurs in which the liquid of composi-
tion 61.9% tin transforms to a mixture of lead-rich solid with 19.2% tin and tin-rich solid
containing 97.5% tin. The three-phase reaction that occurs upon cooling through 183°C
can be written as:

Liquide; 9% sn = @19.2% sn t Bo7.5% sn

Note the similarity to the very simple chemical reaction in which water dissociates or
separates into hydrogen and oxygen: H,O — H, + %20,. Because the two solids in the
lead-tin eutectic reaction have chemistries on either side of the original liquid, a similar
separation must have occurred. Any chemical separation requires atom movement, but
the distances involved in a eutectic reaction cannot be great. The resulting structure,
known as eutectic structure, will be an intimate mixture of the two single-phase solids,
with a multitude of interphase boundaries.

In the preceding example, the eutectic structure always forms from the same
chemistry at the same temperature and has its own characteristic set of physical and
mechanical properties. Alloys with the eutectic composition have the lowest melting
point of all neighboring alloys, and generally possess relatively high strength. For these
reasons, they are often used as casting alloys or as filler material in soldering or brazing
operations.

The eutectic reaction can be written in the general form of:

liquid — solid; + solid,

Figure 5-9 summarizes the various types of three-phase reactions that may occur in
equilibrium phase diagrams, along with the generic form of the reaction shown below
the ﬁgures.2 These include the eutectic, peritectic, monotectic, and syntectic reactions,
where the suffix -ic denotes that at least one of the three phases in the reaction is a
liquid. If the same prefix appears with an -oid suffix, the reaction is of a similar form, but
all phases involved are solids. Two all-solid reactions are the eutectoid and the peritec-
toid. The separation that occurs in the eutectoid reaction produces an extremely fine
two-phase mixture. The combination reactions of the peritectic and peritectoid tend to
be very sluggish. During actual material processing, these reactions may not reach the
completion states predicted by the equilibrium diagram.

INTERMETALLIC COMPOUNDS

A final phase diagram feature occurs in alloy systems where the bonding attraction
between the component materials is strong enough to form stable compounds. These
compounds appear as single-phase solids in the middle of a diagram. If components A
and B form such a compound, and the compound cannot tolerate any deviation from its
fixed atomic ratio, the product is known as a stoichiometric intermetallic compound and
it appears as a single vertical line in the A-B phase diagram. (Note: An example of this is

2To determine the specific form of a three-phase reaction, locate its horizontal line and the V intersecting
from either above or below the line. Go above the point of the V and write the phases that are present. Then
go below and identify the equilibrium phase or phases. Write the reaction as the phases above the line trans-
form to those below. Apply this method to the diagrams in Figure 5-9 to identify the specific reactions, and
compare them to their generic forms presented below the figures, remembering that the Greek letters denote
single-phase solids.
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FIGURE 5-9 Schematic summary of three-phase reactions and intermetallic compounds.

the Fe;C or iron carbide that appears at 6.67 wt.% carbon in the upcoming iron-carbon
equilibrium diagram.) If some degree of chemical deviation is tolerable, the vertical line
expands into a single-phase region, and the compound is known as a nonstoichiometric
intermetallic compound. Figure 5-9 shows schematic representations of both stoichio-
metric and nonstoichiometric compounds.

The single-phase intermetallic compounds appear in the middle of equilibrium
diagrams, with locations consistent with whole number atomic ratios, such as AB, A;B,
AB,, A;B, AB;, etc.’ In general, they tend to be hard, brittle materials, because these
properties are a consequence of their ionic or covalent bonding. If they are present
in large quantities or lie along grain boundaries in the form of a continuous film, the
overall alloy can be extremely brittle. If the same compound is dispersed throughout
the alloy in the form of small discrete particles, the result can be a considerable
strengthening of the base metal.

COMPLEX DIAGRAMS

The equilibrium diagrams for actual alloy systems may be one of the basic types just
discussed or some combination of them. In some cases the diagrams appear to be quite
complex and formidable. However, by focusing on a particular composition and analyz-
ing specific points using the tie-line and lever-law concepts, even the most complex dia-
gram can be interpreted and understood. If the properties of the various components
are known, phase diagrams can then be used to predict the behavior of the resultant
structures.

B 5.4 IRON-CARBON EQUILIBRIUM DIAGRAM

Steel, composed primarily of iron and carbon, is clearly the most important of the
engineering metals. For this reason, the iron—carbon equilibrium diagram assumes
special importance. The diagram most frequently encountered, however, is not the full
iron—carbon diagram but the iron—iron carbide diagram shown in Figure 5-10. Here, a
stoichiometric intermetallic compound, Fe;C, is used to terminate the carbon range at
6.67 wt% carbon. The names of key phases and structures, and the specific notations

3 The use of “weight percent” along the horizontal axis tends to mask the whole number atomic ratio of inter-
metallic compounds. Many equilibrium phase diagrams now include a second horizontal scale to reflect
“atomic percent.” Intermetallic compounds then appear at atomic percents of 25, 33, 50, 67, 75, and similar
values that reflect whole number atomic ratios.



FIGURE 5-10 The iron—carbon
equilibrium phase diagram.
Single phases are: o, ferrite; vy,
austenite; 5, d—ferrite; Fe3C,
cementite.
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used on the diagram, have evolved historically, and will be used in their generally
accepted form.

There are four single-phase solids within the diagram. Three of these occur in pure
iron, and the fourth is the iron carbide intermetallic that forms at 6.67% carbon. Upon
cooling, pure iron solidifies into a body-centered-cubic solid that is stable down to 1394°C
(2541°F). Known as delta-ferrite, this phase is present only at extremely elevated temper-
atures and has little engineering importance. From 1394 to 912°C (2541 to 1674°F) pure
iron assumes a face-centered-cubic structure known as austenite in honor of the famed
metallurgist Roberts-Austen of England. Designated by the Greek letter vy, austenite
exhibits the high formability that is characteristic of the face-centered-cubic structure
and is capable of dissolving more than 2% carbon in single-phase solid solution. Hot
forming of steel takes advantage of the low strength, high ductility, and chemical uniform-
ity of austenite. Most of the heat treatments of steel begin by forming the high-tempera-
ture austenite structure. Alpha ferrite, or more commonly just ferrite, is the stable form of
iron at temperatures below 912°C (1674°C). This body-centered-cubic structure can hold
only 0.02 wt% carbon in solid solution and forces the creation of a two-phase mixture in
most steels. Upon further cooling to 770°C (1418°F), iron undergoes a transition from
nonmagnetic-to-magnetic. The temperature of this transition is known as the Curie point,
but because it is not associated with any change in phase (but is an atomic-level transi-
tion), it does not appear on the equilibrium phase diagram.

The fourth single phase is the stoichiometric intermetallic compound, Fe;C,
which goes by the name cementite, or iron—carbide. Like most intermetallics, it is quite
hard and brittle, and care should be exercised in controlling the structures in which it
occurs. Alloys with excessive amounts of cementite, or cementite in undesirable form,
tend to have brittle characteristics. Because cementite dissociates prior to melting, its
exact melting point is unknown, and the liquidus line remains undetermined in the high
carbon region of the diagram.

Three distinct three-phase reactions can also be identified. At 1495°C (2723°F), a
peritectic reaction occurs for alloys with a low weight percentage of carbon. Because of
its high temperature and the extensive single-phase austenite region immediately below
it, the peritectic reaction rarely assumes any engineering significance. A eutectic is
observed at 1148°C (2098°F), with the eutectic composition of 4.3% carbon. All alloys
containing more than 2.11% carbon will experience the eutectic reaction and are classi-
fied by the general term cast irons. The final three-phase reaction is a eutectoid at 727°C
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(1341°F) with a eutectoid composition of 0.77 wt% carbon. Alloys with less than 2.11%
carbon miss the eutectic reaction and form a two-phase mixture when they cool through
the eutectoid. These alloys are known as steels. The point of maximum solubility
of carbon in iron, 2.11 wt%, therefore, forms an arbitrary separation between steels and

cast irons.

If we focus on the materials normally known as steel, the phase diagram of Figure 5-10
can be simplified considerably. Those portions near the delta phase (or peritectic)
region are of little significance, and the higher carbon region of the eutectic reaction
only applies to cast irons. By deleting these segments and focusing on the eutectoid
reaction, we can use the simplified diagram of Figure 5-11 to provide an understanding

of the properties and processing of steel.

Rather than begin with liquid, our considerations generally begin with high-
temperature, face-centered-cubic, single-phase austenite. The key transition will be the
conversion of austenite to the two-phase ferrite plus carbide mixture as the temperature
drops. Control of this reaction, which arises as a result of the drastically different carbon
solubilities of the face-centered and body-centered structures, enables a wide range of
properties to be achieved through heat treatment.

To begin to understand these processes, consider a steel of the eutectoid composi-
tion, 0.77% carbon, being slow cooled along line x—x’ in Figure 5-11. At the upper tem-
peratures, only austenite is present, with the 0.77% carbon being dissolved in solid
solution within the face-centered structure. When the steel cools through 727°C
(1341°F), several changes occur simultaneously. The iron wants to change crystal struc-
ture from the face-centered-cubic austenite to the body-centered-cubic ferrite, but the
ferrite can only contain 0.02% carbon in solid solution. The excess carbon is rejected,
and forms the carbon-rich intermetallic (Fe;C) known as cementite. The net reaction at

the eutectoid composition and temperature is:

Austeniteg 779 c;rcc — Ferriteg 2 cpcc + Cementiteg 679 ¢
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FIGURE 5-11 Simplified iron—carbon phase diagram with labeled regions.

Figure 5-10 shows the more-standard Greek letter notation.
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FIGURE 5-12

Pearlite; 1000 x.
(Courtesy United States Steel
Corporation)



FIGURE 5-13 Photomicrograph
of a hypoeutectoid steel showing
regions of primary ferrite (white)
and pearlite; 500x. (Courtesy
United States Steel Corporation)

FIGURE 5-14
Photomicrograph of a
hypereutectoid steel showing
primary cementite along grain
boundaries; 500x. (Courtesy
United States Steel Corporation)
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Because the chemical separation occurs entirely within crystalline solids, the
resultant structure is a fine mixture of ferrite and cementite. Specimens prepared by
polishing and etching in a weak solution of nitric acid and alcohol reveal a lamellar
structure composed of alternating layers or plates, as shown in Figure 5-12. Because it
always forms from a fixed composition at a fixed temperature, this structure has its own
set of characteristic properties (even though it is composed of two distinct phases) and
goes by the name pearlite because of its metallic luster and resemblance to mother-of-
pearl when viewed at low magnification.

Steels having less than the eutectoid amount of carbon (less than 0.77%) are
called hypoeutectoid steels (2ypo means “less than’’). Consider the cooling of a typical
hypoeutectoid alloy along line y—y’ in Figure 5-11. At high temperatures the material is
entirely austenite. Upon cooling, however, it enters a region where the stable phases are
ferrite and austenite. Tie-line and lever-law calculations show that the low-carbon fer-
rite nucleates and grows, leaving the remaining austenite richer in carbon. At 727°C
(1341°F), the remaining austenite will have assumed the eutectoid composition (0.77 %
carbon), and further cooling transforms it to pearlite. The resulting structure, therefore,
is a mixture of primary or proeutectoid ferrite (ferrite that forms before the eutectoid
reaction) and regions of pearlite as shown in Figure 5-13.

Hypereutectoid steels (7yper means “‘greater than”’) are those that contain more
than the eutectoid amount of carbon. When such a steel cools, as along line z—-z' in
Figure 5-11, the process is similar to the hypoeutectoid case, except that the primary
phase or proeutectoid phase is now cementite instead of ferrite. As the carbon-rich
phase nucleates and grows, the remaining austenite decreases in carbon content, again
reaching the eutectoid composition at 727°C (1341°F). This austenite then transforms
to pearlite upon slow cooling through the eutectoid temperature. Figure 5-14 is a pho-
tomicrograph of the resulting structure, which consists of primary cementite and pearl-
ite. In this case the continuous network of primary cementite (a brittle intermetallic
compound) will cause the overall material to be extremely brittle.

It should be noted that the transitions just described are for equilibrium conditions,
which can be approximated by slow cooling. Upon slow heating, the transitions will occur
in the reverse manner. When the alloys are cooled rapidly, however, entirely different
results may be obtained, since sufficient time may not be provided for the normal phase
reactions to occur. In these cases, the equilibrium phase diagram is no longer a valid tool
for engineering analysis. Because the rapid-cool processes are important in the heat treat-
ment of steels and other metals, their characteristics will be discussed in Chapter 6, and
new tools will be introduced to aid our understanding.

As shown in Figure 5-10, iron—carbon alloys with more than 2.11% carbon experience
the eutectic reaction during cooling. These alloys are known as cast irons. Being rela-
tively inexpensive, with good fluidity and rather low liquidus (full-melting) tempera-
tures, they are readily cast and occupy an important place in engineering applications.

While we are exploring the iron—carbon equilibrium phase diagram, we should
note that most commercial cast irons also contain a significant amount of silicon. Cast
irons typically contain 2.0 to 4.0% carbon, 0.5 to 3.0% silicon, less than 1.0% manga-
nese, and less than 0.2% sulfur. The silicon produces several metallurgical effects. By
promoting the formation of a tightly adhering surface oxide, the high silicon enhances
the oxidation and corrosion resistance of cast irons. Therefore, cast irons generally
exhibit a level of corrosion resistance that is superior to most steels.

Because silicon partially substitutes for carbon (both have four valence electrons
in their outermost shell), use of the iron-carbon equilibrium phase diagram requires
replacing the weight percent carbon scale with a carbon equivalent. Several formula-
tions exist to compute this number, with the simplest being the weight percent of carbon
plus one-third of the weight percent of silicon:

Carbon Equivalent(CE) = (wt% Carbon) + 1/3(wt% Silicon)
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FIGURE 5-15 Aniron—carbon
diagram showing two possible
high-carbon phases. Solid lines
denote the iron—graphite system;
dashed lines denote iron—
cementite (or iron—carbide).
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By using carbon equivalent, the two-component iron-carbon diagram can be used to
determine melting points and compute microstructures for the three-component iron-
carbon-silicon alloys.

Silicon also tends to promote the formation of graphite as the carbon-rich phase
instead of the Fe;C intermetallic. The eutectic reaction, therefore, now has two distinct
possibilities, as shown in the modified phase diagram of Figure 5-15:

Liquid — Austenite + Fe;C
Liquid — Austenite + Graphite

The final microstructure of cast iron, therefore, will contain either the carbon-rich
intermetallic compound, Fe;C, or pure carbon in the form of graphite. Which occurs
depends on the metal chemistry and various other process variables. Graphite is the
more stable of the two, and is the true equilibrium structure. Its formation is promoted
by slow cooling, high carbon and silicon contents, heavy or thick section sizes, inocula-
tion practices, and the presence of sulfur, phosphorus, aluminum, magnesium, anti-
mony, tin, copper, nickel, and cobalt. Cementite (Fe;C) formation is favored by fast
cooling, low carbon and silicon levels, thin sections, and alloy additions of titanium,
vanadium, zirconium, chromium, manganese, and molybdenum.

Cast iron is really a generic term that is applied to a variety of metal alloys.
Depending on which type of high-carbon phase is present and the form or nature of that
phase, the cast iron can be classified as gray, white, malleable, ductile or nodular, or
compacted graphite. The ferrous metals, including steels, stainless steels, tool steels,
and cast irons, will be presented in more detail in Chapter 6.
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carbon equivalent
cast iron
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composition
cooling curve
cored structure
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Problems

M REVIEW QUESTIONS

. What kind of questions can be answered by equilibrium

phase diagrams?

. What are some features that are useful in defining a phase?
. Supplement the examples provided in the text with another

example of a single phase that is each of the following: con-
tinuous, discontinuous, gaseous, and a liquid solution.

. What is an equilibrium phase diagram?
. What three primary variables are generally considered in

equilibrium phase diagrams?

. Why is a pressure-temperature phase diagram not that

useful for most engineering applications?

. Whatis a cooling curve?
. What features in a cooling curve indicate some form of

change in a material’s structure? What causes a constant-
temperature hold? A slope change?

. What is a solubility limit, and how might it be determined?
. In general, how does the solubility of one material in another

change as temperature is increased?

Describe the conditions of complete solubility, partial solu-
bility, and insolubility.

What types of changes occur upon cooling through a liquidus
line? A solidus line? A solvus line?

What three pieces of information can be obtained for each
point in an equilibrium phase diagram?

What is a tie-line? For what types of phase diagram regions
would it be useful?

What points on a tie-line are used to determine the chemistry
(or composition) of the component phases?

What tool can be used to compute the relative amounts of
the component phases in a two-phase mixture? How does
this tool work?

What is a cored structure? Under what conditions is it
produced?

What is the difference between a cored structure and
macrosegregation?

What features in a phase diagram can be used to identify
three-phase reactions?

What is the general form of a eutectic reaction?

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.
35.

What is the general form of the eutectic structure?

Why are alloys of eutectic composition attractive for casting
and as filler metals in soldering and brazing?

What is a stoichiometric intermetallic compound, and how
would it appear in a temperature—composition phase dia-
gram? How would a nonstoichiometric intermetallic com-
pound appear?

What type of mechanical properties would be expected for
intermetallic compounds?

In what form(s) might intermetallic compounds be
undesirable in an engineering material? In what form(s)
might they be attractive?

What are the four single phases in the iron—iron carbide dia-
gram? Provide both the phase diagram notation and the
assigned name.

What features of austenite make it attractive for forming
operations? What features make it attractive as a starting
structure for many heat treatments?

What feature in the iron—carbon diagram is used to distin-
guish between cast irons and steels?

Which of the three-phase reactions in the iron—carbon dia-
gram is most important in understanding the behavior of
steels? Write this reaction in terms of the interacting phases
and their composition.

Describe the relative ability of iron to dissolve carbon in
solution when in the form of austenite (the elevated temper-
ature phase) and when in the form of ferrite at room
temperature.

What is pearlite? Describe its structure.

. What is a hypoeutectoid steel, and what structure will it assume

upon slow cooling? What is a hypereutectoid steel, and how
will its structure differ from that of a hypoeutectoid?

In addition to iron and carbon, what other element is present
in rather large amounts in cast iron?

What is carbon equivalent and how is it computed?

What are the two possible high-carbon phases in cast irons?
What features tend to favor the formation of each?

B PROBLEMS

. Obtain a binary (two-component) phase diagram for a sys-

tem not discussed in this chapter. Identify the following:
a. Single phase.

b. Three phase reaction.

c. Intermetallic compound.

. Copper and aluminum are both extremely ductile materials,

as evidenced by the manufacture of fine copper wire and alu-
minum foil. Equal weights of copper and aluminum are
melted together to produce an alloy and solidified in a pen-
cil-shaped mold to produce short-length rods approximately
% in. or 6.5 mm in diameter. These rods appear extremely

bright and shiny, almost as if they had been chrome-plated.

When dropped on a concrete floor from about waist height,

however, the rods shatter into a multitude of pieces, a behav-

ior similar to that observed with glass.

a. How might you explain this result? [Hint: Use the aluminum-
copper phase diagram provided in Figure 6-3 of this text to
determine the structure of 50-50 wt % alloy.]

b. Several of the high-strength aerospace aluminum alloys
are aluminum-copper alloys. Explain how the observa-
tions above might be useful in providing the desired prop-
erties in these alloys.
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Equilibrium Phase Diagrams and the Iron-Carbon System

Fish Hooks

he fish hook has been identified as one of the most

important tools in the history of man and dates back
a number of centuries. Early examples were made from
wood, bones, animal horn, seashells, and stone. As
technology developed, so did the fish hook. Copper
hooks were made in the Far East more than 7000 years
ago. Bronze and iron soon followed. Steel has now
become the material of preference, but hooks are
available in an enormous variety—sizes, shapes and
materials—with selection depending on the purpose and
preference of the fisherman.

To be successful, fish hooks must be super strong, but
not brittle—balancing both strength and flexibility.
Because they may find use in both fresh and salt water,
and are often placed in storage while wet, they must
possess a certain degree of corrosion resistance. The
points and barbs must be sharp and retain their
sharpness through use and handling.

The simple single hook contains a point (the sharp end
that penetrates the fish’s mouth), the barbs (backward
projections that secure the bait on the hook and
subsequently keeps the fish from unhooking), the bend
and shank (wire lengths that form the J-portion of the
hook), the gap (the specified distance between the legs of
the J portion), and the eye (the rounded closure at the end
of the hook where the fishing line is tied). Most hooks are
currently made from high-carbon steel, alloy steel, or
stainless steel. A wide variety of coatings are used to
provide corrosion resistance and a full spectrum of
appearances and colors.

1. Consider the manufacture of a fish hook beginning
with 1080 carbon steel wire. What forming operations

Anatomy of a Fish Hook

would you want to perform before subjecting the
material to a quench-and-temper hardening opera-
tion? Would it be best to sharpen the point before or
after hardening? Would your answer be different if
you were to sharpen by chemical removal instead of
mechanical grinding?

. If a stainless steel were to be used, what type of stain-

less would be best? Consider ferritic, austenitic, and
martensitic (described in Chapter 7). What are the
advantages and disadvantages of the stainless steel
option?

. A wide spectrum of coatings and surface treatments

have been applied to fish hooks. These have
included clear lacquer; platings of gold, tin, nickel,
and other metals; Teflon; and a variety of coloration
treatments involving chemical treatments, thermal
oxides, and others. Select several possible surface
treatments, and discuss how they might be applied
while (a) maintaining the sharpness of the point and
barbs and (b) preserving the mechanical balance of
strength and flexibility. At what stage of manufacture
should each of the proposed surface treatments be
performed?

. The geometry of the part may present some signifi-

cant problems to heat treatment and surface treat-
ment. For example, many small parts are plated by
tumbling in plating baths. Masses of fish hooks would
emerge as a tangled mass. Quantities of fish hooks
going into a quench tank might experience similar
problems. Consider the manufacturing sequences
proposed earlier, and discuss how they could be spe-
cifically adapted or performed on fish hooks.

(Wikimedia Commons and Mike Cline)
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HEAT TREATMENT
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6.2 PROCESSING HEAT TREATMENTS or Time-Temperature- Cold Treatment and Cryogenic
Transformation (T-T-T) Processing
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B 6.1 INTRODUCTION
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Diagrams
Tempering of Martensite

Continuous Cooling
Transformations

Jominy Test for Hardenability

Hardenability Considerations

Quenching and Quench Media

Design Concerns, Residual
Stresses, Distortion, and
Cracking

Techniques to Reduce Cracking
and Distortion

6.6 SURFACE HARDENING OF STEEL
Selective Heating Techniques
Techniques Involving Altered

Surface Chemistry
6.7 FURNACES
Furnace Types and Furnace
Atmospheres
Furnace Control
6.8 HEAT TREATMENT AND ENERGY

Case Study: A Carpenter’s Claw
Hammer

In the previous chapters, you were introduced to the interrelationships among the struc-
ture, properties, processing, and performance of engineering materials. Chapters 4 and
5 considered aspects of structure, while Chapter 3 focused on properties. In this chapter,
we begin to incorporate processing as a means of manipulating and controlling the
structure and the companion properties of materials.

Many engineering materials can be characterized not by a single set of properties
but by an entire spectrum of possibilities that can be selected and varied at will. Heat
treatment is the term used to describe the controlled heating and cooling of materials for
the purpose of altering their structures and properties. The same material can be made
weak and ductile for ease in manufactur, and then retreated to provide high strength
and good fracture resistance for use and application. Because both physical and
mechanical properties (such as strength, toughness, machinability, wear resistance, and
corrosion resistance) can be altered by heat treatment, and these changes can be
induced with no concurrent change in product shape, heat treatment is one of the most
important and widely used manufacturing processes.

Technically, the term heat treatment applies only to processes where the heating
and cooling are performed for the specific purpose of altering properties, but heating
and cooling often occur as incidental phases of other manufacturing processes, such as
hot forming or welding. The structure and properties of the material will be altered,
however, just as though an intentional heat treatment had been performed, and the
results can be either beneficial or harmful. For this reason, both the individual who
selects material and the person who specifies its processing must be fully aware of the
possible changes that can occur during heating or cooling activities. Heat treatment
should be fully integrated with other manufacturing processes if effective results are to
be obtained. To provide a basic understanding, this chapter will present both the theory
of heat treatment and a survey of the more common heat-treatment processes. Because
more than 90% of all heat treatment is performed on steel and other ferrous metals,
these materials will receive the bulk of our attention.
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B 6.2 PROCESSING HEAT TREATMENTS

FIGURE 6-1 Simplified
iron—carbon phase diagram for
steels with transition lines labeled
in standard notation as A;, As,
and A

The term heat treatment is often associated with those thermal processes that increase
the strength of a material, but the broader definition permits inclusion of another set of
processes that we will call processing heat treatments. These are often performed as a
means of preparing the material for fabrication. Specific objectives may be the improve-
ment of machining characteristics, the reduction of forming forces, or the restoration of
ductility to enable further processing.

EQUILIBRIUM DIAGRAMS AS AIDS

Most of the processing heat treatments involve rather slow cooling or extended times at
elevated temperatures. These conditions tend to approximate equilibrium, and the
resulting structures, therefore, can be reasonably predicted through the use of an equili-
brium phase diagram (presented in Chapter 4). These diagrams can be used to deter-
mine the temperatures that must be attained to produce a desired starting structure and
to describe the changes that will then occur upon subsequent cooling. It should be
noted, however, that these diagrams are for true equilibrium conditions, and any depar-
ture from equilibrium may lead to substantially different results.

PROCESSING HEAT TREATMENTS FOR STEEL

Because many of the processing heat treatments are applied to plain-carbon and low-
alloy steels, they will be presented here with the simplified iron—carbon equilibrium dia-
gram of Figure 5-11 serving as a reference guide. Figure 6-1 shows this diagram with the
key transition lines labeled in standard notation. The eutectoid line is designated by the
symbol A, and A3 designates the boundary between austenite and ferrite + austenite.!
The transition from austenite to austenite + cementite is designated as the A, line.

A number of process heat-treating operations have been classified under the gen-
eral term of annealing. These may be employed to reduce strength or hardness, remove
residual stresses, improve machinability, improve toughness, restore ductility, refine
grain size, reduce segregation, stabilize dimensions, or alter the electrical or magnetic
properties of the material. By producing a certain desired structure, characteristics can
be imparted that will be favorable to subsequent operations (such as machining or form-
ing) or applications. Because of the variety of anneals, it is important to designate the
specific treatment, which is usually indicated by a preceding adjective. The specific tem-
peratures, cooling rate, and details of the process will depend on the material being
treated and the objectives of the treatment.
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! Historically, an A, line once appeared between the A, and A5. This line designated the magnetic property
change known as the Curie point. Because this transition was later shown to be an atomic change, and not a
change in phase, the line was deleted from the equilibrium phase diagram without a companion relabeling.
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In the full annealing process, hypoeutectoid steels (less than 0.77% carbon) are
heated to 30 to 60°C (50 to 100°F) above the A3 temperature, held for sufficient time to
convert the structure to homogeneous single-phase austenite of uniform composition
and temperature, and then slowly cooled at a controlled rate through the A, tempera-
ture. Cooling is usually done in the furnace by decreasing the temperature by 10 to 30°C
(20 to 50°F) per hour to at least 30°C (50°F) below the A temperature. At this point, all
structural changes are complete, and the metal can be removed from the furnace and air
cooled to room temperature. The resulting structure is one of coarse pearlite (widely
spaced layers or lamellae) with excess ferrite in amounts predicted by the equilibrium
phase diagram. In this condition, the steel is quite soft and ductile.

The procedure to full-anneal a hypereutectoid alloy (greater than 0.77% carbon)
is basically the same, except that the original heating is only into the austenite plus
cementite region (30 to 60°C above the A;). If the material were to be slow cooled from
the all-austenite region, a continuous network of cementite may form on the grain
boundaries and make the entire material brittle. When properly annealed, a hyper-
eutectoid steel will have a structure of coarse pearlite with excess cementite in dispersed
spheroidal form.

While full anneals produce the softest and weakest properties, they are quite time
consuming, and considerable amounts of energy must be spent to maintain the elevated
temperatures required during soaking and furnace cooling. When maximum softness
and ductility are not required and cost savings are desirable, normalizing may be speci-
fied. In this process, the steel is heated to 60°C (100°F) above the A5 (hypoeutectoid) or
A (hypereutectoid) temperature, held at this temperature to produce uniform aus-
tenite, and then removed from the furnace and allowed to cool in still air. The resultant
structures and properties will depend on the subsequent cooling rate. Wide variations
are possible, depending on the size and geometry of the product, but fine pearlite with
excess ferrite or cementite is generally produced.

One should note a key difference between full annealing and normalizing. In the
full anneal, the furnace imposes identical cooling conditions at all locations within the
metal, which results in identical structures and properties. With normalizing, the cool-
ing will be different at different locations. Properties will vary between surface and inte-
rior, and different thickness regions will also have different properties. When
subsequent processing involves a substantial amount of machining that may be auto-
mated, the added cost of a full anneal may be justified, because it produces a product
with uniform machining characteristics at all locations.

If cold working has severely strain hardened a metal, it is often desirable to restore
the ductility, either for service or to permit further processing without danger of fracture.
This is often achieved through the recrystallization process described in Chapter 4.
When the material is a low-carbon steel (<0.25% carbon), the specific procedure is
known as a process anneal. The steel is heated to a temperature slightly below the A,
held long enough to induce recrystallization of the dominant ferrite phase, and then
cooled at a desired rate (usually in still air). Because the entire process is performed at
temperatures within the same phase region, the process simply induces a change in
phase morphology (size, shape, and distribution). The material is not heated to as high
a temperature as in the full anneal or normalizing process, so a process anneal is some-
what cheaper and tends to produce less scaling.

A stress-relief anneal may be employed to reduce the residual stresses in large
steel castings, welded assemblies, and cold-formed products. Parts are heated to tem-
peratures below the A (between 550 and 650°C or 1000 and 1200°F), held for a period
of time, and then slow cooled to prevent the creation of additional stresses. Times and
temperatures vary with the condition of the component, but the basic microstructure
and associated mechanical properties generally remain unchanged.

When high-carbon steels (>0.60% carbon) are to undergo extensive machining or
cold-forming, a heat treatment known as spheroidization is often employed. Here, the
objective is to produce a structure in which all of the cementite is in the form of small
spheroids or globules dispersed throughout a ferrite matrix. This can be accomplished
by a variety of techniques, including (1) prolonged heating at a temperature just below
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FIGURE 6-2 Graphical
summary of the process heat
treatments for steels on an
equilibrium diagram.
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the A, followed by relatively slow cooling; (2) prolonged cycling between temperatures
slightly above and slightly below the A; or (3) in the case of tool or high-alloy steels,
heating to 750 to 800°C (1400 to 1500°F) or higher and holding at this temperature for
several hours, followed by slow cooling.

Although the selection of a processing heat treatment often depends on the
desired objectives, steel composition strongly influences the choice. Process anneals are
restricted to low-carbon steels, and spheroidization is a treatment for high-carbon
material. Normalizing and full annealing can be applied to all carbon contents, but
even here, preferences are noted. Because different cooling rates do not produce a
wide variation of properties in low-carbon steels, the air cool of a normalizing treatment
often produces acceptable uniformity. For higher carbon contents, different cooling
rates can produce wider property variations, and the uniform furnace cooling of a full
anneal is often preferred. For plain-carbon steels, the recommended treatments are:
0t0 0.4% carbon—normalize; 0.4 to 0.6% carbon—full anneal; and above 0.6 % carbon —
spheroidize. Due to the effects of hardenability (to be discussed later in this chapter),
the transition between normalizing and full annealing for alloy steels is generally
lowered to 0.2% carbon.

Figure 6-2 provides a graphical summary of the process heat treatments.

HEAT TREATMENTS FOR NONFERROUS METALS

Most of the nonferrous metals do not have the significant phase transitions observed
in the iron—carbon system, and for them, the process heat treatments do not play such
a significant role. Aside from the strengthening treatment of precipitation hardening,
which is discussed later, the nonferrous metals are usually heat-treated for three pur-
poses: (1) to produce a uniform, homogeneous structure; (2) to provide stress relief;
or (3) to bring about recrystallization. Castings that have been cooled too rapidly can
possess a segregated solidification structure known as coring (discussed more fully in
Chapter 5). Homogenization can be achieved by heating to moderate temperatures
and then holding for a sufficient time to allow thorough diffusion to take place. Simi-
larly, heating for several hours at relatively low temperatures can reduce the internal
stresses that are often produced by forming, welding, or brazing. Recrystallization
(discussed in Chapter 4) is a function of the particular metal, the amount of prior
deformation, and the desired recrystallization time. In general, the more a metal has
been strained, the lower the recrystallization temperature or the shorter the time.
Without prior straining, however, recrystallization will not occur and heating will
only produce undesirable grain growth.
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B 6.3 HEAT TREATMENTS USED TO INCREASE STRENGTH
Six major mechanisms are available to increase the strength of metals:

1. Solid-solution strengthening
2. Strain hardening

3. Grain-size refinement

4. Precipitation hardening

5. Dispersion hardening

6. Phase transformations

While all of these may not be applicable to a given metal or alloy, these heat treatments
can often play a significant role in inducing or altering the final properties of a product.

In solid-solution strengthening, a base metal dissolves other atoms, either as sub-
stitutional solutions, where the new atoms occupy sites in the host crystal lattice, or as
interstitial solutions, where the new atoms squeeze into “‘holes’ between the atoms of
the base lattice. The amount of strengthening depends on the amount of dissolved sol-
ute and the size difference of the atoms involved. Because distortion of the host struc-
ture makes dislocation movement more difficult, the greater the size difference, the
more effective the addition.

Strain hardening (discussed in Chapter 4) produces an increase in strength by
means of plastic deformation under cold-working conditions.

Because grain boundaries act as barriers to dislocation motion, a metal with small
grains tends to be stronger than the same metal with larger grains. Thus, grain-size
refinement can be used to increase strength, except at elevated temperatures, where
grain growth can occur and grain boundary diffusion contributes to creep and failure.
It is important to note that grain-size refinement is one of the few processes that can
improve strength without a companion loss of ductility and toughness.

In precipitation hardening, or age hardening, strength is obtained from a nonequi-
librium structure that is produced by a three-step heat treatment. Details of this method
will be provided in Section 6.4.

Strength obtained by dispersing second-phase particles throughout a base mate-
rial is known as dispersion hardening. To be effective, the dispersed particles should be
stronger than the matrix, adding strength through both their reinforcing action and the
additional interfacial surfaces that present barriers to dislocation movement.

Phase transformation strengthening involves those alloys that can be heated to form
a single phase at elevated temperature and subsequently transform to one or more low
temperature phases upon cooling. When this feature is used to increase strength, the cool-
ing is usually rapid and the phases that are produced are usually of a nonequilibrium nature.

B 6.4 STRENGTHENING HEAT TREATMENTS
FOR NONFERROUS METALS

All six of the mechanisms just described can be used to increase the strength of non-
ferrous metals. Solid-solution strengthening can impart strength to single-phase materi-
als. Strain hardening can be quite useful if sufficient ductility is present. Alloys
containing eutectic structure exhibit considerable dispersion hardening. Among all of
the possibilities, however, the most effective strengthening mechanism for the non-
ferrous metals tends to be precipitation hardening.

PRECIPITATION OR AGE HARDENING

To be a candidate for precipitation hardening, an alloy system must exhibit solubility
that decreases with decreasing temperature, such as the aluminum-rich portion of the
aluminum-—copper system shown in Figure 6-3 and enlarged in Figure 6-4. Consider the
alloy with 4% copper, and use the phase diagram to determine its equilibrium structure.
Liquid metal cools through the alpha plus liquid region and solidifies into a single-phase
solid (a phase). At 1000°F, the full 4% of copper would be dissolved and distributed
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FIGURE 6-4 Enlargement of the solvus-line
region of the aluminum-copper equilibrium
diagram of Figure 6-3.

throughout the alpha-phase crystals. As the temperature drops, however, the maximum
solubility of copper in aluminum decreases from 5.65% at 1018°F to less than 0.2% at
room temperature. Upon cooling through the solvus (or solubility limit) line at 930°F,
the 4% copper alloy enters a two-phase region, and copper-rich theta-phase precipi-
tates begin to form and grow. (Note: Theta phase is actually a hard, brittle intermetallic
compound with the chemical formula of CuAl,). The equilibrium structure at room
temperature, therefore, would be an aluminum-rich alpha-phase structure with coarse
theta-phase precipitates, generally lying along alpha-phase grain boundaries where the
nucleation of second-phase particles can benefit from the existing interfacial surface.

Whenever two or more phases are present, the material exhibits dispersion
strengthening. Dislocations are confined to their own crystal and cannot cross interfa-
cial boundaries. Therefore, each interface between alpha-phase and the theta-phase
precipitate is a strengthening boundary. Take a particle of theta precipitate, cut it into
two halves, and separate the segments. Forming the two half-size precipitates has just
added two additional interfaces, corresponding to both sides of the cut. If the particle
were to be further cut into quarters, eighths, and sixteenths, we would expect strength
to increase as we continually add interfacial surface. Ideally, we would like to have
millions of ultra-small particles dispersed throughout the alpha-phase structure. When
we try to form this more desirable nonequilibrium configuration (nonequilibrium
because energy is added each time new interfacial surface is created), we gain an
unexpected benefit that adds significant strength. This new nonequilibrium treatment is
known as age hardening or precipitation hardening.

The process of precipitation hardening is actually a three-step sequence. The first
step, known as solution treatment, erases the room-temperature structure and redis-
solves any existing precipitate. The metal is heated to a temperature above the solvus
and held in the single-phase region for sufficient time to redissolve the second phase
and uniformly distribute the solute atoms (in this case, copper).

If the alloy were slow cooled, the second-phase precipitate would nucleate and the
material would revert back to a structure similar to equilibrium. To prevent this from



FIGURE 6-5 Two-dimensional
illustrations depicting (a) a
coherent precipitate cluster
where the precipitate atoms are
larger than those in the host
structure and (b) its companion
overaged or discrete second-
phase precipitate particle. Parts
(c) and (d) show equivalent
sketches where the precipitate
atoms are smaller than the host.
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(c)

happening, age hardening alloys are quenched from their solution treatment tempera-
ture. The rapid-cool quenching, usually in water, suppresses diffusion, trapping the dis-
solved atoms in place. The result is a room-temperature supersaturated solid solution.
For the alloy discussed earlier, the alpha phase would now be holding 4% copper in
solution at room temperature —far in excess of its equilibrium maximum of <0.2%. In
this nonequilibrium quenched condition, the material is often soft and can be easily
straightened, formed, or machined.

If the supersaturated material is then reheated to a temperature where atom
movement (diffusion) can occur but still within the two-phase region, the alloy will
attempt to form its equilibrium two-phase structure as the excess solute atoms precipi-
tate out of the supersaturated matrix. This stage of the process, known as aging, is actu-
ally a continuous transition. Solute atoms begin to cluster at locations within the parent
crystal, still occupying atom sites within the original lattice. Various transitions may
then occur, leading ultimately to the formation of distinct second phase particles with
their own characteristic chemistry and crystal structure.

A key concept in the aging sequence is that of coherency or crystalline continuity.
If the clustered solute atoms continue to occupy lattice sites within the parent structure,
the crystal planes remain continuous in all directions, and the clusters of solute atoms
(which are of different size and possibly different valence from the host material) tend
to distort or strain the adjacent lattice for a sizable distance in all directions, as illus-
trated two-dimensionally in Figures 6-5a and 6-5c. For this reason, each small cluster
appears to be much larger with respect to its ability to interfere with dislocation motion
(i.e., impart strength). When the clusters reach a certain size, however, the associated
strain becomes so great that the clusters can lower their energy by breaking free
from the parent structure to form distinct second-phase particles with their own crystal
structure and well-defined interphase boundaries, as shown in Figure 6-5b and 6-5d.
Coherency is lost and the strengthening reverts to dispersion hardening, where disloca-
tion interference is limited to the actual size of the particle. Strength and hardness
decrease, and the material is said to be overaged.

Aging can be performed at any temperature within the two-phase region where
diffusion is sufficiently rapid to form the desired precipitate in a reasonable time.
Figure 6-6 presents a family of aging curves for the 4% copper-96% aluminum alloy.
For higher aging temperatures, the peak properties are achieved in a shorter time, but
the peak hardness (or strength) is not as great as can be achieved at lower aging temper-
atures. The higher peak strength at lower aging temperature can be attributed to the
combined effect of the increased amount of precipitate that forms at lower temperature
(use a lever-law calculation as described in Chapter 5) and the fineness of the precipi-
tate that forms when diffusion is more limited. Actual selection of the aging conditions
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FIGURE 6-6 Aging curves for
the Al-4%Cu alloy at various
temperatures showing peak
strengths and times of
attainment. (Adapted from
Journal of the Institute for Metals,
Vol. 79, p. 321, 1951)
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(temperature and time) is a decision that is made on the basis of desired strength, avail-
able equipment, and production constraints.

The aging step can be used to divide precipitation-hardening materials into two
types: (1) natural aging materials, where room temperature is sufficient to move the
unstable supersaturated solution toward the stable two-phase structure, and (2) artifi-
cial aging materials, where elevated temperatures are required to provide the necessary
diffusion. With natural aging materials, such as aluminum alloy rivets, some form of
refrigeration may be required to retain the after-quench condition of softness. Upon
removal from the refrigeration, the rivets are easily headed, but progress to full strength
after several days at room temperature.

Because artificial aging requires elevated temperature to provide diffusion, the
aging process can be stopped at any time by simply dropping the temperature (quench-
ing). Diffusion is halted, and the current structure and properties are “locked-in,” pro-
vided that the material is not subsequently exposed to elevated temperatures that
would reactivate diffusion. When diffusion is possible, the material will always attempt
to revert to its equilibrium structure! According to Figure 6-6, if the 4% copper alloy
were aged for one day at 375°F and then quenched to prevent overaging, the metal
would attain a hardness of 94 Vickers (and the associated strength), and retain these
properties throughout its useful lifetime provided subsequent diffusion did not occur.
If a higher strength is required, a lower temperature and longer time could be selected.

Precipitation hardening is an extremely effective strengthening mechanism and is
responsible for the attractive engineering properties of many aluminum, copper, mag-
nesium, and titanium alloys. In many cases, the strength can more than double that
observed upon conventional cooling. While other strengthening methods are tradition-
ally used with steels and cast irons, those methods have been combined with age hard-
ening to produce some of the highest strength ferrous alloys, such as the maraging steels
and precipitation hardenable stainless.

B 6.5 STRENGTHENING HEAT TREATMENTS FOR STEEL

Iron-based metals have been heat treated for centuries, and today more than 90% of all
heat-treatment operations are performed on steel. The striking changes that resulted
from plunging red-hot metal into cold water or some other quenching medium were
awe-inspiring to the ancients. Those who performed these acts in the making of swords
and armor were looked upon as possessing unusual powers, and much superstition
arose regarding the process. Because quality was directly related to the act of quench-
ing, great importance was placed on the quenching medium that was used. Urine, for
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example, was found to be a superior quenching medium, and that from a red-haired boy
was deemed particularly effective, as was that from a 3-year-old goat fed only ferns.

It has only been within the last century that the art of heat treating has begun to
turn into a science. One of the major barriers to understanding was the fact that the
strengthening treatments were nonequilibrium in nature. Minor variations in cooling
often produced major variations in structure and properties.

ISOTHERMAL-TRANSFORMATION (I-T) OR TIME-TEMPERATURE-
TRANSFORMATION (T-T-T) DIAGRAMS

A useful aid to understanding nonequilibrium heat-treatment processes is the isothermal-
transformation (I-T) or time-temperature-transformation (T-T-T) diagram. The informa-
tion in this diagram is obtained by heating thin specimens of a particular steel to produce
elevated-temperature uniform-chemistry austenite, “‘instantaneously’’ quenching to a
temperature where austenite is no longer the stable phase, holding for variable periods of
time at this new temperature, and observing the resultant structures via metallographic
photomicrographs (i.e., optical microscope examination).

For simplicity, consider a carbon steel of eutectoid composition (0.77% carbon)
and its T-T-T diagram shown as Figure 6-7. Above the A; temperature of 1341°F
(727°C), austenite is the stable phase and will persist regardless of the time. Below this
temperature, the face-centered austenite would like to transform to body-centered fer-
rite and carbon-rich cementite. Two factors control the rate of transition: (1) the moti-
vation or driving force for the change and (2) the ability to form the desired products
(i.e., the ability to redistribute the atoms through diffusion). The region below 1341°F
in Figure 6-7 can be interpreted as follows. Zero time corresponds to a sample ““instan-
taneously” quenched to its new lower temperature. The structure is usually unstable
austenite. As time passes (moving horizontally across the diagram), a line is encoun-
tered representing the start of transformation and a second line indicating completion
of the phase change. At elevated temperatures (just below 1341°F), atom movement
within the solid (diffusion) is rapid, but the rather sluggish driving force dominates the
kinetics. At a low temperature, the driving force is high but diffusion is quite limited.
The kinetics of phase transformation are most rapid at a compromise intermediate
temperature, resulting in the characteristic C-curve shape. The portion of the C that
extends farthest to the left is known as the nose of the T-T-T or I-T diagram.

If the transformation occurs between the A; temperature and the nose of the curve,
the departure from equilibrium is not very great. The austenite transforms into alternat-
ing layers of ferrite and cementite, producing the pearlite structure that was introduced
with the equilibrium phase diagram description in Chapter 5. Because the diffusion rate
is greater at higher temperatures, pearlite produced under those conditions has a larger
lamellar spacing (separation distance between similar layers). The pearlite formed near
the A; temperature is known as coarse pearlite, while the closer-spaced structures
formed near the nose are called fine pearlite. Because the resulting structures and proper-
ties are similar to those of the near-equilibrium process heat treatments, the constant-
temperature transformation procedure just described is called an isothermal anneal.

If the austenite is quenched to a temperature between the nose and the tempera-
ture designated as M, a different structure is produced. These transformation condi-
tions are a significant departure from equilibrium, and the amount of diffusion required
to form the continuous layers within pearlite is no longer available. The metal still has
the goal of changing crystal structure from face-centered austenite to body-centered
ferrite, with the excess carbon being accommodated in the form of cementite. The
resulting structure, however, does not contain cementite layers but rather a dispersion
of discrete cementite particles dispersed throughout a matrix of ferrite. Electron
microscopy may be required to resolve the carbides in this structure, which is known as
bainite. Because of the fine dispersion of carbide, it is stronger than fine pearlite, and
ductility is retained because the soft ferrite is the continuous matrix.

If austenite is quenched to a temperature below the M, line, a different type of
transformation occurs. The steel still wants to change its crystal structure from face-
centered cubic to body-centered cubic, but it can no longer expel the amount of carbon
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FIGURE 6-7 Isothermal
transformation diagram (or T-T-T
diagram) for eutectoid
composition steel. Structures
resulting from transformation at
various temperatures are shown
as insets. (Courtesy United States
Steel Corporation)
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necessary to form ferrite. Responding to the severe nonequilibrium conditions, it sim-
ply undergoes an abrupt change in crystal structure with no significant movement of
carbon. The excess carbon becomes trapped, distorting the structure into a body-
centered tetragonal crystal lattice (distorted body-centered cubic), with the amount of
distortion being proportional to the amount of excess carbon. The new structure, shown
in Figure 6-8, is known as martensite, and, with sufficient carbon, it is exceptionally
strong, hard, and brittle. The highly distorted lattice effectively blocks the dislocation
motion that is necessary for metal deformation.

As shown in Figure 6-9, the hardness and strength of steel with the martensitic
structure are strong functions of the carbon content. Below 0.10% carbon, martensite is
not very strong. Because no diffusion occurs during the transformation, higher-carbon
steels form higher-carbon martensite, with an increase in strength and hardness and a
concurrent decrease in toughness and ductility. From 0.3 to 0.7% carbon, strength and
hardness increase rapidly. Above 0.7% carbon, however, the rise is far less dramatic
and may actually be a decline, a feature related to the presence of retained austenite
(to be described below).
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Unlike the other structure transformations, the amount of martensite that forms is
not a function of time, but depends only on the lowest temperature that is encountered
during the quench. This feature is shown in Figure 6-10 where the amount of martensite is
recorded as a function of temperature. Returning to the C-curve of Figure 6-7, there is a
temperature designated as Msy, where the structure is 50% martensite and 50%
untransformed austenite. At the lower My, temperature, the structure has become 90%
martensite. If no further cooling were to occur, the untransformed austenite could remain
within the structure. This retained austenite can cause loss of strength or hardness, dimen-
sional instability, and cracking or brittleness. Because many quenches are to room temper-
ature, retained austenite becomes a significant problem when the martensite finish, or
100% martensite, temperature lies below room temperature. Figure 6-11 presents the
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FIGURE 6-12 Isothermal
transformation diagram for a
hypoeutectoid steel (1050)
showing the additional region for
primary ferrite.
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martensite start and martensite finish temperatures for a range of carbon contents. Higher
carbon contents, as well as most alloy additions, decrease all martensite-related tempera-
tures, and materials with these chemistries may require refrigeration or a quench in dryice
or liquid nitrogen to produce full hardness.”

It is important to note that all of the transformations that occur below the 4,
temperature are one-way transitions (austenite to something). The steel is simply
seeking to change its crystal structure, and the various products are the result of this
change. It is impossible, therefore, to convert one transformation product to another
without first reheating to above the A; temperature to again form the face-centered-
cubic austenite.

T-T-T diagrams can be quite useful in determining the kinetics of transformation
and the nature of the products. The left-hand curve shows the elapsed time (at constant
temperature) before the transformation begins, and the right-hand curve shows the
time required to complete the transformation. If hypo- or hypereutectoid steels were
considered (carbon contents below or above 0.77%), additional regions would have to
be added to the diagram to incorporate the primary equilibrium phases that form below
the A; or A, temperatures. These regions would not extend below the nose, however,
because the nonequilibrium bainite and martensite structures can exist with variable
amounts of carbon, unlike the near-equilibrium pearlite. Figure 6-12 shows the T-T-T
curve for a 0.5% carbon hypoeutectoid steel, showing the additional region for the pri-
mary ferrite.

TEMPERING OF MARTENSITE

Despite its great strength, medium- or high-carbon martensite in its as-quenched form
lacks sufficient toughness and ductility to be a useful engineering structure. A subse-
quent heating, known as tempering, is usually required to impart the necessary ductility
and fracture resistance and relax undesirable residual stresses. As with most property-
changing processes, however, there is a concurrent drop in other features, most notably
strength and hardness.

2With a quench to room temperature, carbon steels with less than 0.5% carbon generally have less than 2%
retained austenite. As the amount of carbon increases, so does the amount of retained austenite, rising to
about 6% at 0.8% carbon and to more than 30% when the carbon content is 1.25%.
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Comparison of Age Hardening with the Quench-and-Temper Process

Heat Treatment

Step 1

Step 2

Step 3

Age hardening

Quench and temper for steel

Solution treatment. Heat into the
stable single-phase region
(above the solvus) and hold to
form a uniform-chemistry single-
phase solid solution.

Austenitize. Heat into the stable
single-phase region (above the
Ajzor A.,) and hold to form a
uniform-chemistry single-phase
solid solution (austenite).

Quench. Rapid cool to form a
nonequilibrium supersaturated
single-phase solid solution
(crystal structure remains
unchanged, material is soft and
ductile).

Quench. Rapid cool to form a
nonequilibrium supersaturated
single-phase solid solution
(crystal structure changes to
body-centered martensite, which

Age. A controlled reheat in the
stable two-phase region (below
the solvus). The material moves
toward the formation of the
stable two-phase structure,
becoming stronger and harder.
The properties can be “frozen
in”’ by dropping the temperature
to stop further diffusion.

Temper. A controlled reheat in
the stable two-phase region
(below the A;). The material
moves toward the formation of
the stable two-phase structure,

is hard but brittle). becoming weaker but tougher.
The properties can be “frozen
in” by dropping the temperature

to stop further diffusion.

Martensite is a supersaturated solid solution of carbon in alpha ferrite and, there-
fore, is a metastable structure. When heated into the range of 100 to 700°C (200 to
1300°F), the excess carbon atoms are rejected from solution, and the structure moves
toward a mixture of the stable phases of ferrite and cementite. This decomposition of
martensite into ferrite and cementite is a time- and temperature-dependent, diffusion-
controlled phenomenon with a continuous spectrum of intermediate and transitory
structures.

Table 6-1 presents a chart-type comparison of the previously discussed precipita-
tion hardening process and the austenitize-quench-and-temper sequence. Both are
nonequilibrium heat treatments that involve three distinct stages. In both, the first step
is an elevated temperature soaking designed to erase the prior structure, redissolving
material to produce a uniform-chemistry, single-phase starting condition. Both treat-
ments follow this soak with a rapid-cool quench. In precipitation hardening, the pur-
pose of the quench is to prevent nucleation of the second phase, thereby producing a
supersaturated solid solution. This material is usually soft, weak, and ductile, with good
toughness. Subsequent aging (reheating within the temperatures of the stable two-
phase region) allows the material to move toward the formation of the stable two-phase
structure and sacrifices toughness and ductility for an increase in strength. When the
proper balance is achieved, the temperature is dropped, diffusion ceases, and the cur-
rent structure and properties are preserved —provided that the material is never subse-
quently exposed to any elevated temperature that would reactivate diffusion and
permit the structure to move further toward equilibrium.

For steels, the quench induces a phase transformation as the material changes
from the face-centered-cubic austenite to the distorted body-centered structure known
as martensite. The quench product is again a supersaturated, single-phase solid solu-
tion, this time of carbon in iron, but the associated properties are the reverse of precipi-
tation hardening. Martensite is strong and hard, but relatively brittle. When the
material is tempered (reheated to a temperature within the stable two-phase region,
i.e., below the A temperature), strength and hardness are sacrificed for an increase in
ductility and toughness. Figure 6-13 shows the final properties of a steel that has been
tempered at a variety of temperatures. During tempering, diffusion enables movement
toward the stable two-phase structure, and a drop in temperature can again halt diffu-
sion and lock in properties. By quenching steel to form martensite and then tempering it
at various temperatures, an infinite range of structures and corresponding properties
can be produced. This procedure is known as the quench-and-temper process and the
product, which offers an outstanding combination of strength and toughness, is called
tempered martensite.
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FIGURE 6-13 Properties of an
AISI 4140 steel that has been
austenitized, oil-quenched, and
tempered at various
temperatures. (Adapted from
Engineering Properties of Steel,
ASM International, Materials Park,
OH, 1982)
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CONTINUOUS COOLING TRANSFORMATIONS

While the T-T-T diagrams provide considerable information about the structures
obtained through nonequilibrium thermal processing, the assumptions of instantaneous
cooling followed by constant temperature transformation rarely match reality. Actual
parts generally experience continuous cooling from elevated temperature, and a dia-
gram showing the results of this type of cooling at various rates would be far more use-
ful. What would be the result if the temperature were to be decreased at a rate of 500°F
per second, S0°F per second, or 5°F per second?

A continuous-cooling-transformation (C-C-T) diagram, like the one shown in
Figure 6-14, can provide answers to these questions and numerous others. If the cooling
is sufficiently fast (dashed curve A), the structure will be martensite. The slowest cool-
ing rate that will produce a fully martensitic structure is referred to as the “critical cool-
ing rate.” Slow cooling (curve D) generally produces coarse pearlite along with a
possible primary phase. Intermediate rates usually result in mixed structures, because
the time at any one temperature is usually insufficient to complete the transformation.
If each structure is regarded as providing a companion set of properties, the wide range
of possibilities obtainable through the controlled heating and cooling of steel becomes
even more evident.

JOMINY TEST FOR HARDENABILITY

The C-C-T diagram shows that different cooling rates will produce different structures
each with their own associated properties. While the details of the C-C-T diagram
will change with material chemistry, in all cases there exists a general relation of the
following form:

Material 4+ Cooling rate — Structure — Properties
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For a given material, the C-C-T diagram (if available) can provide the desired link
between cooling rate and structure. Individuals whose focus is on use and application,
however, are often more interested in the resulting properties and are less concerned
with the structures that produce them. For these individuals, the Jominy end-quench
hardenability test’ and associated diagrams provide another useful tool, which further
expands our understanding of nonequilibrium heat treatment. In this test, depicted
schematically in Figure 6-15, a standard specimen (1 in. diameter and 4 in. long)
is heated to austenitizing temperature and then quenched on one end. The quench is
standardized by specifying the fluid medium (water at 75°F), the internal nozzle diame-
ter (}in.), the rate of water flow (that producing a 2-1-in. vertical fountain), and the gap
between the nozzle and the specimen (% in.). Because none of the water contacts the side
of the specimen, all cooling is directional, and an entire spectrum of cooling rates is
produced along the length of the bar. One end sees a rapid-cool quench, while the other
is essentially air-cooled. Because the thermal conductivity of steel does not change over
the normal ranges of carbon and alloy additions, a characteristic cooling rate can be
assigned to each location along the length of the standard-geometry specimen.

After the test bar has cooled to room temperature, a flat region is ground along
opposite sides and Rockwell C hardness readings are taken along the length (every 1% in.
for the first inch, every é in. for the next inch, and every % in. for the remaining length).
The resulting data are then plotted as shown in Figure 6-16. The hardness values are
taken at specific positions, and because the cooling rate is known for each location within
the bar, the hardnesses, therefore, are indirectly correlated with the cooling rate that
produced them. Because hardness is also an indicator of strength, we have experimen-
tally linked the entire spectrum of cooling rates to their resultant strengths.

Application of the test then assumes that equivalent cooling conditions will
produce equivalent results. If the cooling rate is known for a specific location within a
part (from experimentation or theory), the properties at that location can be predicted
to be the same as those at the Jominy test bar location with the same cooling rate.
Conversely, if specific properties are required, the necessary cooling rate can be deter-
mined. Should the cooling rates be restricted by either geometry or processing limita-
tions, various materials can be compared and a satisfactory alloy selected. Figure 6-17
shows the Jominy curves for several engineering steels. Because differences in chemical

3 This test is described in detail in the following standards: ASTM A255, SAE J406, DIN 50191, and ISO 642.
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FIGURE 6-16 Typical hardness
distribution along a Jominy test
specimen.

CHAPTER 6  Heat Treatment

60
\\ Hardness tests
50 Jominy bar
g
| /
@
© 40[eee o\oomm»»mmmm o 000000
° \
Ky . \
30 N
L‘L‘N
> Quenched end
ool Loy Lo Lo b b b g Ly |
0 4 8 12 16 20 24 28 32 116"
T T [T T A I T M T NI AN A B |
0 20 40 60 80 100 mm.
Distance from quenched end
Millimeters
0 10 20 30 40 50
(2]
[%2]
(0]
c
®
@©
<
8)
T
2
4
[5]
o)
o
007 e 1040
""""""""""" FIGURE 6-17 Jominy hardness
10 ‘ ‘ ‘ curves for engineering steels with
0 8 16 24 32

the same carbon content, but
varying types and amounts of
alloy elements.

Sixteenths of an inch
Distance from quenched end of Jominy specimen

composition can exist between heats of the same grade of steel, hardenability data are
often presented in the form of bands, where the upper curve corresponds to the maxi-
mum expected hardness and the lower curve to the minimum. The data for actual heats
should then fall between these two extremes.

HARDENABILITY CONSIDERATIONS

Several key effects must be considered as we seek to understand the heat treatment of
steel: (1) the effect of carbon content, (2) the effect of alloy additions, and (3) the effect
of various quenching conditions. The first two relate to the material being treated and
the third to the heat-treatment process.

Hardness is a mechanical property related to strength and is a strong function of
the carbon content of a steel and the particular microstructure. With different heat
treatments, the same steel can have different hardness values. Hardenability is a mea-
sure of the depth to which full hardness can be obtained under a normal hardening cycle
and is related primarily to the amounts and types of alloying elements. Hardenability,
therefore, is a material property dependent upon chemical composition. In Figure 6-17,
all of the steels have the same carbon content, but they differ in the type and amounts of
alloy elements. The maximum hardness, which occurs on the quenched end, is the same
in all cases, but the depth of hardening (or the way hardness varies with distance from
the quenched end) varies considerably. Figure 6-18 shows Jominy test results for steels
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containing the same alloying elements but variable amounts of carbon. Note the change
in peak hardness as carbon content is increased.

The results of a heat-treat operation depend on both the hardenability of the
metal and the rate of heat extraction. The primary reason for adding alloy elements to
commercial steels is to increase their hardenability, not to improve their strength. Steels
with greater hardenability can achieve a desired level of strength or hardness with
slower rates of cooling, and, for this reason, can be completely hardened in thicker sec-
tions. Slower cooling also serves to reduce the amount of quench-induced distortion
and the likelihood of quench cracking.

An accurate determination of need is required if steels are to be selected for spe-
cific applications. Strength tends to be associated with carbon content, and a general
rule is to select the lowest possible level that will meet the specifications. Because heat
can be extracted only from the surface of a metal, the size of the piece and the depth of
required hardening set the conditions for hardenability and quench. For a given quench
condition, different alloys will produce different results. Because alloy additions
increase the cost of a material, it is best to select only what is required to ensure compli-
ance with specifications. Money is often wasted by specifying an alloy steel for an appli-
cation where a plain carbon steel, or a steel with lower alloy content (less costly), would
be satisfactory. When greater depth of hardness is required, another alternative is to
modify the quench conditions so that a faster cooling rate is achieved. Quench changes
may be limited, however, by cracking or warping problems, and other considerations
relating to the size, shape, complexity, and desired precision of the part being treated.

QUENCHING AND QUENCH MEDIA

Quenchants are selected to provide the cooling rates required to produce the desired
structure and properties (such as hardness, strength and toughness) in the size and
shape part being treated. Quench media vary in their effectiveness, and one can best
understand the variation by considering the three stages of quenching. Let us begin
with a piece of hot metal being inserted into a tank of liquid quenchant. If the tempera-
ture of the metal is above the boiling point of the quenchant, the liquid adjacent to the
metal will vaporize and form a thin gaseous layer between the metal and the liquid.
Cooling is slow through this vapor jacket (first stage) because the gas has an insulating
effect and heat transfer is largely through radiation. Bubbles soon nucleate, however,
and break the jacket. New liquid contacts the hot metal, vaporizes (removing its heat of
vaporization from the metal), forms another bubble, and the process continues.
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Because large quantities of heat are required to vaporize a liquid, this second stage of
quenching (or nucleate-boiling phase) produces rapid rates of cooling down to the boil-
ing point of the quenchant. Below this temperature, vaporization can no longer occur.
Heat transfer must now take place by conduction across the solid-liquid interface,
aided by convection or stirring within the liquid. The slower cooling of this third stage
of quenching is observed from the boiling point down to room temperature. Flow or
agitation (flowing the liquid over the metal surface or moving the metal through the
liquid) can assist in all three stages of cooling by helping to break through the vapor
jacket, remove bubbles, or assist with convection. Various liquids offer different heats
of vaporization, viscosities and boiling points, and the quenches can be further tailored
by varying the temperature of the liquid.

Water is a fairly effective quenching medium because of its high heat of vaporiza-
tion, and the fact that the second stage of quenching extends down to 100°C (212°F), usu-
ally well into the temperatures for martensite formation. Water is also cheap, readily
available, easily stored, nontoxic, nonflammable, smokeless, and easy to filter and pump.

Agitation is usually recommended with a water quench, however, because the
clinging tendency of the bubbles may cause soft spots on the metal. Other problems
associated with a water quench include its oxidizing nature (i.e., its corrosiveness) and
the tendency to produce excessive distortion and possible cracking.

While brine (salt water with 5-7% sodium chloride or calcium chloride) has a sim-
ilar heat of vaporization and boiling point to water, it produces more rapid cooling
because the salt nucleates bubbles, forcing a quick transition through the vapor jacket
stage. Unfortunately, the salt in a brine quench also tends to accelerate corrosion prob-
lems for both the pieces being treated and the quenching equipment. Different types
of salts can be used, and various degrees of agitation or spraying can be used to adjust
the effectiveness of the quench. Alkaline or caustic solutions, involving 5 to 10%
sodium or potassium hydroxide, are similar to the brines. (Note: Because of all of the
dissolved salts, the urines cited in quenching folklore are actually quite similar to
the brines of today.)

If a slower cooling rate is desired, oil quenches are often utilized. Various oils are
available that have high flash points and different degrees of quenching effectiveness.
Because the boiling points can be quite high, the transition to third-stage cooling usually
precedes the martensite start temperature. The slower cooling through the M,-to-M;
martensite transformation leads to a milder temperature gradient within the piece,
reduced distortion, and reduced likelihood of cracking. Heating the oil actually
increases its cooling ability, because the reduced viscosity assists bubble formation and
removal. Problems associated with oil quenchants include water contamination, smoke,
fumes, spill and disposal problems, and fire hazard. In addition, quench oils tend to be
somewhat expensive.

Quite often, there is a need for a quenchant that will cool more rapidly than the
oils, but slower than water or brine. To fill this gap, a number of water-based polymer
quench solutions (also called synthetic quenchants) have been developed. Tailored
quenchants can be produced by varying the concentrations of the components (such as
liquid organic polymers, corrosion inhibitors, and water) and adjusting the operating
temperature and amount of agitation. The polymer quenchants provide extremely uni-
form and reproducible results, are less corrosive than water and brine, are nontoxic, and
are less of a fire hazard than oils (no fires, fumes, smoke, or need for air pollution control
apparatus). Distortion and cracking are less of a problem because the boiling point can
be adjusted to be above the martensite start temperature. In addition, the polymer-rich
film that forms initially on the hot metal part serves to modify the cooling rate.

If slow cooling is required, molten salt baths can be employed to provide a
medium where the quench goes directly to the third stage of cooling. Still slower cooling
can be obtained by cooling in still air, burying the hot material in sand, or a variety of
other methods.

High-pressure gas quenching uses a stream of flowing gas to extract heat, and the
cooling rates can be adjusted by controlling the gas velocity and pressure. Results are
comparable to oil quenching, with far fewer environmental and safety concerns. From
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an environmental perspective, vegetable oils may also be attractive quenchants. They
are biodegradable, offer low toxicity, and are a renewable resource.

DESIGN CONCERNS, RESIDUAL STRESSES, DISTORTION,

AND CRACKING

Product design and material selection play important roles in the satisfactory and eco-
nomical heat treatment of parts. Proper consideration of these factors usually leads to
simpler, more economical, and more reliable products. Failure to relate design and
materials to heat-treatment procedures usually produces disappointing or variable
results and may lead to a variety of service failures.

From the viewpoint of heat treatment, undesirable design features include
(1) nonuniform sections or thicknesses, (2) sharp interior corners, and (3) sharp exterior
corners. Because these features often find their way into the design of parts, the
designer should be aware of their effect on heat treatment. Undesirable results may
include nonuniform structure and properties, undesirable residual stresses, cracking,
warping, and dimensional changes.

Heat can only be extracted from a piece through its exposed surfaces. Therefore,
if the piece to be hardened has a nonuniform cross section, any thin region will cool
rapidly and may fully harden, while thick regions may harden only on the surface, if at
all. The shape that might be closest to ideal from the viewpoint of quenching would be a
doughnut. The uniform cross section with high exposed surface area and absence of
sharp corners would be quite attractive. Because most shapes are designed to perform a
function, however, compromises are usually necessary.

Residual stresses are the often-complex stresses that are present within a body,
independent of any applied load. They can be induced in a number of ways, but the
complex dimensional changes that can occur during heat treatment are a primary cause.
Thermal expansion during heating and thermal contraction during cooling are well-
understood phenomena, but when these occur in a nonuniform manner, the results can
be extremely complex. In addition, the various phases and structures that can exist
within a material usually possess different densities. Volume expansions or contractions
accompany any phase transformation. For example, when austenite transforms to
martensite, there is a volume expansion of up to 4%. Transformations to ferrite, pearl-
ite, or other room-temperature structure also involve volume expansions but of a
smaller magnitude.

If all of the temperature changes occurred uniformly throughout a part, all of the
associated dimensional changes would occur simultaneously and the resultant product
would be free of residual stresses. Most of the parts being heat-treated, however, expe-
rience nonuniform temperatures during the cooling or quenching operation. Consider
a block of hot aluminum being cooled by water sprays from top and bottom. For
simplicity, let us model the block as a three-layer sandwich, as in the top sequence of
Figure 6-19. At the start of the quench, all layers are uniformly hot. As the water spray
begins, the surface layers cool and contract, but the center layer does not experience the
quench and remains hot. Because the part is actually one piece, however, the various
layers must accommodate each other. The contracting surface layers exert compressive
forces on the hot, weak interior, causing it to also contract, but by plastic deformation
not thermal contraction. As time passes, the interior now cools and wants to thermally
contract but finds itself sandwiched between the cold, strong surface layers. It pulls on
the surface layers, placing them in compression, while the surface layers restrict its
movement, creating tension in the interior. While the net force is zero (because there
is no applied load), counterbalancing tension and compression stresses exist within
the product.

Let us now change the material to steel and repeat the sequence. When heated, all
three layers become hot, face-centered-cubic austenite, as shown in the bottom
sequence of Figure 6-19. Upon quenching, the surface layers transform to martensite
(the structure changes to body-centered tetragonal) and expand! The expanding
surfaces deform the soft, weak (and still hot), austenite center, which then cools and
wants to expand as it undergoes the crystal structure change to martensite or another
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FIGURE 6-19 Three-layer

model of a plate undergoing cooling: upper sequence depicts a material such as aluminum that

contracts upon cooling while the bottom sequence depicts steel, which expands during the cooling-induced phase

transformation.

FIGURE 6-20 (a) Shape
containing nonuniform sections
and a sharp interior corner that
may crack during quenching.
This is improved by using a large
radius to join the sections.

(b) Original design containing
sharp corner holes, which can
be further modified to produce
more uniform sections.

body-centered, room-temperature product. The hard, strong surface layers hold it back,
placing the center in compression, while the expanding center tries to stretch the surface
layers, producing surface tension. If the tension at the surface becomes great enough,
cracking can result, a phenomenon known as quench cracking. One should note that for
the rapid quench conditions just described, aluminum will never quench crack because
the surface is in compression, but the steel might, because the residual stresses are
reversed. If the cooling conditions were not symmetrical, there might be more contrac-
tion or expansion on one side, and the block might warp. With more complex shapes
and the resultant nonuniform cooling, the residual stresses induced by heat treatment
can be extremely complex.

Var