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A real-world example of important microstructural features at different length-scales, resulting from the sophisticated synthesis
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alloys (for engine blocks) in relation to the properties affected and performance are shown. The materials science and engineering
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Preface

This book, Essentials of Materials Science and Engineering Second Edition, is a direct
result of the success of the Fifth Edition of The Science and Engineering of Materials,
published in 2006. We received positive feedback on both the contents and the in-
tegrated approach we used to develop materials science and engineering foundations by
presenting the student with real-world applications and problems.

This positive feedback gave us the inspiration to develop Essentials of Materials
Science and Engineering. The main objective of this book is to provide a concise over-
view of the principles of materials science and engineering for undergraduate students
in varying engineering and science disciplines. This Essentials text contains the same
integrated approach as the Fifth Edition, using real-world applications to present and
then solve fundamental material science and engineering problems.

The contents of the Essentials of Materials Science and Engineering book have been
carefully selected such that the reader can develop key ideas that are essential to a solid
understanding of materials science and engineering. This book also contains several
new examples of modern applications of advanced materials such as those used in in-
formation technology, energy technology, nanotechnology microelectromechanical sys-
tems (MEMS), and biomedical technology.

The concise approach used in this book will allow instructors to complete an in-
troductory materials science and engineering course in one semester.

We feel that while reading and using this book, students will find materials science
and engineering very interesting, and they will clearly see the relevance of what they are
learning. We have presented many examples of modern applications of materials sci-
ence and engineering that impact students’ lives. Our feeling is that if students recognize
that many of today’s technological marvels depend on the availability of engineering
materials they will be more motivated and remain interested in learning about how to
apply the essentials of materials science and engineering.

Audience and Prerequisites

This book has been developed to cater to the needs of students from different engineer-
ing disciplines and backgrounds other than materials science and engineering (e.g., me-
chanical, industrial, manufacturing, chemical, civil, biomedical, and electrical engineer-
ing). At the same time, a conscious effort has been made so that the contents are very
well suited for undergraduates majoring in materials science and engineering and closely
related disciplines (e.g., metallurgy, ceramics, polymers, and engineering physics). In this
sense, from a technical and educational perspective, the book has not been “watered
down” in any way. The subjects presented in this text are a careful selection of topics
based on our analysis of the needs and feedback from reviewers. Many of the topics

Xv
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related to electronic, magnetic, thermal, and optical properties have not been included in
this book to keep the page length down. For instructors and students who wish to de-
velop these omitted concepts, we suggest using the Fifth Edition of The Science and En-
gineering of Materials.

This text is intended for engineering students who have completed courses in gen-
eral physics, chemistry, physics, and calculus. Completion of a general introduction to
Engineering or Engineering Technology will be helpful, but not necessary. The text
does not presume that the students have had any engineering courses related to statics,
dynamics, or mechanics of materials.

Feafures

We have many unique features to this book.

Have You Ever Wondered? Questions Each chapter opens with a section entitled
“Have You Ever Wondered?’ These questions are designed to arouse the reader’s in-
terest, put things in perspective, and form the framework for what the reader will learn
in that chapter.

Examples Many real-world Examples have been integrated to accompany the chapter
discussions. These Examples specifically cover design considerations, such as operating
temperature, presence of corrosive material, economic considerations, recyclability, and
environmental constraints. The examples also apply to theoretical material and numeric
calculations to further reinforce the presentation.

Glossary All of the Glossary terms that appear in the chapter are set in boldface type
the first time they appear within the text. This provides an easy reference to the defi-
nitions provided in the end of each chapter Glossary.

Answers to Selected Problems The answers to the selected problems are provided at
the end of the text to help the student work through the end-of-chapter problems.

Appendices and Endpapers Appendix A provides a listing of selected physical prop-
erties of metals and Appendix B presents the atomic and ionic radii of selected ele-
ments. The Endpapers include SI Conversion tables and Selected Physical Properties of
elements.

Strateqies for Teaching from the Book

Most of the material presented here can be covered in a typical one-semester course.
By selecting the appropriate topics, however, the instructor can emphasize the desired
materials (i.e., metals, alloys, ceramics, polymers, composites, etc.), provide an over-



Acknowledgments Xvii

view of materials, concentrate on behavior, or focus on physical properties. In addition,
the text provides the student with a useful reference for subsequent courses in manu-
facturing, design, and materials selection. For students specializing in materials science
and engineering, or closely related disciplines, sections related to synthesis and proc-
essing could be discussed in greater detail.

Supplements

Supplements for the instructor include:
= The Instructor’s Solutions Manual that provides complete, worked-out solutions
to selected text problems and additional text items.

= Power Point slides of all figures from the textbook available from the book web-
site at http://academic.cengage.com/engineering.
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Introduction to Materials
Science and Engineering

Have You Ever Wondered?

B Why do jewellers add copper to gold?

B How sheet steel can be processed to produce a high-strength, lightweight, energy absorbing,
malleable material used in the manufacture of car chassis?

B Can we make flexible and lightweight electronic circuits using plastics?

B What is a “smart material?”’

B What is a superconductor?

In this chapter, we will introduce you to the
field of materials science and engineering (MSE)
using different real-world examples. We will then
provide an introduction to the classification of
materials. Materials science underlies most tech-
nological advances. Understanding the basics of
materials and their applications will not only

make you a better engineer, but will help you
during the design process. In order to be a good
designer, you must learn what materials will be
appropriate to use in different applications. The
most important aspect of materials is that they
are enabling; materials make things happen. For
example, in the history of civilization, materials

1



2 CHAPTER 1

such as stone, iron, and bronze played a key role
in mankind’s development. In today’s fast-paced
world, the discovery of silicon single crystals and
an understanding of their properties have en-
abled the information age.

In this chapter and throughout the book, we
will provide compelling examples of real-world
applications of engineered materials. The diver-

Introduction to Materials Science and Engineering

rials illustrate why an engineer needs to thor-
oughly understand and know how to apply the
principles of materials science and engineering.
In each chapter, we begin with a section entitled
Have You Ever Wondered? These questions are
designed to pique your curiosity, put things in
perspective, and form a framework for what you
will learn in that chapter.

sity of applications and the unique uses of mate-

11 What is Materials Science and Engineering?

Materials science and engineering (MSE) is an interdisciplinary field concerned with
inventing new materials and improving previously known materials by developing a
deeper understanding of the microstructure-composition-synthesis-processing relation-
ships. The term composition means the chemical make-up of a material. The term
structure means a description of the arrangement of atoms, as seen at different levels of
detail. Materials scientists and engineers not only deal with the development of materi-
als, but also with the synthesis and processing of materials and manufacturing processes
related to the production of components. The term “‘synthesis™ refers to how materials
are made from naturally occurring or man-made chemicals. The term ‘““processing’
means how materials are shaped into useful components. One of the most important
functions of materials scientists and engineers is to establish the relationships between
the properties of a material and its performance. In materials science, the emphasis is on
the underlying relationships between the synthesis and processing, structure, and prop-
erties of materials. In materials engineering, the focus is on how to translate or trans-
form materials into a useful device or structure.

One of the most fascinating aspects of materials science involves the investigation
into the structure of a material. The structure of materials has a profound influence on
many properties of materials, even if the overall composition does not change! For ex-
ample, if you take a pure copper wire and bend it repeatedly, the wire not only becomes
harder but also becomes increasingly brittle! Eventually, the pure copper wire becomes
so hard and brittle that it will break rather easily. The electrical resistivity of wire will
also increase as we bend it repeatedly. In this simple example, note that we did not
change the material’s composition (i.e., its chemical make up). The changes in the ma-
terial’s properties are often due to a change in its internal structure. If you examine the
wire after bending using an optical microscope, it will look the same as before (other
than the bends, of course). However, its structure has been changed at a very small or
microscopic scale. The structure at this microscopic scale is known as microstructure. If
we can understand what has changed at a micrometer level, we can begin to discover
ways to control the material’s properties.



1-1 What is Materials Science and Engineering? 3

e What is the current
carrying capacity?
* What is the cost
of cooling and
fabrication?

Performance

Cost

A: Composition

® YB32CU3O7_X

® TIBa2Ca3CU4011
® BiZSrZCaZCu3010

C: Synthesis and processing

* How can pure, homogeneous,
and fine powders of well-defined
stoichiometry be made?

* How do we make long
lengths of wires?

B: Microstructure

e What features of the
structure limit the current
carrying capacity?

e What is the texture of
the material?

Figure 1-1 Application of the tetrahedron of materials science and engineering to ceramic
superconductors. Note that the microstructure-synthesis and processing-composition are all
interconnected and affect the performance-to-cost ratio.

Let’s put the materials science and engineering tetrahedron in perspective by ex-
amining a sample product-ceramic superconductors invented in 1986 (Figure 1-1). You
may be aware that ceramic materials usually do not conduct electricity. Scientists
found, serendipitously, that certain ceramic compounds based on yttrium
barium copper oxides (known as YBCO) can actually carry electrical current without
any resistance under certain conditions. Based on what was known then about metallic
superconductors and the electrical properties of ceramics, superconducting behavior in
ceramics was not considered as a strong possibility. Thus, the first step in this case was
the discovery of superconducting behavior in ceramic materials. These materials were
discovered through some experimental research. A limitation of these materials is that
they can superconduct only at low temperatures (<150 K).

The next step was to determine how to make these materials better. By “better” we
mean: How can we retain superconducting behavior in these materials at higher tem-
peratures, or how can we transport a large amount of current over a long distance? This
involves materials processing and careful structure-property studies. Materials scientists
wanted to know how the composition and microstructure affect the superconducting
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behavior. They also want to know if there are other compounds that exhibited super-
conductivity. Through experimentation, the scientists developed controlled synthesis of
ultrafine powders or thin films that are used to create useful devices.

An example of approaching this from a materials engineering perspective will be to
find a way to make long wires for power transmission. In applications, we ultimately
want to know if we can make reliable and reproducible long lengths of superconducting
wires that are superior to the current copper and aluminum wires. Can we produce such
wires in a cost-effective way?

The next challenge was to make long lengths of ceramic superconductor wires.
Ceramic superconductors are brittle, so making long lengths of wires was difficult.
Thus, materials processing techniques had to be developed to create these wires. One
successful way of creating these superconducting wires was to fill hollow silver tubes
with powders of superconductor ceramic and then draw wires.

Although the discovery of ceramic superconductors did cause a lot of excitement,
the path toward translating that discovery into useful products has been met by many
challenges related to the synthesis and processing of these materials.

Sometimes, discoveries of new materials, phenomena, or devices are heralded as
revolutionary. Today, as we look back, the 1948 discovery of the silicon-based transistor
used in computer chips is considered revolutionary. On the other hand, materials that
have evolved over a period of time can be just as important. These materials are con-
sidered as evolutionary. Many alloys based on iron, copper, and the like are examples of
evolutionary materials. Of course, it is important to recognize that what are considered
as evolutionary materials now, did create revolutionary advances many years back. It is
not uncommon for materials or phenomena to be discovered first and then for many
years to go by before commercial products or processes appear in the marketplace. The
transition from the development of novel materials or processes to useful commercial or
industrial applications can be slow and difficult.

Let’s examine another example using the materials science and engineering tetra-
hedron. Let’s look at “‘sheet steels” used in the manufacture of car chassis. Steels, as
you may know, have been used in manufacturing for more than a hundred years.
Earlier steels probably existed in a crude form during the Iron Age, thousands of years
ago. In the manufacture of automobile chassis, a material is needed that possesses ex-
tremely high strength but is easily formed into aerodynamic contours. Another consid-
eration is fuel-efficiency, so the sheet steel must also be thin and lightweight. The sheet
steels should also be able to absorb significant amounts of energy in the event of a
crash, thereby increasing vehicle safety. These are somewhat contradictory require-
ments.

Thus, in this case, materials scientists are concerned with the sheet steel’s

= composition;

= strength;

= density;

= energy absorption properties; and
= ductility (formability).

Materials scientists would examine steel at a microscopic level to determine if its
properties can be altered to meet all of these requirements. They also would have to
process this material into a car chassis in a cost-effective way. Will the shaping process
itself affect the mechanical properties of the steel? What kind of coatings can be devel-
oped to make the steel corrosion-resistant? We also need to know if these steels could be
welded easily. From this discussion, you can see that many issues need to be considered
during the design and materials selection for any product.
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Classification of Materials

There are different ways of classifying materials. One way is to describe five groups
(Table 1-1):

1.

metals and alloys;

2. ceramics, glasses, and glass-ceramics;
3. polymers (plastics);

4.
5

. composite materials.

semiconductors; and

Materials in each of these groups possess different structures and properties. The
differences in strength, which are compared in Figure 1-2, illustrate the wide range of
properties engineers can select from. Since metallic materials are extensively used for

TABLE 1-1 W Representative examples, applications, and properties for each category of materials

Examples of Applications

Properties

Metals and Alloys
Copper

Gray cast iron
Alloy steels

Ceramics and Glasses
Si0,-Na,0-Ca0

Al,03, MgO, SiO,

Barium titanate
Silica

Polymers
Polyethylene

Epoxy
Phenolics

Semiconductors
Silicon (Si)
GaAs

Composites
Graphite-epoxy
Tungsten carbide-cobalt

(WC-Co)
Titanium-clad steel

Electrical conductor wire
Automobile engine blocks

Wrenches, automobile chassis

Window glass or soda-lime glass

Refractories (i.e., heat-resistant lining
of furnaces) for containing molten
metal

Capacitors for microelectronics

Optical fibers for information
technology

Food packaging
Encapsulation of integrated circuits

Adhesives for joining plies in
plywood

Transistors and integrated circuits
Optoelectronic systems
Aircraft components

Carbide cutting tools for machining

Reactor vessels

High electrical conductivity,
good formability

Castable, machinable, vibration-
damping

Significantly strengthened by
heat treatment

Optically transparent, thermally
insulating

Thermally insulating, withstand
high temperatures, relatively
inert to molten metal

High ability to store charge

Refractive index, low optical
losses

Easily formed into thin, flexible,
airtight film

Electrically insulating and
moisture-resistant

Strong, moisture resistant

Unique electrical behavior
Converts electrical signals to
light, lasers, laser diodes, etc.

High strength-to-weight ratio

High hardness, yet good shock
resistance

Low cost and high strength of
steel, with the corrosion
resistance of titanium
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Figure 1-2 Representative strengths of various categories of materials. The strength of
ceramics is under a compressive stress.

load-bearing applications, their mechanical properties are of great practical interest. We
briefly introduce these here. The term “‘stress” refers to load or force per unit area.
“Strain” refers to elongation or change in dimension divided by original dimension.
Application of “stress’ causes “‘strain.”” If the strain goes away after the load or applied
stress is removed, the strain is said to be “‘elastic.” If the strain remains after the stress is
removed, the strain is said to be “plastic.” When the deformation is elastic, stress and
strain are linearly related, the slope of the stress-strain diagram is known as the elastic
or Young’s modulus. A level of stress needed to initiate plastic deformation is known as
“yield strength.” The maximum percent deformation we can get is a measure of the
ductility of a metallic material. These concepts are discussed further in Chapter 6.

Metals and Alloys These include steels, aluminum, magnesium, zinc, cast iron,
titanium, copper, and nickel. In general, metals have good electrical and thermal con-
ductivity. Metals and alloys have relatively high strength, high stiffness, ductility or
formability, and shock resistance. They are particularly useful for structural or load-
bearing applications. Although pure metals are occasionally used, combinations of
metals called alloys provide improvement in a particular desirable property or permit
better combinations of properties. The cross section of a jet engine shown in Figure 1-3
illustrates the use of metallic materials for a number of critical applications.

Ceramics Ceramics can be defined as inorganic crystalline materials. Ceramics are
probably the most “‘natural” materials. Beach sand and rocks are examples of naturally
occurring ceramics. Advanced ceramics are materials made by refining naturally occur-
ring ceramics and other special processes. Advanced ceramics are used in substrates that
house computer chips, sensors and actuators, capacitors, spark plugs, inductors, and
electrical insulation. Some ceramics are used as thermal-barrier coatings to protect
metallic substrates in turbine engines. Ceramics are also used in such consumer products
as paints, plastics, tires, and for industrial applications such as the tiles for the space
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Figure 1-3 A section through a jet engine. The forward compression section operates at low to
medium temperatures, and titanium parts are often used. The rear combustion section operates
at high temperatures and nickel-based superalloys are required. The outside shell experiences
low temperatures, and aluminum and composites are satisfactory. (Courtesy of GE Aircraft
Engines.)

shuttle, a catalyst support, and oxygen sensors used in cars. Traditional ceramics are
used to make bricks, tableware, sanitaryware, refractories (heat-resistant material), and
abrasives. In general, due to the presence of porosity (small holes), ceramics tend to be
brittle. Ceramics must also be heated to very high temperatures before they can melt.
Ceramics are strong and hard, but also very brittle. We normally prepare fine powders
of ceramics and convert these into different shapes. New processing techniques make
ceramics sufficiently resistant to fracture that they can be used in load-bearing applica-
tions, such as impellers in turbine engines (Figure 1-4). Ceramics have exceptional

Figure 1-4 A variety of complex ceramic components, including impellers and blades, which
allow turbine engines to operate more efficiently at higher temperatures. (Courtesy of Certech,
Inc.)
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strength under compression (Figure 1-2). Can you believe that the weight of an entire
fire truck can be supported using four ceramic coffee cups?

Glasses and Glass-Ceramics Glass is an amorphous material, often, but not always,
derived from molten silica. The term “amorphous” refers to materials that do not have
a regular, periodic arrangement of atoms. Amorphous materials will be discussed in
detail in Chapter 3. The fiber optics industry is founded on optical fibers made by using
high-purity silica glass. Glasses are also used in houses, cars, computer and television
screens, and hundreds of other applications. Glasses can be thermally treated (tem-
pered) to make them stronger. Forming glasses and nucleating (creating) small crystals
within them by a special thermal process creates materials that are known as glass-
ceramics. Zerodur™ is an example of a glass-ceramic material that is used to make the
mirror substrates for large telescopes (e.g., the Chandra and Hubble telescopes).
Glasses and glass-ceramics are usually processed by melting and casting.

Polymers Polymers are typically organic materials produced using a process known as
polymerization. Polymeric materials include rubber (elastomers) and many types of ad-
hesives. Many polymers have very good electrical resistivity. They can also provide
good thermal insulation. Although they have lower strength, polymers have a very
good strength-to-weight ratio. They are typically not suitable for use at high temper-
atures. Many polymers have very good resistance to corrosive chemicals. Polymers
have thousands of applications ranging from bulletproof vests, compact disks (CDs),
ropes, and liquid crystal displays (LCDs) to clothes and coffee cups. Thermoplastic
polymers, in which the long molecular chains are not rigidly connected, have good
ductility and formability; thermosetting polymers are stronger but more brittle because
the molecular chains are tightly linked (Figure 1-5). Polymers are used in many appli-
cations, including electronic devices. Thermoplastics are made by shaping their molten
form. Thermosets are typically cast into molds. The term plastics is used to describe
polymeric materials containing additives that enhance their properties.

Semiconductors Silicon, germanium, and gallium arsenide-based semiconductors are
part of a broader class of materials known as electronic materials. The electrical con-
ductivity of semiconducting materials is between that of ceramic insulators and metallic
conductors. Semiconductors have enabled the information age. In semiconductors, the

___—"Cross-linking
atoms or atom
groups

0009

Thermoplastic Thermoset

Figure 1-5 Polymerization occurs when small molecules, represented by the circles, combine
to produce larger molecules, or polymers. The polymer molecules can have a structure that
consists of many chains that are entangled but not connected (thermoplastics) or can form
three-dimensional networks in which chains are cross-linked (thermosets).
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level of conductivity is controlled to enable their use in electronic devices such as tran-
sistors, diodes, etc., that are used to build integrated circuits. In many applications, we
need large single crystals of semiconductors. These are grown from molten materials.
Often, thin films of semiconducting materials are also made using specialized processes.

Composite Materials The main idea in developing composites is to blend the proper-
ties of different materials. The composites are formed from two or more materials,
producing properties not found in any single material. Concrete, plywood, and fiber-
glass are examples of composite materials. Fiberglass is made by dispersing glass fibers
in a polymer matrix. The glass fibers make the polymer matrix stiffer, without sig-
nificantly increasing its density. With composites we can produce lightweight, strong,
ductile, high temperature-resistant materials or we can produce hard, yet shock-
resistant, cutting tools that would otherwise shatter. Advanced aircraft and aerospace
vehicles rely heavily on composites such as carbon-fiber-reinforced polymers. Sports
equipment such as bicycles, golf clubs, tennis rackets, and the like also make use of
different kinds of composite materials that are light and stiff.

I-3  Functional Classification of Materials

We can classify materials based on whether the most important function they perform
is mechanical (structural), biological, electrical, magnetic, or optical. This classification
of materials is shown in Figure 1-6. Some examples of each category are shown. These
categories can be broken down further into subcategories.

Aerospace Light materials such as wood and an aluminum alloy (that accidentally
strengthened the alloy used for making the engine even more by picking up copper from
the mold used for casting) were used in the Wright brothers’ historic flight. Aluminum
alloys, plastics, silica for space shuttle tiles, carbon-carbon composites, and many other
materials belong to this category.

Biomedical Our bones and teeth are made, in part, from a naturally formed ceramic
known as hydroxyapatite. A number of artificial organs, bone replacement parts, car-
diovascular stents, orthodontic braces, and other components are made using different
plastics, titanium alloys, and nonmagnetic stainless steels. Ultrasonic imaging systems
make use of ceramics known as PZT (lead zirconium titanate). Magnets used for
magnetic resonance imaging make use of metallic niobium tin-based superconductors.

Electronic Materials As mentioned before, semiconductors, such as those made
from silicon, are used to make integrated circuits for computer chips. Barium titanate
(BaTiOs3), tantalum oxide (Ta;Os), and many other dielectric materials are used to
make ceramic capacitors and other devices. Superconductors are used in making
powerful magnets. Copper, aluminum, and other metals are used as conductors in
power transmission and in microelectronics.

Energy Technology and Environmental Technology The nuclear industry uses materi-
als such as uranium dioxide and plutonium as fuel. Numerous other materials, such as
glasses and stainless steels, are used in handling nuclear materials and managing radio-
active waste. New technologies related to batteries and fuel cells make use of many
ceramic materials such as zirconia (ZrO,) and polymers. The battery technology has
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Aerospace
C-C composites,

Si0,, Amorphous
silicon, Al-alloys,
Superalloys,

Biomedical

Structural

Steels, Zerodur™ Hydroxyapatite,
Aluminum alloys, Titanium alloys,
Concrete, Stainless steels,
Fiberglass, Shape-memory

Plastics, Wood alloys, Plastics,

PZT

Smart Electronic

Materials Materials
PZT, . . Si, GaAs, Ge,
Ni-Ti shape- Cl:;smﬁi?tlm; of BaTiOs, PZT,
memory alloys, l\l/igtce:'(i):lz YBa;Cu307.,, Al,
MR fluids, Cu, W, Conducting
Polymer gels

polymers

i Energy
N([)aI:(t:rcizlls Technology and
g Environmental
S s UO,, Ni-Cd, ZrO,,
Glasses, Al,O3, Magnetic LiCo0», Amorphous
YAG, ITO

Materials
Fe, Fe-Si, NiZn

and MnZn ferrites,
Co-Pt-Ta-Cr,
7-Fe 03

Si:H

Figure 1-6 Functional classification of materials. Notice that metals, plastics, and ceramics
occur in different categories. A limited number of examples in each category are provided.

gained significant importance owing to the need for many electronic devices that require
longer lasting and portable power. Fuel cells are also being used in some cars. The oil
and petroleum industry widely uses zeolites, alumina, and other materials as catalyst
substrates. They use Pt, Pt/Rh and many other metals as catalysts. Many membrane
technologies for purification of liquids and gases make use of ceramics and plastics.
Solar power is generated using materials such as crystalline Si and amorphous silicon
(a:Si:H).

Magnetic Materials Computer hard disks and audio and video cassettes make use of
many ceramic, metallic, and polymeric materials. For example, particles of a special
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form of iron oxide, known as gamma iron oxide (y-Fe,O3) are deposited on a polymer
substrate to make audio cassettes. High-purity iron particles are used for making video-
tapes. Computer hard disks are made using alloys based on cobalt-platinum-tantalum-
chromium (Co-Pt-Ta-Cr) alloys. Many magnetic ferrites are used to make inductors
and components for wireless communications. Steels based on iron and silicon are used
to make transformer cores.

Photonic or Optical Materials Silica is used widely for making optical fibers. Almost
ten million kilometers of optical fiber have been installed around the world. Optical
materials are used for making semiconductor detectors and lasers used in fiber optic
communications systems and other applications. Similarly, alumina (Al,O3) and
yttrium aluminum garnets (YAG) are used for making lasers. Amorphous silicon is
used to make solar cells and photovoltaic modules. Polymers are used to make liquid
crystal displays (LCDs).

Smart Materials A smart material can sense and respond to an external stimulus such
as a change in temperature, the application of a stress, or a change in humidity or
chemical environment. Usually a smart-material-based system consists of sensors and
actuators that read changes and initiate an action. An example of a passively smart
material is lead zirconium titanate (PZT) and shape-memory alloys. When properly
processed, PZT can be subjected to a stress and a voltage is generated. This effect is
used to make such devices as spark generators for gas grills and sensors that can detect
underwater objects such as fish and submarines. Other examples of smart materials
include magnetorheological or MR fluids. These are magnetic paints that respond to
magnetic fields and are being used in suspension systems of automobiles. Other exam-
ples of smart materials and systems are photochromic glasses and automatic dimming
mirrors based on electrochromic materials.

Structural Materials These materials are designed for carrying some type of stress.
Steels, concrete, and composites are used to make buildings and bridges. Steels, glasses,
plastics, and composites are also used widely to make automotives. Often in these
applications, combinations of strength, stiffness, and toughness are needed under dif-
ferent conditions of temperature and loading.

-4 Classification of Materials Based on Strucfure

As mentioned before, the term ‘‘structure” means the arrangement of a material’s
atoms; the structure at a microscopic scale is known as “microstructure.” We can view
these arrangements at different scales, ranging from a few angstrom units to a milli-
meter. We will learn in Chapter 3 that some materials may be crystalline (where the
material’s atoms are arranged in a periodic fashion) or they may be amorphous (where
the material’s atoms do not have a long-range order). Some crystalline materials may
be in the form of one crystal and are known as single crystals. Others consist of many
crystals or grains and are known as polycrystalline. The characteristics of crystals or
grains (size, shape, etc.) and that of the regions between them, known as the grain
boundaries, also affect the properties of materials. We will further discuss these concepts
in later chapters. A micrograph of a stainless steel sample (showing grains and grain
boundaries) is shown in Figure 1-7. For this sample, each grain reflects the light differ-
ently and this produces a contrast between the grains.
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Figure 1-7

Micrograph of stainless steel
showing grains and grain boundaries.
(Courtesy Dr. Hua and Dr. DeArdo—
University of Pittsburgh.)

Environmental and Other Effects

The structure-property relationships in materials fabricated into components are often
influenced by the surroundings to which the material is subjected during use. This can
include exposure to high or low temperatures, cyclical stresses, sudden impact, corro-
sion or oxidation. These effects must be accounted for in design to ensure that compo-
nents do not fail unexpectedly.

Temperature Changes in temperature dramatically alter the properties of materials
(Figure 1-8). Metals and alloys that have been strengthened by certain heat treatments
or forming techniques will lose their strength when heated. A tragic reminder of this is
the collapse of the steel beams used in the World Trade Center towers on September 11,
2001.

High temperatures change the structure of ceramics and cause polymers to melt or
char. Very low temperatures, at the other extreme, may cause a metal or polymer to fail
in a brittle manner, even though the applied loads are low. This low temperature em-

Figure 1-8

Carbon-carbon Increasing temperature normally
reduces the strength of a material.
Polymers are suitable only at low
temperatures. Some composites,
such as carbon-carbon composites,
special alloys, and ceramics, have
excellent properties at high
temperatures.

composite
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structures

Figure 1-9 Schematic of a X-33 plane prototype. Notice the use of different materials for
different parts. This type of vehicle will test several components for the Venturestar (From

“A Simpler Ride into Space,” by T.K. Mattingly, October, 1997, Scientific American, p. 125.
Copyright © 1997 Slim Films.)

brittlement was a factor that caused the Titanic to fracture and sink. Similarly, the 1986
Challenger accident, in part, was due to embrittlement of rubber O-rings. The reasons
why some polymers and metallic materials become brittle are different. We will discuss
these concepts in later chapters.

The design of materials with improved resistance to temperature extremes is essen-
tial in many technologies related to aerospace. As faster speeds are attained, more
heating of the vehicle skin occurs because of friction with the air. At the same time,
engines operate more efficiently at higher temperatures. So, in order to achieve higher
speed and better fuel economy, new materials have gradually increased allowable skin
and engine temperatures. But materials engineers are continually faced with new chal-
lenges. The X-33 and Venturestar are examples of advanced reusable vehicles intended
to carry passengers into space using a single stage of rocket engines. Figure 1-9 shows a
schematic of the X-33 prototype. The development of even more exotic materials and
processing techniques is necessary in order to tolerate the high temperatures that will be
encountered.

Corrosion Most of the time, failure of materials occurs as a result of corrosion and
some form of tensile overload. Most metals and polymers react with oxygen or other
gases, particularly at elevated temperatures. Metals and ceramics may disintegrate and
polymers and nonoxide ceramics may oxidize. Materials are also attacked by corrosive
liquids, leading to premature failure. The engineer faces the challenge of selecting ma-
terials or coatings that prevent these reactions and permit operation in extreme envi-
ronments. In space applications, we may have to consider the effects of the presence of
radiation, the presence of atomic oxygen, and the impact from debris.
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Fatigue In many applications, components must be designed such that the load on the
material may not be enough to cause permanent deformation. However, when we do
load and unload the material thousands of times, small cracks may begin to develop
and materials fail as these cracks grow. This is known as fatigue failure. In designing
load-bearing components, the possibility of fatigue must be accounted for.

Strain Rate  You may be aware of the fact that Silly Putty®, a silicone- (not silicon-)
based plastic, can be stretched significantly if we pull it slowly (small rate of strain). If
you pull it fast (higher rate of strain) it snaps. A similar behavior can occur with many
metallic materials. Thus, in many applications, the level and rate of strain have to be
considered.

In many cases, the effects of temperature, fatigue, stress, and corrosion may be
interrelated, and other outside effects could affect the material’s performance.

I-6  Materials Design and Selection

When a material is designed for a given application, a number of factors must be
considered. The material must possess the desired physical and mechanical properties.
It must be capable of being processed or manufactured into the desired shape, and must
provide an economical solution to the design problem. Satisfying these requirements
in a manner that protects the environment—perhaps by encouraging recycling of the
materials—is also essential. In meeting these design requirements, the engineer may
have to make a number of tradeoffs in order to produce a serviceable, yet marketable,
product.

As an example, material cost is normally calculated on a cost-per-kg basis. We
must consider the density of the material, or its weight-per-unit volume, in our design
and selection (Table 1-2). Aluminum may cost more per kg than steel, but it is only
one-third the weight of steel. Although parts made from aluminum may have to be
thicker, the aluminum part may be less expensive than the one made from steel because
of the weight difference.

TABLE 1-2 W Strength-to-weight ratios of various materials

Strength Density Strength-to-weight

Material (kg/m?) (gm/cm?3) ratio (cm)

Polyethylene 70 x 104 0.83 8.43 x 10*
Pure aluminum 455 x 10* 2.71 16.79 x 104
Al,O3 21 x 10% 3.16 0.66 x 10°
Epoxy 105 x 10° 1.38 7.61 x 10°
Heat-treated alloy steel 17 x 107 7.75 0.22 x 107
Heat-treated aluminum alloy 60 x 108 271 2.21 x 10°
Carbon-carbon composite 42 x 108 1.80 2.33 x 10°
Heat-treated titanium alloy 12 x 107 4.43 0.27 x 107
Kevlar-epoxy composite 46 x 106 1.47 3.13 x 10%

Carbon-epoxy composite 56 x 106 1.38 4.06 x 10°
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In some instances, particularly in aerospace applications, the weight issue is critical,
since additional vehicle weight increases fuel consumption and reduces range. By using
materials that are lightweight but very strong, aerospace or automobile vehicles can be
designed to improve fuel efficiency. Many advanced aerospace vehicles use composite
materials instead of aluminum alloys. These composites, such as carbon-epoxy, are
more expensive than the traditional aluminum alloys; however, the fuel savings yielded
by the higher strength-to-weight ratio of the composite (Table 1-2) may offset the higher
initial cost of the aircraft. The body of one of the latest Boeing aircrafts known as
the Dreamliner is made almost entirely from carbon-carbon composite materials. There
are literally thousands of applications in which similar considerations apply. Usually
the selection of materials involves trade-offs between many properties.

By this point of our discussion, we hope that you can appreciate that the properties
of materials depend not only on composition, but also on how the materials are made
(synthesis and processing) and, most importantly, their internal structure. This is why it
is not a good idea for an engineer to simply refer to a handbook and select a material
for a given application. The handbooks may be a good starting point. A good engineer
will consider: the effects of how the material is made, what exactly is the composition of
the candidate material for the application being considered, any processing that may
have to be done for shaping the material or fabricating a component, the structure of
the material after processing into a component or device, the environment in which the
material will be used, and the cost-to-performance ratio. The knowledge of principles of
materials science and engineering will empower you with the fundamental concepts.
These will allow you to make technically sound decisions in designing with engineered
materials.

'
M]I PLE 1-1 Materials for a Bicycle Frame

Bicycle frames are made using steel, aluminum alloys, titanium alloys contain-
ing aluminum and vanadium, and carbon-fiber composites (Figure 1-10). (a) If
a steel-frame bicycle weighs 14 kg, what will be the weight of the frame as-
suming we use aluminum, titanium, and a carbon-fiber composite to make the
frame in such a way that the volume of frame (the diameter of the tubes) is
constant? (b) What other considerations can come into play in designing bi-
cycle frames?

Figure 1-10

Bicycle frames need to be
lightweight, stiff, and
corrosion resistant (for
Example 1-1). (Courtesy of
Chris harve/StockXpert.)
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Note: The densities of steel, aluminum alloy, titanium alloy, and carbon-
fiber composite can be assumed to be 7.8, 2.7, 4.5, and 1.85 g/cm?.

SOLUTION

(a) The weight of the bicycle frame made from steel is stated to be 14 kg. The
volume of this frame will be

Vivame = 14000 g/(7.8) = 1795 cm?
For aluminum frame the weight will be
Wa = (1795 cm?®) x (2.7 g/cm?) = 4846.5 grams

Another and simpler way to arrive at this answer is to take the ratio of
densities, since the volume is assumed constant.
The weight of the aluminum alloy frame

Waioy = (density of aluminum alloy/density of steel)
x (wt. of the steel frame)
= (2.7/7.8) x 14 kg = 4.846 kg

Thus, the aluminum frame weighs roughly one-third of the steel frame.
Similarly, the weight of titanium frame will be

Wri = (density of titanium alloy/density of steel)
x (wt. of the steel frame)
= (4.5/7.8) x 14 kg = 8.08 kg
Finally, the weight of the frame made using carbon-fiber composite will be
W = (density of carbon fiber composite/density of steel)
x (wt. of the steel frame)
— (1.85/7.8) x 14 kg = 3.32 kg

As can be seen, substantial reduction in weight is possible using materials
other than steel.

(b) One of the other factors that comes into play is the stiffness of the struc-
ture. This is related to the elastic modulus of the material (Chapter 2). For
example, for the same tube dimensions, an aluminum tube will be not as
stiff as steel. This will make the aluminum frame bicycle ride “soft.”” This
effect can be compensated for by making the aluminum tubes larger in di-
ameter and the walls of the tubes thicker. Some other factors to consider
are the toughness of each of the materials. For example, even though a
carbon-fiber frame is very light, it is relatively brittle. Additional consid-
erations would be the ability to weld or join the frame to other parts of the
bicycle, corrosion resistance, and of course, cost.
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EXH M PLE ] = E Ceramic-Carbon-Fiber Brakes for Cars

Car breaks are typically made using cast iron and weigh about 9 kg. What
other materials can be used to make brakes that would last long and weigh less?

SOLUTION

The brakes could be made using other lower density materials, such as alumi-
num or titanium. Cost and wear resistance are clearly important. Titanium
alloys will be very expensive, and both titanium and aluminum will wear out
more easily.

We could make the brakes out of ceramics, such as alumina (Al,O3) or
silicon carbide (SiC), since both have densities lower than cast iron. However,
ceramics are too brittle, and even though they have very good resistance, they
will fracture easily.

We can use a material that is a composite of carbon fibers and ceramics,
such as SiC. This composite material will provide the lightweight and wear-
resistance necessary, so that the brakes do not have to be replaced often. Some
companies are already producing such ceramic-carbon-fiber brakes.

SUMMARY

>

The properties of engineered materials depend upon their composition, structure,
synthesis, and processing. An important performance index for materials or devices
is their cost-to-performance ratio.

The structure at a microscopic level is known as the microstructure (length scale
10 nm to 1000 nm).

Many properties of materials depend strongly on the structure, even if the com-
position of the material remains the same. This is why the structure-property or
microstructure-property relationships in materials are extremely important.

Materials are often classified as metals and alloys, ceramics, glasses, and glass
ceramics, composites, polymers, and semiconductors.

Metals and alloys have good strength, good ductility, and good formability. Pure
metals have good electrical and thermal conductivity. Metals and alloys play an
indispensable role in many applications such as automotives, buildings, bridges,
aerospace, and the like.

Ceramics are inorganic, crystalline materials. They are strong, serve as good elec-
trical and thermal insulators, are often resistant to damage by high temperatures
and corrosive environments, but are mechanically brittle. Modern ceramics form
the underpinnings of many of the microelectronic and photonic technologies.

Polymers have relatively low strength; however, the strength-to-weight ratio is
very favorable. Polymers are not suitable for use at high temperatures. They have
very good corrosion resistance, and—Ilike ceramics—provide good electrical and
thermal insulation. Polymers may be either ductile or brittle, depending on struc-
ture, temperature, and the strain rate.

Materials can also be classified as crystalline or amorphous. Crystalline materials
may be single crystal or polycrystalline.
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<P Selection of a material having the needed properties and the potential to be manu-
factured economically and safely into a useful product is a complicated process
requiring the knowledge of the structure-property-processing-composition relation-
ships.

=

I

GLOSSARY

Alloy A metallic material that is obtained by chemical combinations of different elements (e.g.,
steel is made from iron and carbon). Typically, alloys have better mechanical properties than
pure metals.

Ceramics Crystalline inorganic materials characterized by good strength in compression, and
high melting temperatures. Many ceramics are very good electrical insulators and have good
thermal insulation behavior.

Composition The chemical make-up of a material.

Composites A group of materials formed from metals, ceramics, or polymers in such a manner
that unusual combinations of properties are obtained (e.g., fiberglass).

Crystal structure The arrangement of the atoms in a crystalline material.

Crystalline material A material comprised of one or many crystals. In each crystal atoms or ions
show a long-range periodic arrangement.

Density Mass per unit volume of a material, usually expressed in units of g/cm?.
Fatigue failure Failure of a material due to repeated loading and unloading.

Glass An amorphous material derived from the molten state, typically, but not always, based
on silica.

Glass-ceramics A special class of crystalline materials obtained by forming a glass and then
heat treating it to form small crystals.

Grains Crystals in a polycrystalline material.

Grain boundaries Regions between grains of a polycrystalline material.

Materials engineering An engineering oriented field that focuses on how to translate or trans-
form materials into a useful device or structure.

Materials science and engineering (MSE) An interdisciplinary field concerned with inventing
new materials and improving previously known materials by developing a deeper understanding
of the microstructure-composition-synthesis-processing relationships between different materials.

Materials science A field of science that emphasizes studies of relationships between the in-
ternal or microstructure, synthesis and processing and the properties of materials.

Materials science and engineering tetrahedron A tetrahedron diagram showing how the
performance-to-cost ratio of materials depends upon the composition, microstructure, synthesis,
and processing.

Mechanical properties Properties of a material, such as strength, that describe how well a
material withstands applied forces, including tensile or compressive forces, impact forces, cyclical
or fatigue forces, or forces at high temperatures.

Metal An element that has metallic bonding and generally good ductility, strength, and elec-
trical conductivity.

Microstructure The structure of a material at a length scale of 10 nm to 1000 nm (1 pm).
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Physical properties Describe characteristics such as color, elasticity, electrical or thermal con-
ductivity, magnetism, and optical behavior that generally are not significantly influenced by
forces acting on a material.

Polycrystalline material A material comprised of many crystals (as opposed to a single-crystal
material that has only one crystal). The crystals are also known as grains.

Polymerization The process by which organic molecules are joined into giant molecules, or
polymers.

Polymers A group of materials normally obtained by joining organic molecules into giant mo-
lecular chains or networks. Polymers are characterized by low strengths, low melting temper-
atures, and poor electrical conductivity.

Plastics These are polymeric materials consisting of other additives that enhance their proper-
ties.

Processing Different ways for shaping materials into useful components or changing their
properties.

Semiconductors A group of materials having electrical conductivity between metals and typical
ceramics (e.g., Si, GaAs).

Single crystal A crystalline material that is made of only one crystal (there are no grain
boundaries).

Smart material A material that can sense and respond to an external stimulus such as change in
temperature, application of a stress, or change in humidity or chemical environment.

Strength-to-weight ratio The strength of a material divided by its density; materials with a high
strength-to-weight ratio are strong but lightweight.

Structure Description of the arrangements of atoms or ions in a material. The structure of
materials has a profound influence on many properties of materials, even if the overall composi-
tion does not change!

Synthesis The process by which materials are made from naturally occurring or other chem-
icals.

Thermoplastics A special group of polymers in which molecular chains are entangled but not
interconnected. They can be easily melted and formed into useful shapes. Normally, these poly-
mers have a chainlike structure (e.g., polyethylene).

Thermosets A special group of polymers that decompose rather than melt upon heating.
They are normally quite brittle due to a relatively rigid, three-dimensional network structure
comprising chains that are bonded to one another (e.g., polyurethane).

W4 PROBLENS

Section 1-1 What is Materials Science and
Engineering?

1-1 Define Material Science and Engineering (MSE).
1-2 Define the following terms: (a) composition, (b)

structure, (c) synthesis, (d) processing, and (e)
microstructure.

1-3 Explain the difference between the terms materials
science and materials engineering.

1-4 Name one revolutionary discovery of a material.
Name one evolutionary discovery of a material.

Section 1-2 Classification of Materials
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Section 1-3 Functional Classification of
Materials

Section 1-4 Classification of Materials Based on

Structure

Section 1-5 Environmental and Other Effects

1-5 Steel is often coated with a thin layer of zinc if
it is to be used outside. What characteristics do
you think the zinc provides to this coated, or
galvanized, steel? What precautions should be
considered in producing this product? How will the
recyclability of the steel be affected as a result of

the galvanization?

1-6 We would like to produce a transparent canopy for
an aircraft. If we were to use a ceramic (that is,
traditional window glass) canopy, rocks or birds
might cause it to shatter. Design a material that
would minimize damage or at least keep the can-

opy from breaking into pieces.

1-7 Coiled springs ought to be very strong and stiff.
Silicon nitride (Si3zNy4) is a strong, stiff material.
Would you select this material for a spring?

Explain.

1-8 Temperature indicators are sometimes produced
from a coiled metal strip that uncoils a specific
amount when the temperature increases. How does
this work; from what kind of material would the
indicator be made; and what are the important
properties that the material in the indicator must

possess?

Section 1-6 Materials Design and Selection

1-9  You would like to design an aircraft that can be
flown by human power nonstop for a distance
of 30 km. What types of material properties
would you recommend? What materials might be

appropriate?

1-10 You would like to place a 90-cm diameter micro-
satellite into orbit. The satellite will contain deli-
cate electronic equipment that will send and
receive radio signals from earth. Design the outer
shell within which the electronic equipment is
contained. What properties will be required, and

what kind of materials might be considered?

1-11 What properties should the head of a carpenter’s
hammer possess? How would you manufacture a

hammer head?

1-12 The hull of the space shuttle consists of ceramic
tiles bonded to an aluminum skin. Discuss the
design requirements of the shuttle hull that led
to the use of this combination of materials.

1-13

1-14

1-15

1-16

1-17

1-18

1-19

1-20

1-21

Introduction to Materials Science and Engineering

What problems in producing the hull might the
designers and manufacturers have faced?

You would like to select a material for the elec-
trical contacts in an electrical switching device
which opens and closes frequently and forcefully.
What properties should the contact material pos-
sess? What type of material might you recom-
mend? Would Al,O3 be a good choice? Explain.

Aluminum has a density of 2.7 g/cm®. Suppose
you would like to produce a composite material
based on aluminum having a density of 1.5 g/cm?.
Design a material that would have this density.
Would introducing beads of polyethylene, with a
density of 0.95 g/cm?, into the aluminum be a
likely possibility? Explain.

You would like to be able to identify different
materials without resorting to chemical analy-
sis or lengthy testing procedures. Describe some
possible testing and sorting techniques you might
be able to use based on the physical properties of
materials.

You would like to be able to physically separate
different materials in a scrap recycling plant. De-
scribe some possible methods that might be used
to separate materials such as polymers, alumi-
num alloys, and steels from one another.

Some pistons for automobile engines might be
produced from a composite material containing
small, hard silicon carbide particles in an alumi-
num alloy matrix. Explain what benefits each
material in the composite may provide to the
overall part. What problems might the different
properties of the two materials cause in produc-
ing the part?

Look up information on materials known as Ge-
ofoam. How are these materials used to reinforce
ground that may be otherwise unstable?

An airplane made using primarily aluminum al-
loys weighs 2300 kg. What will be the weight of
this airplane if it is made using primarily carbon-
fiber composites?

Ladders can be made wusing aluminum
alloy, fiber-glass, and wood. What will be the
pros and cons of using each of these materials?
One thing to keep in mind is that aluminum al-
loys are good conductors of electricity.

Replacing about half of the steel-based materials
in a car can reduce the weight of the car by al-
most 60%. This can lead to nearly a 30% increase
in fuel efficiency. What kinds of materials could
replace steel in cars? What would be the advan-
tages and disadvantages in using these materials?
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Have You Ever Wondered?

B What is nanotechnology?

B Why carbon, in the form of diamond, is one of the hardest materials known, but as graphite is very

soft and can be used as a solid lubricant?

B How silica, which forms the main chemical in beach sand, is used in an ultrapure form to make

optical fibers?

The goal of this chapter is to describe the under-
lying physical concepts related to the structure of
matter. You will learn that the structure of atoms
affects the types of bonds that exist in different
types of materials. These different types of bonds
directly affect suitability of materials for real-
world engineering applications.

Both the composition and the structure of
a material have a profound influence on its
properties and behavior. Engineers and scien-
tists who study and develop materials must
understand their atomic structure. The prop-
erties of materials are controllable and can
be tailored to the needs of a given appli-

21
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cation by controlling their structure and com-
position.

We can examine and describe the structure
of materials at five different levels:

1. macrostructure;
2. microstructure;
3. nanostructure;
4

. short- and long-range atomic arrange-
ments; and

5. atomic structure.

Engineers and scientists concerned with de-
velopment and practical applications of advanced
materials need to understand the microstructure
and macrostructure of various materials and the
ways of controlling them. Microstructure is the
structure of material at a length-scale of ~10 to
1000 nm. Length-scale is a characteristic length
or range of dimensions over which we are de-
scribing the properties of a material or the phe-
nomena occurring in materials. Microstructure
typically includes such features as average grain
size, grain size distribution, grain shape, grain ori-
entation, and other features related to defects in
materials. A grain is a small crystal of the material
within which the arrangement of atoms and re-
peats in a particular fashion in all three dimen-
sions. Macrostructure is the structure of a material

at a macroscopic level where the length-scale is
~>100,000 nm. Features that constitute macro-
structure include porosity, surface coatings, and
such features as internal or external micro-cracks.
It is also important to understand atomic
structure and how the atomic bonds lead to dif-
ferent atomic or ionic arrangements in materials.
The atomic structure includes all atoms and their
arrangements, which constitute the building
blocks of matter. It is from these building blocks
that all the nano, micro, and macrolevels of
structures emerge. The insights gained by under-
standing atomic structure and bonding config-
urations of atoms and molecules are essential for
the proper selection of engineering materials, as
well as for developing new, advanced materials.
A close examination of atomic arrangement
allows us to distinguish between materials that are
amorphous or crystalline (those that exhibit peri-
odic arrangements of atoms or ions). Amorphous
materials have only short-range atomic arrange-
ments while crystalline materials have short- and
long-range arrangements. In short-range atomic ar-
rangements, the atoms or ions show a particular
order only over relatively short distances. For crys-
talline materials, the long-range atomic order is
in the form of atoms or ions arranged in a three-
dimensional pattern that repeats over much larger
distances (from ~>100 nm to up to few cm).

e-1  The Strucfture of Materials: Technological Relevance

In today’s world, information technology (IT), biotechnology, energy technology, en-
vironmental technology, and many other areas require smaller, lighter, faster, portable,
more efficient, reliable, durable, and inexpensive devices. We want batteries that are
smaller, lighter, and longer lasting. We need cars that are affordable, lightweight, safe,
highly fuel efficient, and “loaded” with many advanced features, ranging from global
positioning systems (GPS) to sophisticated sensors for airbag deployment.

Some of these needs have generated considerable interest in nanotechnology and mi-
cro-electro-mechanical systems (MEMS). A real-world example of the MEMS technol-
ogy, Figure 2-1 shows a small accelerometer sensor obtained by the micromachining of
silicon (Si). This sensor is used to measure acceleration in automobiles. The information
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(b)

Figure 2-1 Micro-machined silicon sensors used in automotives to control airbag deployment.
(Courtesy of Dr. John Yasaitis, Analog Devices, Inc.)

is processed by a central computer and then used for controlling airbag deployment.
Properties and behavior of materials at these “micro” levels can vary greatly when
compared to those in their “macro” or bulk state. As a result, understanding the struc-
ture at nano-scale or nanostructure (i.c., the structure and properties of materials at a
nano-scale or ~length-scale 1-100 nm) and microstructure are areas that have received
considerable attention. The term “‘nanotechnology” is used to describe a set of tech-
nologies that are based on physical, chemical, and biological phenomena occuring at
a nano-scale.

The applications shown in Table 2-1 and accompanying figures (Figures 2-2
through 2-7) illustrate how important the different levels of structure are to the material
behavior. The applications illustrated are broken out by their levels of structure and
their length-scales (the approximate characteristic length that is important for a given
application). Examples of how such an application would be used within industry, as
well as an illustration, are also provided.

We now turn our attention to the details concerning the structure of atoms, the
bonding between atoms, and how these form a foundation for the properties of mate-
rials. Atomic structure influences how atoms are bonded together. An understanding of
this helps categorize materials as metals, semiconductors, ceramics, or polymers. It also
permits us to draw some preliminary conclusions concerning the general mechanical
properties and physical behaviors of these four classes of materials.

Structure of the Afom

An atom is composed of a nucleus surrounded by electrons. The nucleus contains neu-
trons and positively charged protons and carries a net positive charge. The negatively
charged electrons are held around the nucleus by an electrostatic attraction. The elec-
trical charge ¢ carried by each electron and proton is 1.60 x 10~ coulomb (C). Be-
cause the numbers of electrons and protons in the atom are equal, the atom as a whole
is electrically neutral.

The atomic number of an element is equal to the number of electrons or protons in
each atom. Thus, an iron atom, which contains 26 electrons and 26 protons, has an
atomic number of 26.

Most of the mass of the atom is contained within its nucleus. The mass of each
proton and neutron is 1.67 x 1072* g, but the mass of each electron is only 9.11 x
10~2% g. The atomic mass M, which is equal to the average number of protons and
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Atomic Structure

TABLE 2-1 m Levels of structures

Level of Structure

Example of Technologies

Atomic Structure

Atomic Arrangements:
Long-Range Order
(LRO)

Atomic Arrangements:
Short-Range Order
(SRO)

Diamond: Diamond is based on carbon-carbon (C-C) covalent bonds. Materials with this type
of bonding are expected to be relatively hard. Thin films of diamonds are used for
providing a wear-resistant edge in cutting tools.

Lead-zirconium-titanate [Pb(Zry Ti,_)O3] or PZT: When ions in this material are arranged
such that they exhibit tetragonal and/or rhombohedral crystal structures, the material is
piezoelectric (i.e., it develops a voltage when subjected to pressure or stress). PZT
ceramics are used widely for many applications including gas igniters, ultrasound
generation, and vibration control.

lons in silica-based (SiO») glasses exhibit only a short-range order in which Si**4 and 02
ions are arranged in a particular way (each Si** is bonded with 4 0~2 ions in a tetrahedral
coordination). This order, however, is not maintained over long distances, thus making
silica-based glasses amorphous. Amorphous glasses based on silica and certain other
oxides form the basis for the entire fiber optical communications industry.
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Approximate Length-Scale

~Upto 1071 m (1 A)

Figure 2-2 Diamond-coated cutting tools. (Courtesy of OSG Tap & Die,
Inc.)

~1071910 109 m (1 to 10 A), ordering
can exist up to a few cm in larger
crystals

Figure 2-3 Piezoelectric PZT-based gas igniters. When the piezoelectric
material is stressed (by applying a pressure) a voltage develops and a
spark is created between the electrodes. (Courtesy of Morgan Electro
Ceramics, Inc.)

~10719t0 1072 m (1 to 10 A)

Figure 2-4  Optical fibers based on a form of silica that is amorphous.
(Courtesy of Corning Incorporated.)
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Atomic Structure

TABLE 2-1 (continued)

Level of Structure

Example of Technologies

Nanostructure

Microstructure

Macrostructure

Nano-sized particles (~5-10 nm) of iron oxide are used in ferrofluids or liquid magnets.
These nano-sized iron oxide particles are dispersed in liquids and commercially used as
ferrofluids. An application of these liquid magnets is as a cooling (heat transfer) medium
for loudspeakers.

The mechanical strength of many metals and alloys depends very strongly on the grain size.
The grains and grain boundaries in this accompanying micrograph of steel are part of the
microstructural features of this crystalline material. In general, at room temperature a finer
grain size leads to higher strength. Many important properties of materials are sensitive to
the microstructure.

Relatively thick coatings, such as paints on automobiles and other applications, are used not
only for aesthetics, but also to provide corrosion resistance.
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Approximate Length-Scale

< ~10791t0 10~/ m (1 to 100 nm)

e .}.—1

ot
= -

Figure 2-5 Ferrofluid nanoparticles responding to
a magnet. (Courtesy of Ferro Tec, Inc.)

~>10"8t0 107® m (10 nm to 1000 nm)

Figure 2-6 Micrograph of stainless steel showing grains and grain
boundaries. (Courtesy of Dr. Hua and Dr. DeArdo—University of
Pittsburgh.)

~>10"% m (100,000 nm)

Figure 2-7 A number of organic and inorganic coatings protect the steel
in the car from corrosion and provide a pleasing appearance. (Courtesy
of Ford Motor Company.)
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neutrons in the atom, is also the mass in grams of the Avogadro number N, of atoms.
The quantity Ny = 6.02 x 10?* atoms/mol is the number of atoms or molecules in a
mole. Therefore, the atomic mass has units of g/mol. An alternate unit for atomic mass
is the atomic mass unit, or amu, which is 1/12 the mass of carbon 12 (i.e., carbon atom
with 12 protons). As an example, one mole of iron contains 6.02 x 10?3 atoms and has
a mass of 55.847 g, or 55.847 amu. Calculations including a material’s atomic mass and
Avogadro’s number are helpful to understanding more about the structure of a mate-
rial. Example 2-1 illustrates applications to magnetic materials.

aM
E il m Nano-Sized Iron-Platinum Particles For Information Storage

Scientists are considering using nano-particles of such magnetic materials as
iron-platinum (Fe-Pt) as a medium for ultrahigh density data storage. Arrays of
such particles potentially can lead to storage of trillions of bits of data per
square inch—a capacity that will be 10 to 100 times higher than any other
devices such as computer hard disks. Consider iron (Fe) particles that are 3 nm
in diameter, what will be the number of atoms in one such particle?

SOLUTION

Let us assume the magnetic particles are spherical in shape.
The radius of a particle is 1.5 nm.
Volume of each iron magnetic nano-particle = (4/3)z(1.5 x 10~7 cm)3
= 1.4137 x 1072 cm?

Density of iron = 7.8 g/cm?®. Atomic mass of iron is 56 g/mol.

Mass of each iron nano-particle = 7.8 g/cm?® x 1.4137 x 107 ¢cm?

=1.102 x 1071% g.

One mole or 56 g of Fe contains 6.023 x 10?3 atoms, therefore, the num-
ber of atoms in one Fe nano-particle will be 1186. This is a very small number
of atoms. Compare this with the number of atoms in an iron particle that is 10
micrometers in diameter. Such larger iron particles often are used in breakfast
cereals, vitamin tablets, and other applications.

The Electronic Sfructure of the Afom

For some students, reviewing some of these concepts from introductory Chemistry
courses will be useful. Electrons occupy discrete energy levels within the atom. Each
electron possesses a particular energy, with no more than two electrons in each atom
having the same energy. This also implies that there is a discrete energy difference be-
tween any two energy levels.

Quantum Numbers The energy level to which each electron belongs is determined by
four quantum numbers. Quantum numbers are the numbers in an atom that assign elec-
trons to discrete energy levels. The four quantum numbers are the principal quantum
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number 7, the Azimuthal quantum number /, the magnetic quantum number 77;, and the
spin quantum number n1,. Azimuthal quantum numbers describe the energy levels in
each quantum shell. The spin quantum number (m;) is assigned values +1/2 and —1/2
and reflects the different electron spins. The number of possible energy levels is de-
termined by the first three quantum numbers.

The shorthand notation frequently used to denote the electronic structure of an
atom combines the numerical value of the principal quantum number, the lowercase
letter notation for the azimuthal quantum number, and a superscript showing the
number of electrons in each orbital. The shorthand notation for germanium (Ge),
which has an atomic number of 32, is:

1522522p%3523p°3d1%4524p>

Deviations from Expected Electronic Structures The orderly building up of the elec-
tronic structure is not always followed, particularly when the atomic number is large
and the d and f levels begin to fill. For example, we would expect the electronic struc-
ture of iron atom, atomic number 26, to be:

15225%2p%3s23p®

The actual electronic structure, however, is:

1522522p%3523p°

The unfilled 3d level causes the magnetic behavior of iron.

Valence The valence of an atom is the number of electrons in an atom that participate
in bonding or chemical reactions. Usually, the valence is the number of electrons in the
outer s and p energy levels. The valence of an atom is related to the ability of the atom
to enter into chemical combination with other elements. Examples of the valence are:

Mg: 1522522p® valence = 2
Al: 15225%2p° valence = 3
Ge: 15%2522p°®3523p°®3d 10 valence = 4

Valence also depends on the immediate environment surrounding the atom or the neigh-
boring atoms available for bonding. Phosphorus has a valence of five when it com-
bines with oxygen. But the valence of phosphorus is only three—the electrons in the 3p
level—when it reacts with hydrogen. Manganese may have a valence of 2, 3, 4, 6, or 7!

Atomic Stability and Electronegativity If an atom has a valence of zero, the element is
inert (non-reactive). An example is argon (Ar), which has the electronic structure:

15225%2p°

Other atoms prefer to behave as if their outer s and p levels are either completely
full, with eight electrons, or completely empty. Aluminum has three electrons in its
outer s and p levels. An aluminum atom readily gives up its outer three electrons to
empty the 3s and 3p levels. The atomic bonding and the chemical behavior of alumi-
num are determined by the mechanism through which these three electrons interact
with surrounding atoms.

On the other hand, chlorine contains seven electrons in the outer 3s and 3p levels.
The reactivity of chlorine is caused by its desire to fill its outer energy level by accepting
an electron.
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Figure 2-8 The electronegativities of selected elements relative to the position of the elements
in the periodic table.

Electronegativity describes the tendency of an atom to gain an electron. Atoms
with almost completely filled outer energy levels—such as chlorine—are strongly elec-
tronegative and readily accept electrons. However, atoms with nearly empty outer lev-
els—such as sodium—readily give up electrons and have low electronegativity. High
atomic number elements also have low electronegativity because the outer electrons are
at a greater distance from the positive nucleus, so that they are not as strongly attracted
to the atom. Electronegativities for some elements are shown in Figure 2-8. Note: The
symbol O on the x-axis is group zero and not for oxygen.

Periodic Table

The periodic table contains valuable information about specific elements, and can also
help identify trends in atomic size, melting point, chemical reactivity, and other prop-
erties. The familiar periodic table (Figure 2-9) is constructed in accordance with the
electronic structure of the elements. Not all elements in the periodic table are naturally
occurring. Rows in the periodic table correspond to quantum shells, or principal quan-
tum numbers. Columns typically refer to the number of electrons in the outermost s
and p energy levels and correspond to the most common valence. In engineering, we
are mostly concerned with:

(a) polymers (plastics) (primarily based on carbon, which appears in group 4B);

(b) ceramics (typically based on combinations of many elements appearing in
Groups 1 through 5B, and such elements as oxygen, carbon, and nitrogen); and

(c) metallic materials (typically based on elements in Groups 1, 2 and transition
metal elements).

Many technologically important semiconductors appear in group 4B (e.g., silicon
(Si), diamond (C), germanium (Ge)). Semiconductors also can be combinations of
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CHAPTER 2 Atomic Structure

elements from groups 2B and 6B (e.g., cadmium selenide (CdSe), based on cadmium
(Cd) from group 2 and seleneium (Se) based on Group 6). These are known as II-VI
(two-six) semiconductors. Similarly, gallium arsenide (GaAs) is a III-V (three-five)
semiconductor based on gallium (Ga) from group 3B and arsenic (As) from group 5B.
Many transition elements (e.g., titanium (Ti), vanadium (V), iron (Fe), nickel (Ni),
cobalt (Co), etc.) are particularly useful for magnetic and optical materials due to their
electronic configuration that allows multiple valencies.

Trends in Properties The periodic table contains a wealth of useful information (e.g.,
atomic mass, atomic number of different elements, etc.). It also points to trends in atomic
size, melting points, and chemical reactivity. For example, carbon (in its diamond form)
has the highest melting point (3550°C). Melting points of the elements below carbon de-
crease (i.e., silicon (Si) (1410°C), germanium (Ge) (937°C), tin (Sn) (232°C), and lead
(Pb) (327°C). Note that the melting temperature of Pb is higher than that of Sn. What
we can conclude is that the trends are not exact variations in properties.

We also can discern trends in other properties from the periodic table. Diamond
(carbon), a group 4B element, is a material with a very large bandgap (i.e., it is not a
very effective conductor of electricity). This is consistent with the fact that it has the
highest melting point among group 4 elements, which suggests the interatomic forces
are strong (see Section 2-6). As we move down the column, the bandgap decreases
(the bandgaps of semiconductors Si and Ge are 1.11 and 0.67 eV, respectively). Moving
further down column 4, one form of tin is a semiconductor. Another form of tin is
metallic. If we look at group 1A, we see that lithium is highly electropositive (i.e., an
element whose atoms want to participate in chemical interactions by donating electrons
and are therefore highly reactive). Likewise, if we move down column 1A, we can see
that the chemical reactivity of elements decreases.

Atomic Bonding

There are four important mechanisms by which atoms are bonded in engineered mate-
rials. These are:

1. metallic bond;

2. covalent bond;

3. ionic bond; and

4. van der Waals bond.

In the first three of these mechanisms, bonding is achieved when the atoms fill their
outer s and p levels. These bonds are relatively strong and are known as primary bonds
(relatively strong bonds between adjacent atoms resulting from the transfer or sharing
of outer orbital electrons). The van der Waals bonds are secondary bonds and originate
from a different mechanism and are relatively weaker. Let’s look at each of these types
of bonds.

The Metallic Bond The metallic elements have more electropositive atoms that donate
their valence electrons to form a “sea’ of electrons surrounding the atoms (Figure 2-10).
Aluminum, for example, gives up its three valence electrons, leaving behind a core
consisting of the nucleus and inner electrons. Since three negatively charged electrons
are missing from this core, it has a positive charge of three. The valence electrons move
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Figure 2-10
The metallic bond forms when
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attraction to the negatively charged
electrons.

.

O

S
o ©
: %
@°% D%
S
freely within the electron sea and become associated with several atom cores. The pos-
itively charged ion cores are held together by mutual attraction to the electron, thus
producing a strong metallic bond.

Because their valence electrons are not fixed in any one position, most pure metals
are good electrical conductors of electricity at relatively low temperatures (~7 <
300 K). Under the influence of an applied voltage, the valence electrons move, causing
a current to flow if the circuit is complete.

Materials with metallic bonding exhibit relatively high Young’s modulus since the
bonds are strong. Metals also show good ductility since the metallic bonds are non-
directional. There are other important reasons related to microstructure that can ex-
plain why metals actually exhibit lower strengths and higher ductility than what we may
anticipate from their bonding. Ductility refers to the ability of materials to be stretched
or bent without breaking. We will discuss these concepts in greater detail in Chapter 6.
In general, the melting points of metals are relatively high. From an optical properties
viewpoint, metals make good reflectors of visible radiation. Owing to their electro-
positive character, many metals such as iron tend to undergo corrosion or oxidation.
Many pure metals are good conductors of heat and are effectively used in many heat
transfer applications. We emphasize that metallic bonding is one of the factors in our
efforts to rationalize the trends in observed properties of metallic materials. As we will

see in some of the following chapters, there are other factors related to microstructure
that also play a crucial role in determining the properties of metallic materials.

The Covalent Bond Materials with covalent bonding are characterized by bonds that
are formed by sharing of valence electrons among two or more atoms. For example, a
silicon atom, which has a valence of four, obtains eight electrons in its outer energy
shell by sharing its electrons with four surrounding silicon atoms (Figure 2-11). Each
instance of sharing represents one covalent bond; thus, each silicon atom is bonded to
four neighboring atoms by four covalent bonds. In order for the covalent bonds to be
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Covalent bonds

(2 &

@ D

Silicon atom

Figure 2-11 Covalent bonding requires that electrons be shared between atoms in such a way
that each atom has its outer sp orbital filled. In silicon, with a valence of four, four covalent
bonds must be formed for every atom.

formed, the silicon atoms must be arranged so the bonds have a fixed directional rela-
tionship with one another. A directional relationship is formed when the bonds between
atoms in a covalently bonded material form specific angles, depending on the material.
In the case of silicon, this arrangement produces a tetrahedron, with angles of 109.5°
between the covalent bonds (Figure 2-12).

Covalent bonds are very strong. As a result, covalently bonded materials are very
strong and hard. For example, diamond (C), silicon carbide (SiC), silicon nitride
(Si3Ny), and boron nitride (BN) all exhibit covalency. These materials also exhibit very
high melting points, which means they could be useful for high-temperature applica-
tions. On the other hand, the temperature resistance of these materials presents chal-
lenges in their processing. The materials bonded in this manner typically have limited
ductility because the bonds tend to be directional. The electrical conductivity of many
covalently bonded materials (i.e., silicon, diamond, and many ceramics) is not high
since the valence electrons are locked in bonds between atoms and are not readily
available for conduction. With some of these materials, such as Si, we can get useful
and controlled levels of electrical conductivity by deliberately introducing small levels
of other elements known as dopants. Conductive polymers are also a good example of
covalently bonded materials that can be turned into semiconducting materials. The de-
velopment of conducting polymers that are lightweight has captured the attention of
many scientists and engineers for developing flexible electronic components.

Figure 2-12
Covalent bonds are directional. In silicon, a tetrahedral structure is
formed, with angles of 109.5° required between each covalent bond.

~ .
109.5° /J
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We cannot simply predict whether or not a material will be high or low strength,
ductile or brittle, simply based on the nature of bonding! We need additional in-
formation on the atomic, microstructure, and macrostructure of the material. However,
the nature of bonding does point to a trend for materials with certain types of bonding
and chemical compositions. Example 2-2 explores how one such bond of oxygen and
silicon join to form silica.

m How Do Oxygen and Silicon Atoms Join to Form Silica?

Assuming that silica (SiO5) has 100% covalent bonding, describe how oxygen
and silicon atoms in silica (SiO;) are joined.

SOLUTION

Silicon has a valence of four and shares electrons with four oxygen atoms, thus
giving a total of eight electrons for each silicon atom. However, oxygen has a
valence of six and shares electrons with two silicon atoms, giving oxygen a total of
eight electrons. Figure 2-13 illustrates one of the possible structures. The arrows
indicate to what other atom is a particular electron bonded with. Similar to silicon
(Si), a tetrahedral structure is produced. We will discuss later in this chapter how
to account for the ionic and covalent nature of bonding in silica.

Si

*

® 0
v
Si Nsi

Figure 2-13 The tetrahedral structure of silica (SiO,), which contains covalent
bonds between silicon and oxygen atoms (for Example 2-2).

The lonic Bond When more than one type of atoms are present in a material, one
atom may donate its valence electrons to a different atom, filling the outer energy shell
of the second atom. Both atoms now have filled (or emptied) outer energy levels, but
both have acquired an electrical charge and behave as ions. The atom that contributes
the electrons is left with a net positive charge and is called a cation, while the atom that
accepts the electrons acquires a net negative charge and is called an anion. The oppo-
sitely charged ions are then attracted to one another and produce the ionic bond. For
example, the attraction between sodium and chloride ions (Figure 2-14) produces so-
dium chloride (NaCl), or table salt.
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Valence electron

Do
DO
@'

Figure 2-14 An ionic bond is created between two unlike atoms with different electronega-
tivities. When sodium donates its valence electron to chlorine, each atom becomes an ion, and
the ionic bond is formed.

Na atom Cl atom Nat ion Cl~ ion

EXAMPLE 2-3

is transferred via the movement of ions (Figure 2-15). Owing to their size, ions
typically do not move as easily as electrons. However, in many technological
applications we make use of the electrical conduction that can occur via
movement of ions as a result of increased temperature, chemical potential
gradient, or an electrochemical driving force. Examples of these include lith-
ium ion batteries that make use of lithium cobalt oxide, conductive indium tin
oxide (ITO) coatings on glass for touch sensitive displays, and solid oxide fuel
cells (SOFC) based on compositions based on zirconia (ZrO,).

Figure 2-15
Q Q@Q When voltage is applied to an ionic
material, entire ions must move to cause a
m current to flow. lon movement is slow and
the electrical conductivity is poor at low
Q@Qm temperatures (for Example 2-3).
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Polarized atom @ > O
has a net dipole

moment

London forces

Polarized atoms
Neutral atom E attract each other

Figure 2-16 lllustration of London forces, a type of a van der Waals force, between atoms.

Van der Waals Bonding The origin of van der Waals forces between atoms and mol-
ecules is quantum mechanical in nature and a detailed discussion is beyond the scope of
this book. We present here a simplified picture. If two electrical charges +¢ and —¢ are
separated by a distance d, the arrangement is called a dipole and the dipole moment is
defined as ¢ x d. Atoms are electrically neutral. Also, the centers of the positive charge
(nucleus) and negative charge (electron cloud) coincide. Therefore, a neutral atom has
no dipole moment. When a neutral atom is exposed to an internal or external electric
field the atom gets polarized (i.e., the centers of positive and negative charges separate).
This creates or induces a dipole moment (Figure 2-16). In some molecules, the dipole
moment does not have to be induced—it exists by virtue of the direction of bonds and
the nature of atoms. These molecules are known as polar molecules. An example of
such a molecule that has a permanently built-in dipole moment is water (Figure 2-17).

There are three types of van der Waals interactions, namely London forces, Keesom
forces, and Debye forces. If the interactions are between two dipoles that are induced
in atoms or molecules, we refer to them as London forces (e.g., carbon tetrachloride)
(Figure 2-16). When an induced dipole (that is, a dipole that is induced in what is
otherwise a non-polar atom or molecule) interacts with a molecule that has a permanent
dipole moment, we refer to this interaction as a Debye interaction. An example of Debye
interaction would be forces between water molecules and those of carbon tetrachloride.

If the interactions are between molecules that are permanently polarized (e.g.,
water molecules attracting other water molecules or other polar molecules), we refer to
these as Keesom interactions. The attraction between the positively charged regions of
one water molecule and the negatively charged regions of a second water molecule
provides an attractive bond between the two water molecules (Figure 2-17).

The bonding between molecules that have a permanent dipole moment, known as
the Keesom force, is often referred to as the hydrogen bond, where hydrogen atoms
represent one of the polarized regions. Thus, hydrogen bonding is essentially a Keesom
force and is a type of van der Waals force.

Note that van der Waals bonds are secondary bonds, which means bond energies
are smaller. However, the atoms within the molecule or group of atoms are joined by
strong covalent or ionic bonds. Thus, heating water to the boiling point breaks the van

Figure 2-17

The Keesom interactions are
formed as a result of
polarization of molecules or
groups of atoms. In water,
electrons in the oxygen tend
to concentrate away from the
hydrogen. The resulting
charge difference permits the
molecule to be weakly bonded
to other water molecules.
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Van der Waals bonds
have to be broken

Figure 2-18 (a) In polyvinyl chloride (PVC), the chlorine atoms attached to the polymer chain
have a negative charge and the hydrogen atoms are positively charged. The chains are weakly
bonded by van der Waals bonds. This additional bonding makes PVC stiffer. (b) When a force is
applied to the polymer, the van der Waals bonds are broken and the chains slide past one
another.

der Waals bonds and changes water to steam, but much higher temperatures are re-
quired to break the covalent bonds joining oxygen and hydrogen atoms.

Although termed “‘secondary,” based on the bond energies, van der Waals forces
play a very important role in many areas of engineering. Van der Waals forces between
atoms and molecules play a vital role in determining the surface tension and boiling
points of liquids.

Van der Waals bonds can change dramatically the properties of certain materials.
For example, graphite and diamond have very different mechanical properties. In many
plastic materials, molecules contain polar parts or side groups (e.g., cotton or cellulose,
PVC, Teflon). Van der Waals forces provide an extra binding force between the chains
of these polymers (Figure 2-18). This makes PVC relatively more brittle; materials
known as plasticizers are added to enhance PVC ductility.

Mixed Bonding In most materials, bonding between atoms is a mixture of two or
more types. Iron, for example, is bonded by a combination of metallic and covalent
bonding that prevents atoms from packing as efficiently as we might expect.
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Compounds formed from two or more metals (intermetallic compounds) may be
bonded by a mixture of metallic and ionic bonds, particularly when there is a large
difference in electronegativity between the elements. Because lithium has an electro-
negativity of 1.0 and aluminum has an electronegativity of 1.5, we would expect AlLi
to have a combination of metallic and ionic bonding. On the other hand, because both
aluminum and vanadium have electronegativities of 1.5, we would expect Al;V to be
bonded primarily by metallic bonds.

Many ceramic and semiconducting compounds, which are combinations of metallic
and nonmetallic elements, have a mixture of covalent and ionic bonding. As the electro-
negativity difference between the atoms increases, the bonding becomes more ionic. The
fraction of bonding that is covalent can be estimated from the following equation:

Fraction covalent = exp(—0.25AE?) (2-1)

where AFE is the difference in electronegativities.
Example 2-4 explores the nature of the bonds in silica.

EXAMPLE 2-4

From Figure 2-8, we estimate the electronegativity of silicon to be 1.
of oxygen to be 3.5. The fraction of the bonding that is covalent is:

Fraction covalent = exp[—0.25(3.5 — 1.8)?] = exp(—0.72) = 0.486

Although the covalent bonding represents only about half of the bonding, the
directional nature of these bonds still plays an important role in the structure
of SiO».

Silica has many applications. Silica is used for making glasses and optical
fibers. We add nano-sized particles of silica to tires to enhance the stiffness of
the rubber. High-purity silicon (Si) crystals for computer chips are made by
reducing silica to silicon.

EXAMPLE 2-5
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SOLUTION

(a) The silica layer forms on silicon at high temperatures. When the silicon
wafer is at a high temperature, it has expanded compared to its original
dimensions. The silica layer is formed at this high temperature and has the
same width as that of silicon.

Silica layer

\

Figure 2-19 Silica layer on silicon (for Example 2-5).

Silicon (Si) wafer

During cooling, the silicon wafer likes to shrink more compared to
silica. This is because silicon has a higher thermal expansion coefficient.
Silica, on the other hand, does not shrink as much (asi0r < osi). However,
since it is in contact with silicon, it is forced to shrink with silicon (i.e., the
silica layer is subjected to a compressive stress). Since the difference in
thermal expansion coefficients between the two materials is not very high,
the silica layer remains adherent. Since the stress in silica film is com-
pressive, it also will be able to withstand any mechanical shock or load
more easily. This is one of the major reasons why silica films can be used
as insulators and in other applications for processing silicon chips.

(b) When aluminum is deposited onto silicon, during cooling the aluminum
would like to shrink its dimensions more than the silicon. This is because of
oAl > osi. However, the aluminum film can not shrink its dimensions as
much because it is attached to the silicon wafer. Thus, when processing is
finished, aluminum film will be subjected to a residual tensile stress (i.e., it
would have liked to shrink more but is constrained by the underlying sili-
con wafer). In the case of aluminum, it is able to tolerate this tensile stress.
Other materials (such as if we were to attempt depositing a ceramic mate-
rial with coefficient of thermal expansion higher than that of the substrate)
will just fracture during cooling because of the thermal stress generated by
the mismatch in thermal expansion values.

2-6  Binding Energy and Interatomic Spacing

Interatomic Spacing The equilibrium distance between atoms results from a balance
between repulsive and attractive forces. In the metallic bond, for example, the attraction
between the electrons and the ion cores is balanced by the repulsion between ion cores.
Equilibrium separation occurs when the total interatomic energy (IAE) of the pair of
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Figure 2-20
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atoms is at a minimum, or when no net force is acting to either attract or repel the atoms
(Figure 2-20).

The interatomic spacing in a solid metal is approximately equal to the atomic dia-
meter, or twice the atomic radius r. We cannot use this approach for ionically bonded
materials, however, since the spacing is the sum of the two different ionic radii. Atomic
and ionic radii for the elements are listed in Appendix B and will be used in the next
chapter.

The minimum energy in Figure 2-20 is the binding energy, or the energy required to
create or break the bond. Consequently, materials having a high binding energy also
have a high strength and a high melting temperature. Ionically bonded materials have a
particularly large binding energy (Table 2-2) because of the large difference in electro-
negativities between the ions. Metals have lower binding energies because the electro-
negativities of the atoms are similar.

Other properties can be related to the force-distance and energy-distance expres-
sions in Figure 2-21. For example, the modulus of elasticity of a material (the slope of

TABLE 2-2 ® Binding energies for the four bonding

mechanisms

Bond Binding Energy (kcal/mol)
lonic 150-370
Covalent 125-300

Metallic 25-200

Van der Waals <10
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Figure 2-21
Strong bonding The force-distance curve for
dF two materials, showing the
da™> relationship between atomic

bonding and the modulus of
elasticity. A steep dF/da slope
gives a high modulus.

» Distance

Force

Weak bonding

the stress-strain curve in the elastic region (E), also known as Young’s modulus) is re-
lated to the slope of the force-distance curve (Figure 2-21). A steep slope, which corre-
lates with a higher binding energy and a higher melting point, means that a greater
force is required to stretch the bond; thus, the material has a high modulus of elasticity.

An interesting point that needs to be made is that not all properties of engineered mate-
rials are highly microstructure sensitive. Modulus of elasticity is one such property. If we
have two aluminum samples that have essentially the same chemical composition but dif-
ferent grain size, we can expect that the modulus of elasticity of these samples will be about
the same. However, the yield strength, a level of stress at which the material begins to de-
form easily with increasing stress, of these samples will be quite different. The yield
strength, therefore, is a microstructure sensitive property. We will learn in subsequent
chapters that, compared to other mechanical properties such as yield strength and tensile
strength, the modulus of elasticity does not depend strongly on the microstructure. The
modulus of elasticity can be linked directly to the strength of bonds between atoms. Thus,
the modulus of elasticity depends primarily on the atoms that make up the material.

Another property that can be linked to the binding energy or interatomic
force-distance curves is the coefficient of thermal expansion (CTE) defined as o =
(1/L)(dL/dT), where the overall dimensions of the material in a given direction, L, will
increase with increasing temperature, 7. The CTE describes how much a material ex-
pands or contracts when its temperature is changed. It is also related to the strength of
the atomic bonds. In order for the atoms to move from their equilibrium separation,
energy must be supplied to the material. If a very deep interatomic energy (IAE) trough
caused by strong atomic bonding is characteristic of the material (Figure 2-22), the
atoms separate to a lesser degree resulting in a low, linear coefficient of thermal ex-
pansion. Materials with a low coefficient of thermal expansion maintain their dimen-
sions more accurately when the temperature changes. Note that there are micro-
structural features (e.g., anistropy, or varying properties, in thermal expansion along
with different crystallographic directions and other effects) that also have a significant
effect on the overall thermal expansion coefficient of an engineered material. Indeed,
materials scientists and engineers have developed materials that show very low, zero or
negative coefficients of thermal expansion.

Materials that have very low expansion are useful in many applications where the
components are expected to repeatedly undergo relatively rapid heating and cooling.
For example, cordierite ceramics (used as catalyst support in catalytic converters in
cars), ultra-low expansion (ULE) glasses, Visionware™, and other glass-ceramics de-
veloped by Corning, have very low thermal expansion coefficients.
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i Equilibrium spacing between atoms
i iincreases energy by AIAE
i energy by AIAE (larger separation

'indicates higher thermal expansion)
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2
‘8%
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2
%
@

Interatomic Energy (IAE)

Figure 2-22 The interatomic energy (IAE)—separation curve for two atoms. Materials that
display a steep curve with a deep trough have low linear coefficients of thermal expansion.
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Strain is defined as change in length divided by the original length. Thus,

dL  65x10*m

U -5
T om 65 x 10

Strain =
You can also show from the definitions of strain and o that strain is simply
o x (dT).
Thus, the stress generated in the steel beam if it is not allowed to con-
tract will be given by

Stress = (200 x 10° N/m?) x (65 x 107°) = 130 x 10° N/m?

The stress generated in the steel beam will be 130 x 10° N/m? or 130
mega-Pascals (MPa). As will be seen in Chapter 6, this level of stress is
typically not enough to cause a permanent deformation in the steel beam.

(c) The steel beam wants to shrink, however, if it is anchored between rigid
supports, it will not be allowed to do so. Thus, the stress generated in the
beam is actually tensile (i.e., the beam acts as if it has been pulled to a longer
length).

To accommodate the effect of such strains generated by thermal expansion and
contraction of steels, civil engineers use expansion joints on bridges (Figure 2-23).

Figure 2-23
Expansion joint on a bridge.
(Courtesy of CheriJon/Stockphoto.)

m El.IMMHI:I'I| ~ <> Similar to composition, structure of a material has a profound influence on the
‘ properties of a material.

<p Structure of materials can be understood at various levels: atomic structure, long-
and short-range atomic arrangements, nanostructure, microstructure, and macro-
structure. Engineers concerned with practical applications need to understand the
structure at both the micro and macro levels. Given that atoms and atomic ar-
rangements constitute the building blocks of advanced materials, we need to
understand the structure at an atomic level. There are many emerging novel devices
centered on micro-electro-mechanical systems (MEMS) and nanotechnology. As a
result, understanding the structure of materials at nano-scale is also very important
for some applications.
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<» Atomic bonding is determined partly by how the valence electrons associated with
each atom interact. Types of bonds include metallic, covalent, ionic, and van der
Waals. Most engineered materials exhibit mixed bonding.

<» A metallic bond is formed as a result of atoms of low electronegativity elements
donating their valence electrons and leading to the formation of a ““sea” of elec-
trons. Metallic bonds are non-directional and relatively strong. Metals are good
conductors of heat and electricity and reflect visible light.

<» A covalent bond is formed between two atoms when each atom donates an electron
that is needed in the bond formation. Covalent bonds are found in many polymeric
and ceramic materials. These bonds are strong, most inorganic materials with co-
valent bonds exhibit high levels of strength, hardness, and limited ductility. Most
covalently bonded materials tend to be relatively good electrical insulators. Some
materials such as Si and Ge behave as semiconductors.

<» The ionic bonding found in many ceramics is produced when an electron is
“donated” from one electropositive atom to an electronegative atom, creating pos-
itively charged cations and negatively charged anions. As in covalently bonded
materials, these materials tend to be mechanically strong and hard, but brittle.
Melting points of ionically bonded materials are relatively high. These materials
are typically electrical insulators. In some cases, though, the microstructure of these
materials can be tailored so that significant ionic conductivity is obtained.

<» The van der Waals bonds are formed when atoms or groups of atoms have a non-
symmetrical electrical charge. The asymmetry in the charge is a result of dipoles
that are induced or dipoles that are permanent.

<» The binding energy is related to the strength of the bonds and is particularly high
in ionically and covalently bonded materials. Materials with a high binding energy
often have a high-melting temperature, a high modulus of elasticity, and a low co-
efficient of thermal expansion.

11118
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Amorphous material A material that does not have a long-range order of atoms (e.g., silica
glass).

Anion A negatively charged ion produced when an atom, usually of a nonmetal, accepts one or
more electrons.

Atomic mass The mass of the Avogadro number of atoms, g/mol. Normally, this is the average
number of protons and neutrons in the atom. Also called the atomic weight.

Atomic mass unit The mass of an atom expressed as 1/12 of the mass of a carbon atom.
Atomic number The number of protons or electrons in an atom.
Atomic structure All atoms and their arrangements that constitute the building blocks of matter.

Avogadro number The number of atoms or molecules in a mole. The Avogadro number is
6.02 x 10% per mole.

Azimuthal quantum number (/) A quantum number that designates different energy levels in
principal shells.
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Binding energy The energy required to separate two atoms from their equilibrium spacing to an
infinite distance apart. Alternately, the binding energy is the strength of the bond between two
atoms.

Cation A positively charged ion produced when an atom, usually of a metal, gives up its valence
electrons.

Coefficient of thermal expansion (CTE) The amount by which a material changes its dimensions
when the temperature changes. A material with a low coefficient of thermal expansion tends to
retain its dimensions when the temperature changes.

Composition The chemical make-up of a material.

Covalent bond The bond formed between two atoms when the atoms share their valence elec-
trons.

Crystalline materials Materials in which atoms are arranged in a periodic fashion exhibiting a
long-range order.

Debye interactions Van der Waals forces that occur between two molecules, with only one of
them with a permanent dipole moment.

Directional relationship The bonds between atoms in covalently bonded materials form specific
angles, depending on the material.

Ductility The ability of materials to be stretched or bent without breaking.

Electronegativity The relative tendency of an atom to accept an electron and become an anion.
Strongly electronegative atoms readily accept electrons.

Hydrogen bond A Keesom interaction (a type of van der Waals bond) between molecules in
which a hydrogen atom is involved (e.g., bonds between water molecules).

Interatomic spacing The equilibrium spacing between the centers of two atoms. In solid ele-
ments, the interatomic spacing equals the apparent diameter of the atom.

Intermetallic compound A compound such as Al;V formed by two or more metallic atoms;
bonding is typically a combination of metallic and ionic bonds.

lonic bond The bond formed between two different atom species when one atom (the cation)
donates its valence electrons to the second atom (the anion). An electrostatic attraction binds the
ions together.

Keesom interactions Van der Waals forces that occur between molecules that have a permanent
dipole moment.

Length-scale A relative distance or range of distances used to describe materials-related struc-
ture, properties or phenomena.

London forces Van der Waals forces that occur between molecules that do not have a perma-
nent dipole moment.

Long-range atomic arrangements Repetitive three-dimensional patterns with which atoms or
ions are arranged in crystalline materials.

Magnetic quantum number (M,) A quantum number that describes energy levels for each azi-
muthal quantum number.
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Macrostructure  Structure of a material at a macroscopic level. The length-scale is ~>100,000 nm.
Typical features include porosity, surface coatings, and internal or external micro-cracks.

Metallic bond The electrostatic attraction between the valence electrons and the positively
charged ion cores.

Micro-electro-mechanical systems (MEMS) These consist of miniaturized devices typically pre-
pared by micromachining.

Microstructure Structure of a material at a length-scale of ~10 to 1000 nm. This typically
includes such features as average grain size, grain size distribution, grain orientation and those
related to defects in materials.

Modulus of elasticity The slope of the stress-strain curve in the elastic region (E). Also known
as Young’s modulus.

Nano-scale A length scale of 1-100 nm.
Nanostructure Structure of a material at a nano-scale (~length-scale 1-100 nm).

Nanotechnology An emerging set of technologies based on nano-scale devices, phenomena, and
materials.

Polarized molecules Molecules that have developed a dipole moment by virtue of an internal or
external electric field.

Primary bonds Strong bonds between adjacent atoms resulting from the transfer or sharing of
outer orbital electrons.

Quantum numbers The numbers that assign electrons in an atom to discrete energy levels. The
four quantum numbers are the principal quantum number #n, the azimuthal quantum number /,
the magnetic quantum number »1;, and the spin quantum number 1.

Quantum shell A set of fixed energy levels to which electrons belong. Each electron in the shell
is designated by four quantum numbers.

Secondary bond Weak bonds, such as van der Waals bonds, that typically join molecules to one
another.

Short-range atomic arrangements Atomic arrangements up to a distance of a few nm.
Spin quantum number (m;) A quantum number that indicates spin of an electron.
Structure Description of spatial arrangements of atoms or ions in a material.

Transition elements A set of elements whose electronic configurations are such that their inner
d and f levels begin to fill up. These elements usually exhibit multiple valence and are useful for
electronic, magnetic and optical applications.

Three-five (l11-V) semiconductor A semiconductor that is based on group 3A and 5B elements
(e.g., GaAs).

Two-six (lI-VI) semiconductor A semiconductor that is based on group 2B and 6B elements
(e.g., CdSe).

Valence The number of electrons in an atom that participate in bonding or chemical reactions.
Usually, the valence is the number of electrons in the outer s and p energy levels.

Van der Waals bond A secondary bond developed between atoms and molecules as a result of
interactions between dipoles that are induced or permanent.

Yield strength The level of stress above which a material begins to show permanent deformation.
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W4 PROBLENS

Section 2-1 The Structure of Materials—
An Introduction

2-1 What is meant by the term composition of a material?
2-2 What is meant by the term structure of a material?

2-3 What are the different levels of structure of a ma-
terial?

2-4 Why is it important to consider the structure of a
material while designing and fabricating engineer-
ing components?

2-5 What is the difference between the microstructure
and the macrostructure of a material?

Section 2-2 The Structure of the Atom

2-6 (a) Aluminum foil used for storing food weighs
about 0.05 g/cm?. How many atoms of alumi-
num are contained in one square inch of the
foil?

(b) Using the densities and atomic weights given
in Appendix A, calculate and compare the
number of atoms per cubic centimeter in (i)
lead and (ii) lithium.

2-7 (a) Using data in Appendix A, calculate the
number of iron atoms in 1000 kg of iron.
(b) Using data in Appendix A, calculate the vol-
ume in cubic centimeters occupied by one mole
of boron.

2-8 1In order to plate a steel part having a surface area
of 1250 cm? with a 0.005 cm thick layer of nickel:
(@) How many atoms of nickel are required?
(b) How many moles of nickel are required?

Section 2-3 The Electronic Structure of
the Atom

2-9 Suppose an element has a valence of 2 and an
atomic number of 27. Based only on the quan-
tum numbers, how many electrons must be pres-
ent in the 3d energy level?

2-10 Indium, which has an atomic number of 49, con-
tains no electrons in its 4f" energy levels. Based
only on this information, what must be the va-
lence of indium?

Section 2-4 The Periodic Table

2-11 The periodic table of elements can help us better
rationalize trends in properties of elements and
compounds based on elements from different
groups. Search the literature and obtain the co-
efficients of thermal expansions of elements from
group 4B. Establish a trend and see if it corre-

lates with the melting temperatures and other
properties (e.g., bandgap) of these elements.

2-12 Bonding in the intermetallic compound Niz;Al is
predominantly metallic. Explain why there will
be little, if any, ionic bonding component. The
electronegativity of nickel is about 1.9.

2-13 Plot the melting temperatures of elements in the
4A to 8-10 columns of the periodic table versus
atomic number (i.e., plot melting temperatures of
Ti through Ni, Zr through Pd, and Hf through
Pt). Discuss these relationships, based on atomic
bonding and binding energies: (a) as the atomic
number increases in each row of the periodic
table and (b) as the atomic number increases in
each column of the periodic table.

2-14 Plot the melting temperature of the elements in
the 1A column of the periodic table versus
atomic number (i.e., plot melting temperatures of
Li through Cs). Discuss this relationship, based
on atomic bonding and binding energy.

Section 2-5 Atomic Bonding

2-15 Methane (CH4) has a tetrahedral structure similar
to that of SiO,, with a carbon atom of radius
0.77 x 10~% cm at the center and hydrogen atoms
of radius 0.46 x 108 cm at four of the eight cor-
ners. Calculate the size of the tetrahedral cube for
methane.

2-16 The compound aluminum phosphide (AIP) is a
compound semiconductor having mixed ionic
and covalent bonding. Calculate the fraction of
the bonding that is ionic.

2-17 Calculate the fraction of bonding of MgO that is
ionic.
2-18 What is the type of bonding in diamond? Are the

properties of diamond commensurate with the
nature of bonding?

2-19 Such materials as silicon carbide (SiC) and silicon
nitride (SizNy4) are used for grinding and polish-
ing applications. Rationalize the choice of these
materials for this application.

2-20 Explain the role of van der Waals forces in de-
termining the properties of PVC plastic.

2-21 Calculate the fractions of ionic bonds in silicon
carbide (SiC) and in silicon nitride (Si3Ny).

2-22 One particular form of boron nitride (BN) known
as cubic born nitride (CBN) is a very hard mate-
rial and is used in grinding applications. Calculate
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the fraction of covalent bond character in this
material.

Another form of boron nitride (BN) known as
hexagonal boron nitride (HBN) is used as a solid
lubricant. Explain how this may be possible by
comparing this situation with that encountered
in two forms of carbon, namely diamond and
graphite.

Section 2-6 Binding Energy and Interatomic
Spacing

2-24

2-25

2-26

2-27

2-28

2-29

2-30

2-31

2-32

2-33

Beryllium and magnesium, both in the 2A column
of the periodic table, are lightweight metals.
Which would you expect to have the higher mod-
ulus of elasticity? Explain, considering binding
energy and atomic radii and using appropriate
sketches of force versus interatomic spacing.

Boron has a much lower coefficient of thermal
expansion than aluminum, even though both are
in the 3B column of the periodic table. Explain,
based on binding energy, atomic size, and the
energy well, why this difference is expected.

Would you expect MgO or magnesium (Mg) to
have the higher modulus of elasticity? Explain.

Would you expect Al,O; or aluminum (Al) to
have the higher coefficient of thermal expansion?
Explain.

Aluminum and silicon are side-by-side in the pe-
riodic table. Which would you expect to have the
higher modulus of elasticity (E)? Explain.

Explain why the modulus of elasticity of simple
thermoplastic polymers, such as polyethylene and
polystyrene, is expected to be very low compared
with that of metals and ceramics.

Steel is coated with a thin layer of ceramic to help
protect against corrosion. What do you expect to
happen to the coating when the temperature of
the steel is increased significantly? Explain.

Why is the modulus of elasticity considered a
relatively structure insensitive property?

An aluminum-alloy bar of length 2 meters at
room temperature (300 K) is exposed to a tem-
perature of 100°C (« =23 x 107® K~!). What
will be the length of this bar at 100°C?

If the elastic modulus of the aluminum alloy in
the previous example is 70 x 10° N/m? (or Pa),
what will be stress generated in the aluminum-
alloy bar heated to 100°C if the bar was con-
strained between rigid supports and thus not al-
lowed to expand? Will this stress be compressive
or tensile in nature?

Problems 49

D34 Desian Problems

2-34

2-35

2-36

2-37

2-38

You wish to introduce ceramic fibers into a metal
matrix to produce a composite material, which is
subjected to high forces and large temperature
changes. What design parameters might you
consider to ensure that the fibers will remain in-
tact and provide strength to the matrix? What
problems might occur?

Turbine blades used in jet engines can be made
from such materials as nickel-based superalloys.
We can, in principle, even use ceramic materials
such as zirconia or other alloys based on steels. In
some cases, the blades also may have to be
coated with a thermal barrier coating (TBC) to
minimize exposure of the blade material to high
temperatures. What design parameters would you
consider in selecting a material for the turbine
blade and for the coating that would work suc-
cessfully in a turbine engine. Note that different
parts of the engine are exposed to different
temperatures, and not all blades are exposed to
relatively high operating temperatures. What
problems might occur? Consider the factors such
as temperature and humidity in the environment
that the turbine blades must function.

You want to design a material for making a mir-
ror for a telescope that will be launched in space.
Given that the temperatures in space can change
considerably, what material will you consider us-
ing? Remember that this material should not ex-
pand or contract at all, if possible. It also should
be as strong and as low a density as possible, and
one should be able to coat it so that it can serve
as a mirror.

You want to use a material that can be used for
making a catalytic converter substrate. The job
of this material is to be a carrier for the nano-
particles of metals (such as platinum and palla-
dium), which are the actual catalysts. The main
considerations are that this catalyst-support mate-
rial must be able to withstand the constant, cyclic
heating and cooling that it will be exposed to.
(Note: The gases from automobile exhaust reach
temperatures up to 500°C, and the material will
get heated up to high temperatures and then cool
down when the car is not being used.) What kinds
of materials can be used for this application?

Solid-Oxide Fuel-Cell Materials. A solid-oxide
fuel cell is made using a thin film of yttria stabi-
lized zirconia (ZrO;) (known as YSZ). The film is
deposited onto a ceramic tube of a material called
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strontium (Sr) doped lanthanum manganite
(LaMnOs3) (known as LSM). On the zirconia ce-
ramic film, a layer of nickel is deposited and serves
as the anode. The LSM material acts as a cathode.
The thermal expansion coefficient of YSZ used
here was 10 x 107 C~!. The thermal expansion

coeflicient of nickel is 13.3 x 107% C~!. What type
of stress will the nickel film be subjected to if
we assume that both YSZ and LSM used here
have very similar thermal expansion coefficients?
What will be the magnitude of the stress in
the nickel film?
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Arrangements

Have You Ever Wondered?

B What is amorphous silicon and how is it different from the silicon used to make computer

chips?
B What are liquid crystals?

W /f you were to pack a cubical box with uniform-sized spheres, what is the maximum packing

possible?

B How can we calculate the density of different materials?

Arrangements of atoms and ions play an impor-
tant role in determining the microstructure and
properties of a material. The main objectives of
this chapter are to:

(a) learn classification of materials based on
atomic/ionic arrangements; and

(b) describe the arrangements in crystalline
solids based on lattice, basis, and crystal
structure.

For crystalline solids, we will illustrate the
concepts of Bravais lattices, unit cells, crystallo-
graphic directions, and planes by examining the

51
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arrangements of atoms or ions in many techno-
logically important materials. These include
metals (e.g., Cu, Al, Fe, W, Mg, etc.), semi-
conductors (e.g., Si, Ge, GaAs, etc.), advanced
ceramics (e.g., ZrO,, Al,03, BaTiOs, diamond,
etc.), and other materials. We will develop the

Atomic and lonic Arrangements

necessary nomenclature used to characterize
atomic or ionic arrangements in crystalline mate-
rials. We will present an overview of different
types of amorphous materials such as amorphous
silicon, metallic glasses, polymers, and inorganic
glasses.

31 shorf-Range Order versus Long-Range Order

In different states of matter, we can define four types of atomic or ionic arrangements

(Figure 3-1).

No Order

In monoatomic gases, such as argon (Ar) or plasma created in a fluorescent

tubelight, atoms or ions have no orderly arrangement. These materials randomly fill up

whatever space is available to them.

Short-Range Order (SRO) A material displays short-range order (SRO) if the special
arrangement of the atoms extends only to the atom’s nearest neighbors. Each water
molecule in steam has a short-range order due to the covalent bonds between the

Q
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Figure 3-1

(d)

Levels of atomic arrangements in materials: (a) Inert monoatomic gases have no

regular ordering of atoms. (b,c) Some materials, including water vapor, nitrogen gas,
amorphous silicon and silicate glass have short-range order. (d) Metals, alloys, many ceramics
and some polymers have regular ordering of atoms/ions that extends through the material.



3-1 Short-Range Order versus Long-Range Order 53

Figure 3-2
Basic Si-O tetrahedron in silicate glass.

hydrogen and oxygen atoms; that is, each oxygen atom is joined to two hydrogen
atoms, forming an angle of 104.5° between the bonds. However, the water molecules in
steam have no special arrangement with respect to each other’s position.

A similar situation exists in materials known as inorganic glasses. In Chapter 2,
we described the tetrahedral structure in silica that satisfies the requirement that four
oxygen ions be bonded to each silicon ion. However, beyond the basic unit of a
(SiO4)* tetrahedron (Figure 3-2), there is no periodicity in the way these tetrahedra are
connected. In contrast, in quartz or other forms of crystalline silica, the silicate (SiO4)*~
tetrahedra are indeed connected in different periodic arrangements.

Many polymers also display short-range atomic arrangements that closely resemble
the silicate glass structure.

Long-Range Order (LRO) Most metals and alloys, semiconductors, ceramics, and
some polymers have a crystalline structure in which the atoms or ions display long-
range order (LRO); the special atomic arrangement extends over much larger length
scales ~>100 nm. The atoms or ions in these materials form a regular repetitive, grid-
like pattern, in three dimensions. We refer to these materials as crystalline materials. If
a crystalline material consists of only one crystal, we refer to it as a single crystal mat-
erial. Single crystal materials are useful in many electronic and optical applications. For
example, computer chips are made from silicon in the form of large (up to 12-inch di-
ameter) single crystals [Figure 3-3(a)]. A polycrystalline material is comprised of many
crystals with varying orientations in space. These crystals in a polycrystalline material
are known as grains. A polycrystalline material is similar to a collage of several tiny
single crystals. The borders between tiny crystals, where the crystals are in misalign-
ment and are known as grain boundaries. Figure 3-3(b) shows the microstructure of a
polycrystalline stainless steel material. Many crystalline materials we deal with in en-
gineering applications are polycrystalline (e.g., steels used in construction, aluminum
alloys for aircrafts, etc.). We will learn in later chapters that many properties of poly-
crystalline materials depend upon the physical and chemical characteristics of both
grains and grain boundaries. The properties of single crystal materials depend upon the
chemical composition and specific directions within the crystal (known as the crystallo-
graphic directions). Long-range order in crystalline materials can be detected and
measured using techniques such as x-ray diffraction or electron diffraction (Section 3-9).

Liquid crystals (LLCs) are polymeric materials that have a special type of order.
Liquid crystal polymers behave as amorphous materials (liquid-like) in one state.
However, when an external stimulus (such as an electric field or a temperature change)
is provided, some polymer molecules undergo alignment and form small regions that
are crystalline, hence the name “liquid crystals.”

The Nobel Prize in Physics for 2001 went to Eric A. Cornell, Wolfgang Ketterle,
and Carl E. Wieman. These scientists have verified a new state of matter known as the
Bose-Einstein condensate (BEC).
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Figure 3-3

(a) Photograph of a
silicon single crystal.

(b) Micrograph of a
polycrystalline stainless
steel showing grains
and grain boundaries
(Courtesy of Dr. M. Hua,
Dr. I. Garcia, and Dr.
A.J. DeArdo.)

-2 Amorphous Materials: Principles and Technological Applications

Any material that exhibits only a short-range order of atoms or ions is an amorphous
material; that is, a noncrystalline one. In general, most materials want to form periodic
arrangements since this configuration maximizes the thermodynamic stability of the
material. Amorphous materials tend to form when, for one reason or other, the kinetics
of the process by which the material was made did not allow for the formation of peri-
odic arrangements. Glasses, which typically form in ceramic and polymer systems, are
good examples of amorphous materials. Similarly, certain types of polymeric or col-
loidal gels, or gel-like materials, are also considered amorphous. Amorphous materials
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Hydrogen

Dangling atom

bond \

™ Silicon
atom

(a) (b)

Figure 3-4 Atomic arrangements in amorphous silicon and crystalline silicon. (a) Amorphous
silicon. (b) Crystalline silicon. Note the variation in the interatomic distance for amorphous
silicon.

often offer a unique and unusual blend of properties since the atoms or ions are not
assembled into their “‘regular” and periodic arrangements.

Similar to inorganic glasses, many plastics are also amorphous. They do contain
small portions of material that are crystalline. During processing, relatively large chains
of polymer molecules get entangled with each other, like spaghetti. Entangled polymer
molecules do not organize themselves into crystalline materials.

Compared to plastics and inorganic glasses, metals and alloys tend to form crys-
talline materials rather easily. As a result, special efforts must be made to quench the
metals and alloys quickly; a cooling rate of >10°C/s is required to form metallic glasses.
This process of cooling materials at a high rate is called rapid solidification.

Amorphous silicon, denoted a:Si-H, is another important example of a material
that has the basic short-range order of crystalline silicon (Figure 3-4). The H in the
symbol tells us that this material also contains some hydrogen. In amorphous silicon,
the silicon tetrahedra are not connected to each other in the periodic arrangement seen
in crystalline silicon. Also, some bonds are incomplete or “dangling.” Thin films of
amorphous silicon are used to make transistors for active matrix displays in computers.
Amorphous silicon and polycrystalline silicon are both widely used for such applica-
tions as solar cells and solar panels.

3-3 Lartice, Unit Cells, Basis, and Crystal Structures

A lattice is a collection of points called lattice points that are arranged in a periodic
pattern so that the surroundings of each point in the lattice are identical. A lattice may
be one, two, or three dimensional. In materials science and engineering, we use the
concept of “lattice” to describe arrangements of atoms or ions. A group of one or more
atoms, located in a particular way with respect to each other and associated with each
lattice point, is known as the motif or basis. We obtain a crystal structure by adding the
lattice and basis (i.e., crystal structure = lattice + basis).

The unit cell is the subdivision of a lattice that still retains the overall characteristics
of the entire lattice. Unit cells are shown in Figure 3-5. By stacking identical unit cells,
the entire lattice can be constructed. There are seven unique arrangements, known as
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Figure 3-5 The fourteen types of Bravais lattices grouped in seven crystal systems. The actual
unit cell for a hexagonal system is shown in Figures 3-6 and 3-10.

crystal systems, which can be used to fill up a three-dimensional space. These are cubic,
tetragonal, orthorhombic, rhombohedral (also known as trigonal), hexagonal, mono-
clinic, and triclinic. Although there are seven crystal systems, we have a total of 14
distinct arrangements of lattice points. These unique arrangements of lattice points are
known as the Bravais lattices (Figure 3-5 and Table 3-1). Lattice points are located at
the corners of the unit cells and, in some cases, at either faces or the center of the unit
cell. Note that for the cubic crystal system we have simple cubic (SC), face-centered
cubic (FCC), and body-centered cubic (BCC) Bravais lattices. Similarly, for the tetrag-
onal crystal system, we have simple tetragonal and body centered tetragonal Bravais
lattices. Any other arrangement of atoms can be expressed using these 14 Bravais lat-
tices. Note that the concept of a lattice is mathematical and does not mention atoms,
ions or molecules. It is only when we take a Bravais lattice and begin to define the basis
(i.e., one or more atoms associated with each lattice point) that we can describe a crystal
structure. For example, if we take the face-centered cubic lattice and assume that at
each lattice point we have one atom, then we get a face-centered cubic crystal structure.



3-3 Llattice, Unit Cells, Basis, and Crystal Structures 57

TABLE 3-1 W Characteristics of the seven crystal systems

Structure Axes Angles between Axes Volume of the Unit Cell
Cubic a=b=c All angles equal 90° ad
Tetragonal a=b#c All angles equal 90° a’c
Orthorhombic a#b#c All angles equal 90° abc
Hexagonal a=b#c Two angles equal 90°. 0.866a%c
One angle equals 120°.
Rhombohedral a=b=c All angles are equal and a3 \/1 —3cos2a+2cos3ua
or trigonal none equals 90°
Monoclinic a#b+#c Two angles equal 90°. abc sin 8
One angle (f) is not
equal to 90°
Triclinic a#b#c All angles are different abcy/1 — cos? o — cos? f — cos? y + 2 coS o COS f COS 7

and none equals 90°

Note that although we have only 14 Bravais lattices, we can have many more
bases. Since crystal structure is derived by adding lattice and basis, we have hundreds of
different crystal structures. Many different materials can have the same crystal struc-
ture. For example, copper and nickel have the face-centered cubic crystal structure. In
this book, for the sake of simplicity, we will assume that each lattice point has only one
atom (i.e., the basis is one), unless otherwise stated. This assumption allows us to refer
to the terms lattice and the crystal structure interchangeably. Let’s look at some of the
characteristics of a lattice or unit cell.

Lattice Parameter The lattice parameters, which describe the size and shape of the unit

cell, include the dimensions of the sides of the unit cell and the angles between the sides
(Figure 3-6). In a cubic crystal system, only the length of one of the sides of the cube

c
u ¢
120°
a a a
a b a
Cubic Orthorhombic Hexagonal

Figure 3-6 Definition of the lattice parameters and their use in cubic, orthorhombic, and
hexagonal crystal systems.
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Simple cubic Body-centered Face-centered
cubic cubic

Figure 3-7 The models for simple cubic (SC), body-centered cubic (BCC), and face-centered
cubic (FCC) unit cells, assuming only one atom per lattice point.

is necessary to completely describe the cell (angles of 90° are assumed unless otherwise
specified). This length is the lattice parameter a (some times designated as ay). The length
is often given in nanometers (nm) or Angstrom (A) units, where:

1 nanometer (nm) =10 m=10"cm =10 A
1 angstrom (A) = 0.1 nm = 10" m = 108 cm

Several lattice parameters are required to define the size and shape of complex unit
cells. For an orthorhombic unit cell, we must specify the dimensions of all three sides of
the cell: ay, by, and ¢yp. Hexagonal unit cells require two dimensions, ay and ¢, and the
angle of 120° between the @y axes. The most complicated cell, the triclinic cell, is de-
scribed by three lengths and three angles.

Number of Atoms per Unit Cell A specific number of lattice points defines each of the
unit cells. For example, the corners of the cells are easily identified, as are the body-
centered (center of the cell) and face-centered (centers of the six sides of the cell) posi-
tions (Figure 3-5). When counting the number of lattice points belonging to each unit
cell, we must recognize that lattice points may be shared by more than one unit cell. A
lattice point at a corner of one unit cell is shared by seven adjacent unit cells (thus a
total of eight cells); only one-eighth of each corner lattice point belongs to one partic-
ular cell. Thus, the number of lattice points from all of the corner positions in one unit
cell is:

1 lattice point goornersy lattice point
8  corner cell / unit cell

The number of atoms per unit cell is the product of the number of atoms per lattice
point and the number of lattice points per unit cell. In most metals, one atom is located
at each lattice point. The structures of simple cubic (SC), body-centered cubic (BCC),
and face-centered cubic (FCC) unit cells, with one atom located at each lattice point,
are shown in Figure 3-7. Example 3-1 illustrates how to determine the number of lattice
points in cubic crystal systems.

m Determining the Number of Lattice Points in Cubic Crystal

Systems

Determine the number of lattice points per cell in the cubic crystal systems. If
there is only one atom located at each lattice point, calculate the number of
atoms per unit cell.
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center of the cube:

lattice point

unit cell 8

In FCC unit cells, lattice points are located at all corners and all faces of the cube:
1 1

= (8 corners) (§> + (6 faces) (E) =4

Since we are assuming there is only one atom located at each lattice point, the

number of atoms per unit cell would be 1, 2, and 4, for the simple cubic, body-
centered cubic, and face-centered cubic, unit cells, respectively.

= (8 corners) <l) + (1 center)(1) =2

lattice point
unit cell

Atomic Radius versus Lattice Parameter Directions in the unit cell along which atoms
are in continuous contact are close-packed directions. In simple structures, particularly
those with only one atom per lattice point, we use these directions to calculate the rela-
tionship between the apparent size of the atom and the size of the unit cell. By geomet-
rically determining the length of the direction relative to the lattice parameters, and then
adding the number of atomic radii along this direction, we can determine the desired
relationship. Example 3-2 illustrates how the relationships between lattice parameters
and atomic radius are determined.

EXAMPLE 3-2
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pP
I
-0 [e—ao—]

(8C) (BCC)

Figure 3-8 The relationships between the atomic radius and the lattice parameter
in cubic systems (for Example 3-2).

In an FCC structure, atoms touch along the face diagonal of the cube, which is
v/2ay in length. There are four atomic radii along this length—two radii from
the face-centered atom and one radius from each corner, so:

ayg = (3-3)

S

Coordination Number The coordination number is the number of atoms touching a
particular atom, or the number of nearest neighbors for that particular atom. This is
one indication of how tightly and efficiently atoms are packed together. For ionic sol-
ids, the coordination number of cations is defined as the number of nearest anions. The
coordination number of anions is the number of nearest cations. We will discuss the
crystal structures of different ionic solids and other materials in Section 3-7.

In cubic structures containing only one atom per lattice point, atoms have a coor-
dination number related to the lattice structure. By inspecting the unit cells in Figure
3-9, we see that each atom in the SC structure has a coordination number of six, while
each atom in the BCC structure has eight nearest neighbors. In Section 3-5, we will
show that each atom in the FCC structure has a coordination number of 12, which is
the maximum.

Figure 3-9

Illustration of coordinations

in (a) SC and (b) BCC unit

cells. Six atoms touch each

atom in SC, while eight

atoms touch each atom in
P the BCC unit cell.

20

|
.
Nl

(a) (b)
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Packing Factor The packing factor is the fraction of space occupied by atoms, assuming
that atoms are hard spheres sized so that they touch their closest neighbor. The general
expression for the packing factor is:

(number of atoms/cell)(volume of each atom)
volume of unit cell

Packing factor = (3-4)

Example 3-3 illustrates how to calculate the packing factor for a FCC cell.

m Calculating the Packing Factor

Calculate the packing factor for the FCC cell.

SOLUTION

In a FCC cell, there are four lattice points per cell; if there is one atom per
lattice point, there are also four atoms per cell. The volume of one atom is
47r3 /3 and the volume of the unit cell is a;.

(4 atoms/cell) ($7r?)

3
a4

Packing factor =

Since, for FCC unit cells, ag = 4r/+/2:

(4)(%7[;’3) o
(4;’/\/5)3 VI8 T 0.74

The packing factor of 7/ V18 = 0.74 in the FCC unit cell is the most efficient
packing possible. BCC cells have a packing factor of 0.68 and SC cells have
a packing factor of 0.52. Notice that the packing factor is independent of the
radius of atoms, as long as we assume that all atoms have a fixed radius.

Packing factor =

The FCC arrangement represents a close-packed structure (CP) (i.e., the packing
fraction is the highest possible with atoms of one size). The SC and BCC structures are
relatively open. We will see in the next section that it is possible to have a hexagonal
structure that has the same packing efficiency as the FCC structure. This structure is
known as the hexagonal close-packed structure (HCP). Metals with only metallic bond-
ing are packed as efficiently as possible. Metals with mixed bonding, such as iron, may
have unit cells with less than the maximum packing factor. No commonly encountered
engineering metals or alloys have the SC structure, although this structure is found in
ceramic materials.

Density The theoretical density of a material can be calculated using the properties of
the crystal structure. The general formula is:

(number of atoms/cell)(atomic mass)
(volume of unit cell)(Avogadro’s number)

Density p = (3-5)

If a material is ionic and consists of different types of atoms or ions, this formula will
have to be modified to reflect these differences. Example 3-4 illustrates how to determine
the density of BCC iron.
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v
E (IASERES  Determining the Density of BCC Iron

Determine the density of BCC iron, which has a lattice parameter of 0.2866 nm.

SOLUTION
For a BCC cell,
Atoms/cell =2

ay = 0.2866 nm = 2.866 x 10~* cm
Atomic mass of iron = 55.847 g/mol
Volume of unit cell = @] = (2.866 x 107 em)® = 23.54 x 1072* cm? /cell
Avogadro’s number N4 = 6.02 x 10> atoms/mol

(number of atoms/cell)(atomic mass of iron)
(volume of unit cell)(Avogadro’s number)

B (2)(55.847)
= (2354 x 10-2%)(6.02 x 10%)

Density p =

= 7.882 g/cm’

The measured density is 7.870 g/cm?. The slight discrepancy between the the-
oretical and measured densities is a consequence of defects in the material. As
mentioned before, the term “defect” in this context means imperfections with
regard to the atomic arrangement.

The Hexagonal Close-Packed Structure A special form of the hexagonal structure, the
hexagonal close-packed structure (HCP), is shown in Figure 3-10. The unit cell is the
skewed prism, shown separately. The HCP structure has one lattice point per cell—one
from each of the eight corners of the prism—but two atoms are associated with each
lattice point. One atom is located at a corner, while the second is located within the unit
cell. Thus, the basis is 2.

In metals with an ideal HCP structure, the @y and ¢y axes are related by the ratio
co/ap = 1.633. Most HCP metals, however, have cy/ap ratios that differ slightly from
the ideal value because of mixed bonding. Because the HCP structure, like the FCC
structure, has the most efficient packing factor of 0.74 and a coordination number of
12, a number of metals possess this structure. Table 3-2 summarizes the characteristics
of crystal structures of some metals.

Volume = a3, cos 30  Figure 3-10
The hexagonal close-
packed (HCP) structure
(left) and its unit cell.

Co
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TABLE 3-2 W Crystal structure characteristics of some metals

Atoms per Coordination Packing

Structure ap versus r Cell Number Factor Examples

Simple cubic (SC) ap=2r 1 6 0.52 Polonium (Po), a-Mn

Body-centered cubic ap = 4r/V3 2 8 0.68 Fe, Ti, W, Mo, Nb, Ta, K,
Na, V, Zr, Cr

Face-centered cubic ap = 4ri\?2 4 12 0.74 Fe, Cu, Au, Pt, Ag, Pb, Ni

Hexagonal close-packed ap=2r 2 12 0.74 Ti, Mg, Zn, Be, Co, Zr, Cd

Co ~ 1.63380

Structures of ionically bonded materials can be viewed as formed by the packing
(cubic or hexagonal) of anions. Cations enter into the interstitial sites or holes that
remain after the packing of anions. Section 3-7 discusses this in greater detail.

-4 Allotropic or Polymorphic Transformations

Materials with more than one crystal structure are called allotropic or polymorphic.
The term allotropy is normally reserved for this behavior in pure elements, while the
term polymorphism is used for compounds. You may have noticed in Table 3-2 that
some metals, such as iron and titanium, have more than one crystal structure. At low
temperatures, iron has the BCC structure, but at higher temperatures, iron transforms
to an FCC structure. These transformations result in changes in properties of materials
and form the basis for the heat treatment of steels and many other alloys.

Many ceramic materials, such as silica (SiO;) and zirconia (ZrO;), also are poly-
morphic. A volume change may accompany the transformation during heating or
cooling; if not properly controlled, this volume change causes the ceramic material to
crack and fail.

Polymorphism is also of central importance to several other applications. The
properties of some materials can depend quite strongly on the type of polymorph. For
example, the dielectric properties of such materials as PZT (Chapter 2) and BaTiO3
depend upon the particular polymorphic form. Example 3-5 illustrates how to calculate
volume changes in polymorphs of zirconia.

m Calculating Volume Changes in Polymorphs of Zirconia (Zr0,)

Calculate the percent volume change as zirconia (ZrO;) transforms from a
tetragonal to a monoclinic structure. The lattice constants for the monoclinic
unit cells are: @ = 5.156, b = 5.191, and ¢ = 5.304 A, respectively. The angle f8
for the monoclinic unit cell is 98.9°. The lattice constants for the tetragonal
unit cell are @ = 5.094 and ¢ = 5.304 A, respectively. Does the zirconia expand
or contract during this transformation? What is the implication of this trans-
formation on the mechanical properties of zirconia ceramics?
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SOLUTION

The volume of a tetragonal unit cell is given by ¥ = a?c = (5.094)%(5.304) =
13433 A3

The volume of a monoclinic unit cell is given by V =abcsinf =
(5.156)(5.191)(5.304) sin(98.9) = 140.25 A3,

Thus, there is an expansion of the unit cell as ZrO, transforms from a tet-
ragonal to monoclinic form.

The percent change in volume = (final volume — initial volume)/(initial
volume) * 100 = (140.25 — 134.33 A%)/140.25 A3 x 100 = 4.21%.

Most ceramics are very brittle and cannot withstand more than a 0.1%
change in volume. (We will discuss mechanical behavior of materials in Chap-
ters 6 and 7.) The conclusion here is that ZrO, ceramics cannot be used in their
monoclinic form since, when zirconia does transform to the tetragonal form,
it will most likely fracture. Therefore, ZrO; is often stabilized in a cubic form
using different additives such as CaO, MgO, and Y;0Oj3. On the other hand, the
expansion associated with the tetragonal to monoclinic form is used to create
transformation toughened ceramics. When small crystals of tetragonal zirconia
are subjected to a stress they become monoclinic. The expansion creates a
compressive stress near a crack and toughens the ceramic material.

Points, Directions, and Planes in the Unif Cell

Coordinates of Points We can locate certain points, such as atom positions, in the
lattice or unit cell by constructing the right-handed coordinate system in Figure 3-11.
Distance is measured in terms of the number of lattice parameters we must move in
each of the x, y, and z coordinates to get from the origin to the point in question. The
coordinates are written as the three distances, with commas separating the numbers.

Z Figure 3-11
0.0.1 Coordinates of selected points in the unit cell. The number
o refers to the distance from the origin in terms of lattice
1,1,1 parameters.
0,0,0
1 >
5, 1, 0
1,0,0 1,1,0

Directions in the Unit Cell Certain directions in the unit cell are of particular im-
portance. Miller indices for directions are the shorthand notation used to describe these
directions. The procedure for finding the Miller indices for directions is as follows:
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1. Using a right-handed coordinate system, determine the coordinates of two
points that lie on the direction.

2. Subtract the coordinates of the “tail” point from the coordinates of the “head”
point to obtain the number of lattice parameters traveled in the direction of each
axis of the coordinate system.

3. Clear fractions and/or reduce the results obtained from the subtraction to lowest
integers.

4. Enclose the numbers in square brackets [ |. If a negative sign is produced, rep-
resent the negative sign with a bar over the number.

Example 3-6 illustrates a way of determining the Miller indices of direction.

m Determining Miller Indices of Directions

Determine the Miller indices of directions 4, B, and C in Figure 3-12.

Figure 3-12
Crystallographic directions and coordinates
(for Example 3-6).

SOLUTION

Direction A

1. Two points are 1, 0, 0, and 0, 0, 0
2.1,0,0-0,0,0=1,0,0

3. No fractions to clear or integers to reduce
4. [100]

Direction B

1. Two points are 1, 1, 1 and 0, 0, 0
2.1,1,1-0,0,0=1,1,1

3. No fractions to clear or integers to reduce
4. [111]

Direction C

1. Two points are 0, 0, 1 and 1, 1, 0
2.0,0,1-3,1,0=-1,-1,1
3.2(-1,-1,1)=-1,-2,2

4. [122]
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(100] [010]

x y
Figure 3-13 Equivalency of crystallographic directions of a form in cubic systems.

TABLE 3-3 W Directions of the form {110 in cubic systems

[110] [110]
[101] [101]
011] [011]
[110] [110]
[101] [101]
011] [011]

(110) =

Several points should be noted about the use of Miller indices for directions:

1. Because directions are vectors, a direction and its negative are not identical;
[100] is not equal to [100]. They represent the same line, but opposite directions.

2. A direction and its multiple are identical; [100] is the same direction as [200]. We
just forgot to reduce to lowest integers.

3. Certain groups of directions are equivalent; they have their particular indices
because of the way we construct the coordinates. For example, in a cubic system,
a [100] direction is a [010] direction if we redefine the coordinate system as
shown in Figure 3-13. We may refer to groups of equivalent directions as direc-
tions of a form. The special brackets { > are used to indicate this collection of di-
rections. All of the directions of the form (110) are shown in Table 3-3. We
would expect a material to have the same properties in each of these 12 direc-
tions of the form <110).

Significance of Crystallographic Directions Crystallographic directions are used to
indicate a particular orientation of a single crystal or of an oriented polycrystalline
material. Knowing how to describe these can be useful in many applications. Metals
deform more easily, for example, in directions along which atoms are in closest contact.
Another real-world example is the dependence of the magnetic properties of iron and
other magnetic materials on the crystallographic directions. It is much easier to mag-
netize iron in the [100] direction compared to [111] or [110] directions. This is why the
grains in Fe-Si steels used in magnetic applications (e.g., transformer cores) are oriented
in the [100] or equivalent directions. In the case of magnetic materials used for record-
ing media, we have to make sure the grains are aligned in a particular crystallographic
direction such that the stored information is not erased easily. Similarly, crystals used
for making turbine blades are aligned along certain directions for better mechanical
properties.
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< Figure 3-14

Repeat distance = %\/an Determining the repeat distance, linear density,
and packing fraction for a [110] direction in FCC
copper.

y [110]

Repeat Distance, Linear Density, and Packing Fraction Another way of character-
izing directions is by the repeat distance or the distance between lattice points along
the direction. For example, we could examine the [110] direction in an FCC unit cell
(Figure 3-14); if we start at the 0, 0, 0 location, the next lattice point is at the center of a
face, or a 1/2, 1/2, 0 site. The distance between lattice points is therefore one-half of the
face diagonal, or %\/an. In copper, which has a lattice parameter of 0.36151 nm, the
repeat distance is 0.2556 nm.

The linear density is the number of lattice points per unit length along the direction.
In copper, there are two repeat distances along the [110] direction in each unit cell; since
this distance is v2ag = 0.51125 nm, then:

2 repeat distances
0.51125 nm

Linear density = = 3.91 lattice points/nm
Note that the linear density is also the reciprocal of the repeat distance.

Finally, we could compute the packing fraction of a particular direction, or the
fraction actually covered by atoms. For copper, in which one atom is located at each
lattice point, this fraction is equal to the product of the linear density and twice the
atomic radius. For the [110] direction in FCC copper, the atomic radius r = v/2ay/4 =
0.12781 nm. Therefore, the packing fraction is:

Packing fraction = (linear density)(2r)
= (3.91)(2)(0.12781)
= (1.0)

Atoms touch along the [110] direction, since the [110] direction is close-packed in FCC
metals.

Planes in the Unit Cell Certain planes of atoms in a crystal also carry particular sig-
nificance. For example, metals deform easily along planes of atoms that are most
tightly packed together. The surface energy of different faces of a crystal depends upon
the particular crystallographic planes. This becomes important in crystal growth. In
thin film growth of certain electronic materials (e.g., Si or GaAs), we need to be sure the
substrate is oriented in such a way that the thin film can grow on a particular crys-
tallographic plane.

Miller indices are used as a shorthand notation to identify these important planes,
as described in the following procedure

1. Identify the points at which the plane intercepts the x, y, and z coordinates in
terms of the number of lattice parameters. If the plane passes through the origin,
the origin of the coordinate system must be moved!
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2. Take reciprocals of these intercepts.

3. Clear fractions but do not reduce to lowest integers.

4. Enclose the resulting numbers in parentheses ( ). Again, negative numbers
should be written with a bar over the number.

The following example shows how Miller indices of planes can be obtained.

Figure 3-15
Crystallographic planes and
intercepts (for Example 3-7).

X
\
\

VANV VY
IARARERN Y4
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1. The plane never intercepts the z axis, so z = oo, other intercepts are x = 1
and y =2

1 1 11
===
. 1 1 1
3. Clear fractions: —=2,—=1,-=0
X y z
4. (210)
Plane C
1. We must move the origin, since the plane passes through 0, 0, 0. Let’s move
the origin one lattice parameter in the y-direction. Then, x = o, y = —1,
and z = o
2. 1:0,12—1,120
X y z

3. No fractions to clear.
4. (010)
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Several important aspects of the Miller indices for planes should be noted:

1. Planes and their negatives are identical (this was not the case for directions).
Therefore, (020) = (020).

2. Planes and their multiples are not identical (again, this is the opposite of what
we found for directions). We can show this by defining planar densities and
planar packing fractions. The planar density is the number of atoms per unit
area whose centers lie on the plane; the packing fraction is the fraction of the
area of that plane actually covered by these atoms. Example 3-8 shows how
these can be calculated.

3. In each unit cell, planes of a form represent groups of equivalent planes that
have their particular indices because of the orientation of the coordinates. We
represent these groups of similar planes with the notation { }. The planes of
a form {110} in cubic systems are (110), (101), (011), (110), (101), and (011).

4. In cubic systems, a direction that has the same indices as a plane is perpendicular
to that plane.

EXAMPLE 3-8 Calculating the Planar Density and Packing Fraction

Calculate the planar density and planar packing fraction for the (010) and (020)
planes in simple cubic polonium, which has a lattice parameter of 0.334 nm.

SOLUTION

The two planes are drawn in Figure 3-16. On the (010) plane, the atoms are
centered at each corner of the cube face, with 1/4 of each atom actually in the
face of the unit cell. Thus, the total atoms on each face is one. The planar
density is:

atom per face 1 atom per face
area of face  (0.334)?

Planar density (010) =

= 8.96 atoms/nm? = 8.96 x 10'* atoms,/cm’
The planar packing fraction is given by:

area of atoms per face (1 atom)(zr?)
area of face - (a0)?

2

-2 —079
(2r)

However, no atoms are centered on the (020) planes. Therefore, the planar
density and the planar packing fraction are both zero. The (010) and (020)
planes are not equivalent!

Packing fraction (010) =

(020) Figure 3-16
(010) (020)  The planar densities of
- the (010) and (020)
2 planes in SC unit cells

are not identical
(for Example 3-8).

N\,

7 (010)
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Construction of Directions and Planes To construct a direction or plane in the unit
cell, we simply work backwards. Example 3-9 shows how we might do this.

EXAMPLE 3-3

(b) -
A
—_—
il
#0000 #0007

Figure 3-17 Construction of a (a) direction and (b) plane within a unit cell
(for Example 3-9).

Miller Indices for Hexagonal Unit Cells A special set of Miller-Bravais indices has
been devised for hexagonal unit cells because of the unique symmetry of the system
(Figure 3-18). The coordinate system uses four axes instead of three, with the a3 axis
being redundant. The procedure for finding the indices of planes is exactly the same as
before, but four intercepts are required, giving indices of the form (/kil). Because of the
redundancy of the a3 axis and the special geometry of the system, the first three in-
tegers in the designation, corresponding to the a;, @, and a3 intercepts, are related by
h+k=—i.
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Figure 3-18

Miller-Bravais indices are obtained for crystallographic planes in
HCP unit cells by using a four-axis coordinate system. The
planes labeled A and B and the directions labeled C and D are
those discussed in Example 3-10.

ar

a;

Directions in HCP cells are denoted with either the three-axis or four-axis system.
With the three-axis system, the procedure is the same as for conventional Miller indices;
examples of this procedure are shown in Example 3-10. A more complicated procedure,
by which the direction is broken up into four vectors, is needed for the four-axis system.
We determine the number of lattice parameters we must move in each direction to get
from the “tail” to the “head” of the direction, while for consistency still making sure
that & + k = —i. This is illustrated in Figure 3-19, showing that the [010] direction is the
same as the [1210] direction.

We can also convert the three-axis notation to the four-axis notation for direc-
tions by the following relationships, where /', k', and !’ are the indices in the three-axis
system:

h=~Qh -k

k== (2k' — 1)

(3-6)

1
-:__hl kl
i= =30+ k)

=10

After conversion, the values of 4, k, i, and [/ may require clearing of fractions or re-
ducing to lowest integers.

¢ Figure 3-19
A Typical directions in the HCP unit
cell, using both three- and four-axis
systems. The dashed lines show
that the [1210] direction is
[100] = [2110] equivalent to a [010] direction.
as
_ +2 .
(1101 =[11201- |21 &~ =~ N
Iy

a, [010] = [Tziof
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EXAMPLE 3-10

4. (1151)
Direction C

1. Two points are 0, 0, 1 and 1, 0, 0.
2.0,0,1-1,0,0=-1,0, 1

3. No fractions to clear or integers to reduce.
4. [101] or [2113]

Direction D

1. Two points are 0, 1, 0 and 1, 0, 0.
2.0,1,0-1,0,0=-1,1,0

3. No fractions to clear or integers to reduce.
4. [110] or [1100]

Close-Packed Planes and Directions In examining the relationship between atomic
radius and lattice parameter, we looked for close-packed directions, where atoms are in
continuous contact. We can now assign Miller indices to these close-packed directions,
as shown in Table 3-4.

TABLE 3-4 W Close-packed planes and directions

Structure Directions Planes
SC (100> None
BCC 111> None
FCC <110 {111}

HCP ¢100), <110} or <1120) (0001), (0002)
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Figure 3-20
The ABABAB stacking sequence of close-packed planes
produces the HCP structure.

We can also examine FCC and HCP unit cells more closely and discover that there
is at least one set of close-packed planes in each. Close-packed planes are shown in
Figure 3-20. Notice that a hexagonal arrangement of atoms is produced in two di-
mensions. The close-packed planes are easy to find in the HCP unit cell; they are the
(0001) and (0002) planes of the HCP structure and are given the special name basal
planes. In fact, we can build up an HCP unit cell by stacking together close-packed
planes in an ... ABABAB ... stacking sequence (Figure 3-20). Atoms on plane B, the
(0002) plane, fit into the valleys between atoms on plane A4, the bottom (0001) plane. If
another plane identical in orientation to plane 4 is placed in the valleys of plane B, the
HCEP structure is created. Notice that all of the possible close-packed planes are parallel
to one another. Only the basal planes—(0001) and (0002)—are close-packed.

From Figure 3-20, we find the coordination number of the atoms in the HCP
structure. The center atom in a basal plane is touched by six other atoms in the same
plane. Three atoms in a lower plane and three atoms in an upper plane also touch the
same atom. The coordination number is 12.

In the FCC structure, close-packed planes are of the form {111} (Figure 3-21).
When parallel (111) planes are stacked, atoms in plane B fit over valleys in plane 4 and
atoms in plane C fit over valleys in both planes 4 and B. The fourth plane fits directly
over atoms in plane 4. Consequently, a stacking sequence ... ABCABCABC ... is
produced using the (111) plane. Again, we find that each atom has a coordination
number of 12.

Figure 3-21

The ABCABCABC stacking
sequence of close-packed
planes produces the FCC
structure.
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Unlike the HCP unit cell, there are four sets of nonparallel close-packed planes—
(111), (111), (111), and (111)—in the FCC cell. This difference between the FCC and
HCP unit cells—the presence or absence of intersecting close-packed planes—affects
the behavior of metals with these structures.

Isotropic and Anisotropic Behavior Because of differences in atomic arrangement in the
planes and directions within a crystal, some properties also vary with direction. A
material is crystallographically anisotropic if its properties depend on the crystallographic
direction along which the property is measured. For example, the modulus of elasticity of
aluminum is 75.9 GPa in <111 directions, but only 63.4 GPa in <100 directions. If the
properties are identical in all directions, the material is crystallographically isotropic.
Note that a material such as aluminum, which is crystallographically anisotropic, may
behave as an isotropic material if it is in a polycrystalline form. This is because the ran-
dom orientations of different crystals in a polycrystalline material will mostly cancel out
any effect of the anisotropy as a result of crystal structure. In general, most polycrystal-
line materials will exhibit isotropic properties. Materials that are single crystals or in
which many grains are oriented along certain directions (natural or deliberately obtained
by processing) will typically have anisotropic mechanical, optical, magnetic, and dielec-
tric properties.

Interplanar Spacing The distance between two adjacent parallel planes of atoms with
the same Miller indices is called the interplanar spacing (d;). The interplanar spacing
in cubic materials is given by the general equation

. —
hkl 2 T 2 T 2

where ag is the lattice parameter and 4, k, and [ represent the Miller indices of the
adjacent planes being considered. The interplanar spacings for non-cubic materials are
given by more complex expressions.

(3-7)

Intersfifial Sifes

In any of the crystal structures that have been described, there are small holes between
the usual atoms into which smaller atoms may be placed. These holes in the crystal
structure are called interstitial sites.

An atom, when placed into an interstitial site, touches two or more atoms in the
lattice. This interstitial atom has a coordination number equal to the number of atoms
it touches. Figure 3-22 shows interstitial locations in the SC, BCC, and FCC structures.
The cubic site, with a coordination number of eight, occurs in the SC structure. Octa-
hedral sites give a coordination number of six (not eight). They are known as octahedral
sites because the atoms contacting the interstitial atom form an octahedron with the
larger atoms occupying the regular lattice points. Tetrahedral sites give a coordination
number of four. As an example, the octahedral sites in BCC unit cells are located at
faces of the cube; a small atom placed in the octahedral site touches the four atoms at
the corners of the face, the atom in the center of the unit cell, plus another atom at the
center of the adjacent unit cell, giving a coordination number of six. In FCC unit cells,
octahedral sites occur at the center of each edge of the cube, as well as in the center of
the unit cell.
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Octahedral

Octahedral
141
202

Figure 3-22 The location of the interstitial sites in cubic unit cells. Only representative sites
are shown.

EXAMPLE 3-11 Calculating Octahedral Sites

Calculate the number of octahedral sites that uniguely belong to one FCC unit

cell.
SOLUTION
The octahedral sites include the centers of the 12 edges of the unit cell, with the
coordinates
1,00 11,0 10,1 §,1,1
04,0 14,0 111 041
0,0, 1,04 1,1,5 0,11

plus the center position, 1/2, 1/2, 1/2. Each of the sites on the edge of the unit
cell is shared between four unit cells, so only 1/4 of each site belongs uniquely
to each unit cell. Therefore, the number of sites belonging uniquely to each cell
is:

(12 edges) (3 per cell) + 1 center location = 4 octahedral sites

Interstitial atoms or ions whose radii are slightly larger than the radius of the in-
terstitial site may enter that site, pushing the surrounding atoms slightly apart. How-
ever, atoms whose radii are smaller than the radius of the hole are not allowed to fit
into the interstitial site, because the ion would “‘rattle” around in the site. If the inter-
stitial atom becomes too large, it prefers to enter a site having a larger coordination
number (Table 3-5). Therefore, an atom whose radius ratio is between 0.225 and 0.414
enters a tetrahedral site; if its radius ratio is somewhat larger than 0.414, it enters an
octahedral site instead. When atoms have the same size, as in pure metals, the radius
ratio is one and the coordination number is 12, which is the case for metals with the
FCC and HCP structures.

Many ionic crystals (Section 3-7) can be viewed as being generated by close pack-
ing of larger anions. Cations are viewed as smaller ions that fit into the interstitial sites
of the close packed anions. Thus, the radius ratios described in Table 3-5 also apply to
the ratios of radius of the cation to that of the anion. The packing in ionic crystals is
not as tight as that in FCC or HCP metals.
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TABLE 3-5 W The coordination number and the radius ratio

Coordination Location of
Number Interstitial Radius Ratio Representation

2 Linear 0-0.155

3 Center of triangle 0.155-0.225 %

4 Center of tetrahedron 0.225-0.414 f fa

6 Center of octahedron 0.414-0.732 :@‘

~
T/
8 Center of cube 0.732-1.000 |

Crystal Structures of lonic Materials

Many ceramic materials (Chapter 15) contain considerable fraction of ionic bonds
between the anions and cations. These ionic materials must have crystal structures
that assure electrical neutrality and stoichiometry, yet permit ions of different sizes to
be packed efficiently. As mentioned before, ionic crystal structures can be viewed as
close-packed structures of anions. Anions form tetrahedra or octahedra, allowing the
cations to fit into their appropriate interstitial sites. In some cases, it may be easier to
visualize coordination polyhedra of cations with anions going to the interstial sites.
Some typical structures of ionic materials are discussed here.

Visualization of Crystal Structures Using Computers Before we begin to describe
different crystal structures, it is important to note that there are many new software
programs and tools that have become available recently. These are quite effective in
better understanding the crystal structure concepts as well as other concepts discussed
in Chapter 4. One example of a useful program is the CaRIne™ software.

Cesium Chloride Structure Cesium chloride (CsCl) is simple cubic, with the “cubic”
interstitial site filled by the Cl anion [Figure 3-23(a)]. The radius ratio,

regt 0.167 nm

——=————=092
Fet 0.181 nm 09
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(a)

O cs*
Ooar

NaCl

Figure 3-23 (a) The cesium chloride structure, a SC unit cell with two ions (Cs* and CI~) per
lattice point. (b) The sodium chloride structure, a FCC unit cell with two ions (Na* and CI~)
per lattice point. Note: lon sizes not to scale.

dictates that cesium chloride has a coordination number of eight. We can characterize
the structure as a simple cubic structure with two ions—one Cs* and one Cl~!—
associated with each lattice point (or a basis of 2). This structure is possible when the
anion and the cation have the same valence.

Sodium Chloride Structure The radius ratio for sodium and chloride ions is ry,+ /rc- =
0.097 nm/0.181 nm = 0.536; the sodium ion has a charge of +1; the chloride ion has a
charge of —1. Therefore, based on the charge balance and radius ratio, each anion and
cation must have a coordination number of six. The FCC structure, with C1~! ions at
FCC positions and Na™ at the four octahedral sites, satisfies these requirements [Figure
3-23(b)]. We can also consider this structure to be FCC with two ions—one Na*! and
one Cl~!—associated with each lattice point. Many ceramics, including magnesium
oxide (MgO), calcium oxide (CaO), and iron oxide (FeO) have this structure.

EXAMPLE 3-12 Illustrating a Crystal Structure and Calculating Density

Show that MgO has the sodium chloride crystal structure and calculate the
density of MgO.

SOLUTION
From Appendix B, ryy,+2 = 0.066 nm and r-> = 0.132 nm, so:
"'vigt?  0.066
=——=0.50
ro-2  0.132

Since 0.414 < 0.50 < 0.732, the coordination number for each ion is six, and
the sodium chloride structure is possible.

The atomic masses are 24.312 and 16 g/mol for magnesium and oxygen,
respectively. The ions touch along the edge of the cube, so:

ap = 2ryg + 2rg2 = 2(0.066) + 2(0.132) = 0.396 nm = 3.96 x 10~* cm
(4Mg*?)(24.312) + (4072)(16)

= =431 g/cm’
= (396 x 10-% cm)*(6.02 x 103) g/
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Zinc Blende Structure Although the Zn ions have a charge of +2 and S ions have
a charge of —2, zinc blende (ZnS) cannot have the sodium chloride structure because
Fzn+2
rs-2
of four, which in turn means that the sulfide ions enter tetrahedral sites in a unit cell,
as indicated by the small “cubelet” in the unit cell (Figure 3-24). The FCC structure,
with Zn cations at the normal lattice points and S anions at half of the tetrahedral sites,
can accommodate the restrictions of both charge balance and coordination number. A
variety of materials, including the semiconductor GaAs and many other III-V semi-
conductors (Chapter 2) have this structure.

= 0.074 nm/0.184 nm = 0.402. This radius ratio demands a coordination number

Figure 3-24
The zinc blende unit cell.
Note: lon sizes not to scale.

Fluorite Structure The fluorite structure is FCC, with anions located at all eight of the
tetrahedral positions (Figure 3-25). One of the polymorphs of ZrO, known as cubic
zirconia exhibits this crystal structure. Other compounds that exhibit this structure in-
clude UO,, ThO,, and CeO,.

Figure 3-25
Fluorite unit cell. Note: lon sizes not to scale.

Flourite cell

Perovskite Structure This is the crystal structure of CaTiO3 and BaTiOs (Figure 3-26).
In CaTiO3, oxygen anions occupy the face centers of the perovskite unit cell, the cor-
ners or the A-sites are occupied by the Ca*? ions and the octahedral B-site at the cube
center is occupied by the Ti™* ions. Billions of capacitors for electronic applications are
made using formulations based on BaTiOjs.

Corundum Structure This is one of the crystal structures of alumina known as alpha
alumina (¢-Al;O3). In alumina, the oxygen anions pack in a hexagonal arrangement
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O Ba2+ Figure 3-26
The perovskite unit cell showing the

() 0¥  arrangement of different ions. Note: lon
O Ti* sizes not to scale.
i

Figure 3-27
Corundum structure of alpha-alumina («-Al,03).
Note: lon sizes not to scale.

T . — Vacancy
8Lk

(:F 1 __ O,/’A13+

O AP+ a 02~

O o* a

and the aluminum cations occupy some of the available octahedral positions (Fig-
ure 3-27). Alumina is probably the most widely used ceramic material. Applications
include, but are not limited to, spark plugs, refractories, electronic packaging sub-
strates, and abrasives.

3-8 Covalenf Skructures

Covalently bonded materials frequently have complex structures in order to satisfy the
directional restraints imposed by the bonding.

Diamond Cubic Structure Elements such as silicon, germanium (Ge), #-Sn, and carbon
(in its diamond form) are bonded by four covalent bonds and produce a tetrahedron.
The coordination number for each silicon atom is only four, because of the nature of
the covalent bonding. (See Figure 3-28.)

Figure 3-28

The diamond cubic (DC) unit cell. This open
structure is produced because of the require-
ments of covalent bonding.

Diamond



80 CHAPTER 3 Atomic and lonic Arrangements

EXAMPLE 3-13

Figure 3-29

Determining the relationship between
lattice parameter and atomic radius in a
diamond cubic cell (for Example 3-13).

-3 Diffraction Technigues for Crustal Structure Analysis

A crystal structure of a crystalline material can be analyzed using x-ray diffraction
(XRD) or electron diffraction. Max von Laue (1879-1960) won the Nobel Prize in 1912
for his discovery related to the diffraction of x-rays by a crystal. William Henry Bragg
(1862-1942) and his son William Lawrence Bragg (1890-1971) won the 1915 Nobel
Prize for their contributions to XRD.

When a beam of x-rays having a single wavelength (on the same order of magni-
tude as the atomic spacing in the material) strikes that material, x-rays are scattered in
all directions. Most of the radiation scattered from one atom cancels out radiation
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Figure 3-30

(a) Destructive and (b) reinforcing
interactions between x-rays and
the crystalline material.
Reinforcement occurs at angles
that satisfy Bragg's law.

scattered from other atoms. However, x-rays that strike certain crystallographic planes
at specific angles are reinforced rather than annihilated. This phenomenon is called
diffraction. The x-rays are diffracted, or the beam is reinforced, when conditions satisfy
Bragg’s law,

sin 0 = (3-8)

2dpi
where the angle 0 is half the angle between the diffracted beam and the original beam
direction, 4 is the wavelength of the x-rays, and djy; is the interplanar spacing between
the planes that cause constructive reinforcement of the beam (see Figure 3-30).

When the material is prepared in the form of a fine powder, there are always at
least some powder particles (tiny crystals or aggregates of tiny crystals) whose planes
(hkl) are oriented at the proper 6 angle to satisfy Bragg’s law. Therefore, a diffracted
beam, making an angle of 20 with the incident beam, is produced. In a diffractometer, a
moving x-ray detector records the 26 angles at which the beam is diffracted, giving a
characteristic diffraction pattern. If we know the wavelength of the x-rays, we can de-
termine the interplanar spacings and, eventually, the identity of the planes that cause
the diffraction.

Electron Diffraction and Microscopy In electron diffraction, we make use of high-
energy (~100,000 to 400,000 eV) electrons. These electrons are diffracted from elec-
tron transparent samples of materials. The electron beam that exits from the sample is
also used to form an image of the sample. Both transmission electron microscopy (TEM)
and electron diffraction are used for imaging microstructural features and determining
crystal structures.
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v
IASERIERY  Barium Titanate (BaTi0s) Lattice Constant

Barium titanate (BaTiO3) is a ceramic material used to make capacitors that
store electrical charge. The lattice constant for the cubic crystal structure is
to be determined. This material was analyzed using copper K-« radiation of
wavelength 1.54 A. Tt was seen that the value of 20 at which the (111) reflection
from the diffracted x-rays was at 39°. What is the lattice constant g for the
cubic form of BaTiO3?

SOLUTION

We will use Bragg’s law:
sin 0 = 1/ dp
For the plane (111) in cubic BaTiOs3,
dipp = 1.54 A/sin(19.5) = 1.54/0.3338 = 4.61 A
Note that we used the value of the angle 6 and not that of 20. Now,

do do do

d == = —
Nt +r) Jititl 3

Substituting 4.61 A for dj;;, we get ap = 4.00 A. This is very close to the ex-
perimentally observed value of the lattice constant for cubic form of BaTiO;.

SUMMARY

>

Atoms or ions may be arranged in solid materials with either a short-range or long-
range order.

Amorphous materials, such as silicate glasses, metallic glasses, amorphous silicon
and many polymers, have only a short-range order. Amorphous materials form
whenever the kinetics of a process involved in the fabrication of a material do not
allow the atoms or ions to assume the equilibrium positions. These materials often
offer very novel and unusual properties.

Crystalline materials, including metals and many ceramics, have both long- and
short-range order. The long-range periodicity in these materials is described by the
crystal structure.

The atomic or ionic arrangements of crystalline materials are described by seven
general crystal systems, which include 14 specific Bravais lattices. Examples include
simple cubic, body-centered cubic, face-centered cubic, and hexagonal lattices.

A lattice is a collection of points organized in a unique manner. The basis or motif
refers to one or more atoms associated with each lattice point. Crystal structure is
derived by adding lattice and basis. Although there are only 14 Bravais lattices
there are hundreds of crystal structures.

A crystal structure is characterized by the lattice parameters of the unit cell, which
is the smallest subdivision of the crystal structure that still describes the overall
structure of the lattice.
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<» Allotropic, or polymorphic, materials have more than one possible crystal struc-
ture. The properties of materials can depend strongly on the type of particular
polymorph or allotrope.

<P The atoms of metals having the face-centered cubic and hexagonal close-packed
crystal structures are closely packed; atoms are arranged in a manner that occupies
the greatest fraction of space. The FCC and HCP structures achieve the closest
packing by different stacking sequences of close-packed planes of atoms.

<P Points, directions, and planes within the crystal structure can be identified in a for-
mal manner by the assignment of coordinates and Miller indices.

<» Interstitial sites, or holes in a crystal structure, can be filled by other atoms or ions.
The crystal structure of many ceramic materials can be understood by considering
how these sites are occupied. Atoms or ions located in interstitial sites play an
important role in strengthening materials, influencing the physical properties of
materials, and controlling the processing of materials.

<» Crystal structures of many ionic materials form by the packing of anions (e.g.,
oxygen ions (O~2)). Cations fit into coordination polyhedra formed by anions.

<» Crystal structures of covalently bonded materials tend to be open. Examples in-
clude diamond cubic (e.g., Si, Ge).

<P XRD and electron diffraction are used for the determination of the crystal structure
of crystalline materials. Transmission electron microscopy can also be used for
imaging of microstructural features in materials at smaller length scales.

111

= GLOS3ARY

— === Allotropy The characteristic of an element being able to exist in more than one crystal structure,
depending on temperature and pressure.

Amorphous materials Materials, including glasses, that have no long-range order, or crystal
structure.

Anisotropic Having different properties in different directions.

Atomic radius The apparent radius of an atom, typically calculated from the dimensions of the
unit cell, using close-packed directions (depends upon coordination number).

Basal plane The special name given to the close-packed plane in hexagonal close-packed unit
cells.

Basis A group of atoms associated with a lattice point (same as motif).

Bragg’s law The relationship describing the angle at which a beam of x-rays of a particular
wavelength diffracts from crystallographic planes of a given interplanar spacing.

Bravais lattices The fourteen possible lattices that can be created using lattice points.
Close-packed directions Directions in a crystal along which atoms are in contact.
Close-packed structure  Structures showing a packing fraction of 0.74 (FCC and HCP).

Coordination number The number of nearest neighbors to an atom in its atomic arrangement.
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Crystal structure The arrangement of the atoms in a material into a regular repeatable lattice.
Crystal systems Cubic, tetragonal, orthorhombic, hexagonal, monoclinic, rhombohedral and
triclinic arrangements of points in space that lead to 14 Bravais lattices and hundreds of crystal
structures.

Crystalline materials Materials comprised of one or many small crystals or grains.

Crystallization The process responsible for the formation of crystals, typically in an amorphous
material.

Cubic site  An interstitial position that has a coordination number of eight. An atom or ion in
the cubic site touches eight other atoms or ions.

Density Mass per unit volume of a material, usually in units of g/cm?.

Diamond cubic (DC) A special type of face-centered cubic crystal structure found in carbon,
silicon, and other covalently bonded materials.

Diffraction The constructive interference, or reinforcement, of a beam of x-rays or electrons in-
teracting with a material. The diffracted beam provides useful information concerning the struc-

ture of the material.

Directions of a form Crystallographic directions that all have the same characteristics, although
their “sense” is different. Denoted by < ) brackets.

Electron diffraction A method to determine the level of crystallinity at relatively smaller length
scale. Based on the diffraction of electrons typically involving use of a transmission electron mi-

Croscope.

Glasses Non-crystalline materials (typically derived from the molten state) that have only short-
range atomic order.

Grain A crystal in a polycrystalline material.

Grain boundaries Regions between grains of a polycrystalline material.

Interplanar spacing Distance between two adjacent parallel planes with the same Miller indices.
Interstitial sites Locations between the “normal” atoms or ions in a crystal into which
another—usually different—atom or ion is placed. Typically, the size of this interstitial location
is smaller than the atom or ion that is to be introduced.

Isotropic  Having the same properties in all directions.

Lattice A collection of points that divide space into smaller equally sized segments.

Lattice parameters The lengths of the sides of the unit cell and the angles between those sides.
The lattice parameters describe the size and shape of the unit cell.

Lattice points Points that make up the lattice. The surroundings of each lattice point are iden-
tical anywhere in the material.
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Linear density The number of lattice points per unit length along a direction.

Liquid crystals Polymeric materials that are typically amorphous but can become partially
crystalline when an external electric field is applied. The effect of the electric field is reversible.
Such materials are used in liquid crystal displays.

Long-range order (LRO) A regular repetitive arrangement of atoms in a solid which extends
over a very large distance.

Metallic glass Amorphous metals or alloys obtained using rapid solidification.

Miller-Bravais indices A special shorthand notation to describe the crystallographic planes in
hexagonal close-packed unit cells.

Miller indices A shorthand notation to describe certain crystallographic directions and planes in
a material. Denoted by | ] brackers. A negative number is represented by a bar over the number.

Motif A group of atoms affiliated with a lattice point (same as basis).

Octahedral site  An interstitial position that has a coordination number of six. An atom or ion
in the octahedral site touches six other atoms or ions.

Packing factor The fraction of space in a unit cell occupied by atoms.

Packing fraction The fraction of a direction (linear-packing fraction) or a plane (planar-packing
factor) that is actually covered by atoms or ions. When one atom is located at each lattice point,
the linear packing fraction along a direction is the product of the linear density and twice the
atomic radius.

Planar density The number of atoms per unit area whose centers lie on the plane.

Planes of a form Crystallographic planes that all have the same characteristics, although their
orientations are different. Denoted by { } braces.

Polycrystalline material A material comprised of many grains.
Polymorphism Compounds exhibiting more than one type of crystal structure.
Rapid solidification A technique used to cool metals and alloys very quickly.

Repeat distance The distance from one lattice point to the adjacent lattice point along a direction.

Short-range order The regular and predictable arrangement of the atoms over a short distance—
usually one or two atom spacings.

Stacking sequence The sequence in which close-packed planes are stacked. If the sequence is
ABABAB, a hexagonal close-packed unit cell is produced; if the sequence is ABCABCABC, a
face-centered cubic structure is produced.

Transmission electron microscopy (TEM) A technique for imaging and analysis of micro-
structures using a high-energy electron beam.

Tetrahedral site  An interstitial position that has a coordination number of four. An atom or ion
in the tetrahedral site touches four other atoms or ions.

Unit cell A subdivision of the lattice that still retains the overall characteristics of the entire
lattice.

X-ray diffraction (XRD) A technique for analysis of crystalline materials using a beam of x-rays.
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W4 PROBLENS

Section 3-1 Short-Range Order versus Long-
Range Order

Section 3-2 Amorphous Materials: Principles
and Technological Applications

Section 3-3 Lattice, Unit Cells, Basis, and
Crystal Structures

3-1

3-2

3-3

34

3-5

3-7

3-8

3-9

Define the terms lattice, unit cell, basis, and crystal
structure.

Explain why there is no face-centered tetragonal
Bravais lattice.

Calculate the atomic radius in cm for the following:

(a) BCC metal with ag = 0.3294 nm and one atom
per lattice point; and

(b) FCC metal with qy = 4.0862 A and one atom
per lattice point.

Determine the crystal structure for the following:

(a) a metal with ay =4.9489 A r=1.75 A, and
one atom per lattice point; and

(b) a metal with ¢y = 0.42906 nm, r = 0.1858 nm,
and one atom per lattice point.

The density of potassium, which has the BCC
structure and one atom per lattice point, is 0.855 g/
cm?. The atomic weight of potassium is 39.09 g/
mol. Calculate

(a) the lattice parameter; and
(b) the atomic radius of potassium.

The density of thorium, which has the FCC struc-
ture and one atom per lattice point, is 11.72 g/cm?>.
The atomic weight of thorium is 232 g/mol. Cal-
culate

(a) the lattice parameter; and
(b) the atomic radius of thorium.

A metal has a cubic structure with a density of
2.6 g/cm?, an atomic weight of 87.62 g/mol, and
a lattice parameter of 6.0849 A. One atom is asso-
ciated with each lattice point. Determine the crys-
tal structure of the metal.

A metal has a cubic structure with a density of
1.892 g/cm?, an atomic weight of 132.91 g/mol,
and a lattice parameter of 6.13 A. One atom
is associated with each lattice point. Determine
the crystal structure of the metal.

Indium has a tetragonal structure, with ay =
0.32517 nm and ¢y = 0.49459 nm. The density is
7.286 g/cm® and the atomic weight is 114.82 g/mol.

3-10

3-11

3-12

3-13

Does indium have the simple tetragonal or body-
centered tetragonal structure?

Gallium has an orthorhombic structure, with
ap = 0.45258 nm, by = 0.45186 nm, and ¢y =
0.76570 nm. The atomic radius is 0.1218 nm. The
density is 5.904 g/cm? and the atomic weight is
69.72 g/mol. Determine

(a) the number of atoms in each unit cell; and
(b) the packing factor in the unit cell.

Beryllium has a hexagonal crystal structure, with
ap = 0.22858 nm and ¢y = 0.35842 nm. The
atomic radius is 0.1143 nm, the density is
1.848 g/cm?, and the atomic weight is 9.01 g/mol.
Determine

(a) the number of atoms in each unit cell; and
(b) the packing factor in the unit cell.

A typical paper clip weighs 0.59 g. Assume that it
is made from BCC iron. Calculate

(a) the number of unit cells; and
(b) the number of iron atoms in the paper clip.
(See Appendix A for required data.)

Aluminum foil used to package food is approx-
imately 0.0025 cm thick. Assume that all of
the unit cells of the aluminum are arranged so
that ag is perpendicular to the foil surface. For
a 10 cm x 10 cm square of the foil, determine

(a) the total number of unit cells in the foil; and
(b) the thickness of the foil in number of unit

cells. (See Appendix A.)

Section 3-4 Allotropic or Polymorphic
Transformations

3-14

3-15

3-16

3-17

What is the difference between an allotrope and a
polymorph?

Above 882°C, titanium has a BCC crystal struc-
ture, with ¢ = 0.332 nm. Below this temperature,
titanium has a HCP structure with ¢ = 0.2978 nm
and ¢ = 0.4735 nm. Determine the percent vol-
ume change when BCC titanium transforms to
HCP titanium. Is this a contraction or expansion?

o-Mn has a cubic structure with ¢y = 0.8931 nm
and a density of 7.47 g/cm?. f-Mn has a different
cubic structure with agp = 0.6326 nm and a den-
sity of 7.26 g/cm?3. The atomic weight of man-
ganese is 54.938 g/mol and the atomic radius is
0.112 nm. Determine the percent volume change
that would occur if «-Mn transforms to -Mn.

What are the two allotropes of iron?



Section 3-5 Points, Directions, and Planes in
the Unit Cell

3-18 Explain the significance of crystallographic direc-
tions using an example of an application.

3-19 Determine the Miller indices for the directions in
the cubic unit cell shown in Figure 3-31.

P 2N

\

Figure 3-31
Problem 3-19.

Directions in a cubic unit cell for

3-20 Determine the indices for the directions in the
cubic unit cell shown in Figure 3-32.

Z

XX
9% \-

—>y

X
Figure 3-32 Directions in a cubic unit cell for
Problem 3-20.

3-21 Determine the indices for the planes in the cubic
unit cell shown in Figure 3-33.

W=

—>y

g

Figure 3-33 Planes in a cubic unit cell for
Problem 3-21.
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3-22 Determine the indices for the planes in the cubic
unit cell shown in Figure 3-34.

N
4

N— W

\S]1O8}

%

1

2

Figure 3-34 Planes in a cubic unit cell for
Problem 3-22.

3-23 Sketch the following planes and directions within
a cubic unit cell:

(a) [101] (b) [010] (c) [122] (d) [301]
(e) [201] (F) [213] (g) (011) (h) (102)
(i) (002) (j) (130) (k) (212) () (312)

3-24 Sketch the following planes and directions within
a cubic unit cell:

(a) [110] (b) [221] (c) [410] (d) [012]
(e) [321] (f) [111] (g) (111) (h) (O1T)
(i) (030) () (121) (k) (113) () (041)

3-25 What are the indices of the si_x directions of the
form <110 that lie in the (111) plane of a cubic
cell?

3-26 What are the indices of the four directions of the
form (111) that lie in the (101) plane of a cubic
cell?

3-27 Determine the number of directions of the form
{110) in a tetragonal unit cell and compare to
the number of directions of the form {110) in an
orthorhombic unit cell.

3-28 Determine the angle between the [110] direction
and the (110) plane in a tetragonal unit cell; then
determine the angle between the [011] direction
and the (011) plane in a tetragonal cell. The lat-
tice parameters are ap = 4.0 A and ¢y = 5.0 A.
What is responsible for the difference?

3-29 Determine the Miller indices of the plane that
passes through three points having the following
coordinates:

@ 0,0,1;1,0,0; and 1/2, 1/2, 0
(b) 1/2,0,1;1/2,0,0; and 0, 1, 0
(c) 1,0,0;0,1, 1/2;and 1, 1/2, 1/4
(d) 1,0,0;0,0, 1/4;and 1/2, 1, 0

3-30 Determine the repeat distance, linear density, and
packing fraction for FCC nickel, which has a
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lattice parameter of 0.35167 nm, in the [100],
[110], and [111] directions. Which of these direc-
tions is close packed?

3-31 Determine the repeat distance, linear density,
and packing fraction for BCC lithium, which has
a lattice parameter of 0.35089 nm, in the [100],
[110], and [111] directions. Which of these direc-
tions is close packed?

3-32 Determine the planar density and packing frac-
tion for FCC nickel in the (100), (110), and (111)
planes. Which, if any, of these planes is close-
packed?

3-33 Determine the planar density and packing frac-
tion for BCC lithium in the (100), (110), and
(111) planes. Which, if any, of these planes is
close packed?

3-34 Suppose that FCC rhodium is produced as a
1-mm thick sheet, with the (111) plane parallel to
the surface of the sheet. How many (111) inter-
planar spacings d;; thick is the sheet? See Ap-
pendix A for necessary data.

3-35 What are the Miller indices of the plane shown in
the Figure 3-35?

AZ
3/4

/

X

Figure 3-35 Plane in a cubic unit cell for Problem
3-35.

Section 3-6 Interstitial Sites

3-36 Determine the minimum radius of an atom that
will just fit into:

(a) the tetrahedral interstitial site in FCC nickel;
and

(b) the octahedral interstitial site in BCC lithium.

3-37 What are the coordination numbers for octahe-
dral and tetrahedral sites?

Atomic and lonic Arrangements

Section 3-7 Crystal Structures of lonic Materials
3-38 What is meant by coordination polyhedra?
3-39 Is the radius of an atom or ion fixed? Explain.

3-40 Explain why we consider anions to form the
close-packed structures and cations to enter the
interstitial sites?

3-41 What is the coordination number for the titanium
ion in the perovskite crystal structure?

3-42 What is the radius of an atom that will just fit
into the octahedral site in FCC copper without
disturbing the crystal structure?

3-43 Would you expect NiO to have the cesium chlor-
ide, sodium chloride, or zinc blende structure?
Based on your answer, determine

(a) the lattice parameter;
(b) the density; and
(c) the packing factor.

3-44 Would you expect UO, to have the sodium
chloride, zinc blende, or fluorite structure? Based
on your answer, determine

(a) the lattice parameter;
(b) the density; and
(c) the packing factor.

3-45 Would you expect BeO to have the sodium
chloride, zinc blende, or fluorite structure? Based
on your answer, determine

(a) the lattice parameter;
(b) the density; and
(c) the packing factor.

3-46 Would you expect CsBr to have the sodium
chloride, zinc blende, fluorite, or cesium chloride
structure? Based on your answer, determine

(a) the lattice parameter;
(b) the density; and
(d) the packing factor.

3-47 Recently, gallium nitride (GaN) material has
been used to make light-emitting diodes (LEDs)
that emit a blue or ultraviolet light. Such LEDs
are used in DVD players and other electronic
devices. This material has two crystal structures.
One form is the zinc-blende crystal structure (lat-
tice constant gp = 0.450 nm), which has a density
of 6.1 g/cm? at 300 K. Calculate the number of
Ga and N atoms per unit cell of this form of
GaN.

3-48 The theoretical density of germanium (Ge) is
5.323 g/ecm? at 300 K. Germanium has the same
crystal structure as diamond. What is the lattice
constant of germanium at 300 K?



3-49 The lattice constant of zinc selenide (ZnSe) is
0.567 nm. The crystal structure is that of zinc
blende. Show that the theoretical density for
ZnSe should be 5.26 g/cm?.

Section 3-8 Covalent Structures
3-50 Calculate the theoretical density of «-Sn. Assume

diamond cubic structure and obtain the radius
information from Appendix B.

3-51 What are the different polymorphs of carbon?

Section 3-9 Diffraction Techniques for Crystal
Structure Analysis

3-52 Explain the principle of XRD.

3-53 A sample of cubic SiC was analyzed using XRD.
It was found that the (111) peak was located at 20
of 16°. The wavelength (1) of the x-ray radiation
used in this experiment was 0.6975 A. Show that
the lattice constant (ag) of this form of SiC is
4.0867 A.

3-54 For the cubic phase of BaTiOs, a diffraction peak
is seen at a value of 20 = 45°. What crystallo-
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graphic plane does this peak correspond to if the
XRD analysis was done using Cu K- x-rays
(A=154A)

3-55 The lattice constant of BaTiOj;, a ceramic material
used to make capacitors, for the cubic crystal
structure is 4 A. This material is analyzed using
copper K-o radiation of wavelength 1.54 A. What
will be the value of 20 at which the (200) reflection
from the diffracted x-rays can be expected?

Design Problems

3-56 An oxygen sensor is to be made to measure
dissolved oxygen in a large vessel containing
molten steel. What kind of material would you
choose for this application? Explain.

3-57 You would like to sort iron specimens, some
of which are FCC and others BCC. Design an
x-ray diffraction method by which this can be
accomplished.



Impertections in the Atomic
and lonic Arrangements

Have You Ever Wondered?

B Why silicon crystals, used in the manufacture of semiconductor chips, contain trace amounts of

dopants, such as phosphorous or boron?

B What makes steel considerably harder and stronger than pure iron?

B Why do we use very high-purity copper as a conductor in electrical applications?

B Why FCC metals (such as copper and aluminum) tend to be more ductile than BCC and HCP

metals?

The arrangement of the atoms or ions in en-
gineered materials contains imperfections or
defects. These defects often have a profound
effect on the properties of materials. In this
chapter, we introduce the three basic types of
imperfections: point defects, line defects (or
dislocations), and surface defects. These imper-

90

fections only represent defects in or deviations
from the perfect or ideal atomic or ionic ar-
rangements expected in a given crystal struc-
ture. The material is not considered defective
from an application viewpoint. In many appli-
cations, the presence of such defects actually
is useful. There are a few applications, though,



where we will strive to minimize a particular
type of defect. For example, defects known
as dislocations are useful in increasing the
strength of metals and alloys. However, in sin-
gle crystal silicon, used for manufacturing
computer chips, the presence of dislocations is
undesirable. Often the ‘‘defects’” are created
intentionally to produce a desired set of elec-
tronic, magnetic, optical, and mechanical
properties. For example, pure iron is relatively
soft, yet, when we add a small amount of car-
bon, we create defects in the crystalline ar-
rangement of iron and turn it into a plain car-
bon steel that exhibits considerably higher
strength. Similarly, a crystal of pure alumina
(Al>,03) is transparent and colorless, but, when
we add a small amount of chromium (Cr), it
creates a special defect, resulting in a beautiful
red ruby crystal.

4-1 Point Defects 91

Grain boundaries, regions between different
grains of a polycrystalline material, represent one
type of defect that can control properties. For ex-
ample, the new ceramic superconductors, under
certain conditions, can conduct electricity without
any electrical resistance. Materials scientists and
engineers have made long wires or tapes of such
materials. They have also discovered that, al-
though the current flows quite well within the
grains of a polycrystalline superconductor, there is
considerable resistance to the flow of current from
one grain onto another—across the grain boun-
dary. On the other hand, the presence of grain
boundaries actually helps strengthen metallic ma-
terials. In later chapters, we will show how we can
control the concentrations of these defects
through tailoring of composition or processing
techniques. In this chapter, we explore the nature
and effects of different types of defects.

4-1  Point Defects

Point defects are localized disruptions in an otherwise perfect atomic or ionic arrange-
ments in a crystal structure. Even though we call them point defects, the disruption af-
fects a region involving several of the surrounding atoms or ions. These imperfections,
shown in Figure 4-1, may be introduced by movement of the atoms or ions when they
gain energy by heating, during processing of the material or by introduction of other
atoms. The distinction between an impurity and a dopant is as follows: Typically, im-
purities are elements or compounds that are present from raw materials or processing.
For example, silicon single crystals grown in quartz crucibles contain oxygen as an im-
purity. Dopants, on the other hand, are elements or compounds that are deliberately
added, in known concentrations, at specific locations in the microstructure, with an
intended beneficial effect on properties or processing. In general, the effect of impurities
is deleterious, whereas the effect of dopants on the properties of materials is useful.
Phosphorus (P) and boron (B) are examples of dopants that are added to silicon crystals
to improve or alter the electrical properties of pure silicon (Si).

A point defect typically involves one atom or ion, or a pair of atoms or ions, and
thus is different from extended defects, such as dislocations, grain boundaries, etc. An
important “point” about point defects is that although the defect occurs at one or two
sites, their presence is “felt”” over much larger distances in a crystalline material.

Vacancies A vacancy is produced when an atom or an ion is missing from its normal
site in the crystal structure, as in Figure 4-1(a). When atoms or ions are missing (i.e.,
when vacancies are present), the overall randomness or entropy of the material
increases, which increases the thermodynamic stability of a crystalline material. All
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(d) (e) ()

Figure 4-1 Point defects: (a) vacancy, (b) interstitial atom, (c) small substitutional atom,
(d) large substitutional atom, (e) Frenkel defect, and (f) Schottky defect. All of these defects
disrupt the perfect arrangement of the surrounding atoms and create a strain in the crystal
structure.

crystalline materials have vacancy defects. Vacancies are introduced into metals and
alloys during solidification, at high temperatures, or as a consequence of radiation
damage. Vacancies play an important role in determining the rate at which atoms or
ions can move around, or diffuse in a solid material, especially in pure metals. We will
see this effect in greater detail in Chapter 5. In some other applications, we make use of
the vacancies created in a ceramic material to tune its electrical properties. This includes
many ceramics that are used as conductive and transparent oxides such as indium tin
oxide (/70) and zirconia oxygen (ZrO;) sensors.

At room temperature (~300 K), the concentration of vacancies is small, but the
concentration of vacancies increases exponentially as we increase the temperature, as
shown by the following Arrhenius type behavior:

= n exp(;%) (4-1)

where

n, is the number of vacancies per cm?;
n is the number of atoms per cm?;
Q, is the energy required to produce one mole of vacancies, in cal/mol or

Joules/mol;
cal Joules
R is th 1.987 ——— 3l ——
1s the gas constant, 1.98 ol — K or 8 o S and
T is the temperature in degrees Kelvin.

Due to the large thermal energy atoms have near the melting temperature of a
material, there may be as many as one vacancy per 1000 atoms. Note that this equation
provides for equilibrium concentration of vacancies at a given temperature. It is also
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possible to retain a non-equilibrium concentration of vacancies produced at a high tem-
perature by quenching the material rapidly. Thus, in many situations the concentration
of vacancies observed at room temperature is not the equilibrium concentration pre-
dicted by Equation 4-1.

EXAMPLE 4-1

We could do this by heating the copper to a temperature at which this
number of vacancies forms:

_ n_ -0
n, = 1.815 x 10 —nexp(RT>

= (8.47 x 10?%) exp(—20,000/(1.987 x T))

~20,000 \  1.815 x 10!
’ = =0214x 107"
e""(1.987 X T) 847 x 102~ 0214x10
~20,000 iy
20,000

By heating the copper slightly above 100°C, until equilibrium is reached, and
then rapidly cooling the copper back to room temperature, the number of
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vacancies trapped in the structure may be one thousand times greater than the
equilibrium number of vacancies at room temperature. Thus, vacancy concen-
trations encountered in relatively pure materials are often dictated by both the
thermodynamic and kinetic factors.

m Vacancy Concentrations in Iron

Determine the number of vacancies needed for a BCC iron crystal to have a
density of 7.87 g/cm?. The lattice parameter of BCC iron is 2.866 x 108 c¢m.

SOLUTION

The expected theoretical density of iron can be calculated from the lattice
parameter and the atomic mass. Since the iron is BCC, two iron atoms are
present in each unit cell.

(2 atoms/cell)(55.847 g/mol)
(2.866 x 10-8 cm)?(6.02 x 1023 atoms/mol)

We would like to produce iron with a density of 7.87 g/cm®. We could do this
by intentionally introducing vacancies into the crystal. Let’s calculate the
number of iron atoms and vacancies that would be present in each unit cell for
the required density of 7.87 g/cm?:

(X atoms/cell)(55.847 g/mol)

(2.866 x 10-8 cm)?(6.02 x 1023 atoms/mol)

(7.87)(2.866 x 1078)(6.02 x 1023)
55.847

Or, there should be 2.00 — 1.9971 = 0.0029 vacancies per unit cell. The number
of vacancies per cm? is:

— 7.8814 g/cm?

p:

=7.87 g/cm?

p:

X atoms/cell = =1.9971

0.0029 vacancies/cell
(2.866 x 108 cm)?

We assume that introduction of vacancies does not change the lattice constant.
If additional information, such as the energy required to produce a vacancy in
iron, is available, we might be able to design a heat treatment (as we did in
Example 4-1) to produce this concentration of vacancies.

= 1.23 x 10%°

Vacancies/cm® =

Interstitial Defects An interstitial defect is formed when an extra atom or ion is in-
serted into the crystal structure at a normally unoccupied position, as in Figure 4-1(b).
The interstitial sites were illustrated in Table 3-5. Interstitial atoms or ions, although
much smaller than the atoms or ions located at the lattice points, are still larger than
the interstitial sites that they occupy. Consequently, the surrounding crystal region is
compressed and distorted. Interstitial atoms such as hydrogen are often present as im-
purities; whereas carbon atoms are intentionally added to iron to produce steel. For
small concentrations, carbon atoms occupy interstitial sites in the iron crystal structure,
introducing a stress in the localized region of the crystal in their vicinity. If there are
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dislocations in the crystals trying to move around these types of defects, they face a re-
sistance to their motion, making it difficult to create permanent deformation in metals
and alloys. This is one important way of increasing the strength of metallic materials.
Unlike vacancies, once introduced, the number of interstitial atoms or ions in the
structure remains nearly constant, even when the temperature is changed.

EXAMPLE 4-3

(100) face

, 0,0 site—

Cube center site

1,34 inFcc

Q/

One of the 3, 0,0
type sites in FCC

/

(©)

Figure 4-2 (a) The location of the % % O interstitial site in BCC metals, showing
the arrangement of the normal atoms and the interstitial atom (b)%, 0, O site in

FCC metals. (c) Edge centers and cube centers are some of the interstitial sites in
the FCC structure. (For Example 4-3.)
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From Figure 4-2(a), we find that:

1\ /1 5
an + Zao = (Finterstitial + RBCC)

(rinterstitial =F RBCC)2 = 03125a(2) = (03125)(02866 1’111’1)2 = 0.02567
Tinterstitial = V 0.02567 — 0.1241 = 0.0361 nm

For FCC iron, the interstitial site such as the 1/2, 0, 0 lies along <100} direc-
tions. Thus, the radius of the iron atom and the radius of the interstitial site are
[Figure 4-2(b)]:

V2ay  (V2)(0.3571)

Rpcc = T 1 =0.1263 nm

2finterstitial + 2RFcc = @

3571 — (2)(0.12
Finterstitial = 0.357 (2 )(0 63) = 0.0522 nm

The interstitial site in the BCC iron is smaller than the interstitial site in the
FCC iron. Since both are smaller than the size of the carbon atom, carbon
distorts the BCC crystal structure more than the FCC crystal. As a result,
fewer carbon atoms are expected to enter interstitial positions in BCC iron
than those in FCC iron.

2. In BCC iron, two iron atoms are expected in each unit cell. We can find
a total of 24 interstitial sites of the type 1/4, 1/2, 0; however, since each site is
located at a face of the unit cell, only half of each site belongs uniquely to a
single cell. Thus,

2

If all of the interstitial sites were filled, the atomic percentage of carbon con-
tained in the iron would be

. 1 . o .
(24 sites) (—) = 12 interstitial sites per unit cell

12 C atoms
t% C = 100 = 869
at o 12 C atoms + 2 Fe atoms * !

In FCC iron, four iron atoms are expected in each unit cell, and the number of
octahedral interstitial sites is:

1 . o . .
(12 edges) <4> + 1 center = 4 interstitial sites per unit cell [Figure 4-2(c)]

Again, if all the octahedral interstitial sites were filled, the atomic percentage of
carbon in the FCC iron would be:
4 C atoms

Y = 100 = 509
atv ¢ 4 C atoms + 4 Fe atoms ” %

As we will see in a later chapter, the maximum atomic percentage of carbon
present in the two forms of iron under equilibrium conditions is:

BCC: 1.0% FCC: 8.9%
Because of the strain imposed on the iron crystal structure by the interstitial

atoms—particularly in the BCC iron—the fraction of the interstitial sites that
can be occupied is quite small.
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Substitutional Defects A substitutional defect is introduced when one atom or ion is
replaced by a different type of atom or ion as in Figure 4-1(c) and (d). The substitu-
tional atoms or ions occupy the normal lattice sites. Substitutional atoms or ions may
either be larger than the normal atoms or ions in the crystal structure, in which case the
surrounding interatomic spacings are reduced, or smaller causing the surrounding
atoms to have larger interatomic spacings. In either case, the substitutional defects alter
the interatomic distances in the surrounding crystal. Again, the substitutional defect can
be introduced either as an impurity or as a deliberate alloying addition, and, once in-
troduced, the number of defects is relatively independent of temperature.

Examples of substitutional defects include incorporation of dopants such as phos-
phorus (P) or boron (B) into Si. Similarly, if we added copper to nickel, copper atoms
will occupy crystallographic sites where nickel atoms would normally be present. The
substitutional atoms will often increase the strength of the metallic material. Sub-
stitutional defects also appear in ceramic materials. For example, if we add MgO to
NiO, Mg*? ions occupy Ni*? sites and O~2 ions from MgO occupy O~? sites of NiO.
Whether atoms or ions added go into interstitial or substitutional sites depends upon
the size and valence of guest atoms or ions compared to the size and valence of host
ions. The size of the available sites also plays a role in this.

-t Ofher Poinf Defects

An interstitialcy is created when an atom identical to those at the normal lattice points
is located in an interstitial position. These defects are most likely to be found in crystal
structures having a low packing factor.

A Frenkel defect is a vacancy-interstitial pair formed when an ion jumps from a
normal lattice point to an interstitial site, as in Figure 4-1(¢), leaving behind a vacancy.
Although this is described for an ionic material, a Frenkel defect can occur in metals
and covalently bonded materials. A Schottky defect, Figure 4-1(f), is unique to ionic
materials and is commonly found in many ceramic materials. In this defect vacancies
occur in an ionically bonded material; a stoichiometric number of anions and cations
must be missing from the crystal if electrical neutrality is to be preserved in the crystal.
For example, one Mg*? and one O~2 missing in MgO constitute a Schottky pair. In
ZrO,, for one missing zirconium ion there will be two oxygen ions missing.

An important substitutional point defect occurs when an ion of one charge replaces
an ion of a different charge. This might be the case when an ion with a valence of +2
replaces an ion with a valence of +1 (Figure 4-3). In this case, an extra positive charge
is introduced into the structure. To maintain a charge balance, a vacancy might be

Figure 4-3

When a divalent cation
replaces a monovalent
@'@@@ cation, a second
monovalent cation must
@ ‘ @ @ @ also be removed, creating
Q00 T 0020

Q0000 OO0
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created where a +1 cation normally would be located. Again, this imperfection is ob-
served in materials that have pronounced ionic bonding.

Thus, in ionic solids, when point defects are introduced the following rules have to
be observed:

(a) a charge balance must be maintained so that the crystalline material as a whole
is electrically neutral,

(b) a mass balance must be maintained; and

(c) the number of crystallographic sites must be conserved.

For example, in nickel oxide (NiO) if one oxygen ion is missing, it creates an oxy-
gen ion vacancy (designated as V¢). Each dot (.) on the subscript indicates an effective
positive charge of one. To maintain stoichiometry, mass balance and charge balance we
must also create a vacancy of nickel ion (designated as VY;). Each accent (') in the
superscript indicates an effective charge of negative 1.

The Kroger-Vink notation is used to write the defect chemistry equations.

Dislocations

Dislocations are line imperfections in an otherwise perfect crystal. They are introduced
typically into the crystal during solidification of the material or when the material
is deformed permanently. Although dislocations are present in all materials, including
ceramics and polymers, they are particularly useful in explaining deformation and
strengthening in metallic materials. We can identify three types of dislocations: the screw
dislocation, the edge dislocation, and the mixed dislocation.

Screw Dislocations The screw dislocation (Figure 4-4) can be illustrated by cutting
partway through a perfect crystal, then skewing the crystal one atom spacing. If we
follow a crystallographic plane one revolution around the axis on which the crystal
was skewed, starting at point x and traveling equal atom spacings in each direction, we
finish one atom spacing below our starting point (point y). The vector required to
complete the loop and return us to our starting point is the Burgers vector b. If we
continued our rotation, we would trace out a spiral path. The axis, or line around
which we trace out this path, is the screw dislocation. The Burgers vector is parallel to
the screw dislocation.

Screw
dislocation

(a) (b) (©)

Figure 4-4 The perfect crystal (a) is cut and sheared one atom spacing, (b) and (c). The line
along which shearing occurs is a screw dislocation. A Burgers vector b is required to close a
loop of equal atom spacings around the screw dislocation.
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Edge
dislocation

(a) (b) (©

Figure 4-5 The perfect crystal in (a) is cut and an extra plane of atoms is inserted (b). The
bottom edge of the extra plane is an edge dislocation (c). A Burgers vector b is required to
close a loop of equal atom spacings around the edge dislocation. (Adapted from J.D.
Verhoeven, Fundamentals of Physical Metallurgy, Wiley, 1975.)

Edge Dislocations An edge dislocation (Figure 4-5) can be illustrated by slicing part-
way through a perfect crystal, spreading the crystal apart, and partly filling the cut with
an extra plane of atoms. The bottom edge of this inserted plane represents the edge
dislocation. If we describe a clockwise loop around the edge dislocation, starting at
point x and going an equal number of atoms spacings in each direction, we finish, at
point y, one atom spacing from the starting point. The vector required to complete the
loop is, again, the Burgers vector. In this case, the Burgers vector is perpendicular to the
dislocation. By introducing the dislocation, the atoms above the dislocation line are
squeezed too closely together, while the atoms below the dislocation are stretched too
far apart. The surrounding region of the crystal has been disturbed by the presence of
the dislocation. [This is illustrated later on in Figure 4-8(b).] Unlike an edge dislocation,
a screw dislocation cannot be visualized as an extra half plane of atoms.

Mixed Dislocations As shown in Figure 4-6, mixed dislocations have both edge and
screw components, with a transition region between them. The Burgers vector, how-
ever, remains the same for all portions of the mixed dislocation.

Figure 4-6

A mixed dislocation. The
screw dislocation at the front
face of the crystal gradually
changes to an edge
dislocation at the side of the
crystal. (Adapted from W.T.
Read, Dislocations in
Crystals. McGraw-Hill,
1953.)
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Dislocation line Extra plane

‘ Slip vector
/ F \ Dislocation line

s

' Slip
,,,,,,,,,,, , vector
Glide plane / e L .
(slip plane) S Glide plane
(a) (b)

Figure 4-7 Schematic of slip line, slip plane, and slip (Burgers) vector for (a) an edge
dislocation and (b) for a screw dislocation. (Adapted from J.D. Verhoeven, Fundamentals of
Physical Metallurgy, Wiley, 1975.)

A schematic for slip line, slip plane, and slip vector (Burgers vector) for an edge
and a screw dislocation are shown in Figure 4-7. The Burgers vector and the plane are
helpful in explaining how materials deform.

When a shear force acting in the direction of the Burgers vector is applied to a
crystal containing a dislocation, the dislocation can move by breaking the bonds be-
tween the atoms in one plane. The cut plane is shifted slightly to establish bonds with
the original partial plane of atoms. This shift causes the dislocation to move one atom
spacing to the side, as shown in Figure 4-8(a). If this process continues, the dislocation
moves through the crystal until a step is produced on the exterior of the crystal; the
crystal has then been deformed. Another analogy is the motion by which a caterpillar
moves [Figure 4-8(d)]. A caterpillar will lift some of its legs at any given time and use
that motion to move from one place to another rather than lifting all the legs at one
time. The speed with which dislocations move in materials is close to or greater than the
speed of sound! Another way to visualize dislocation motion is to think about how a
fold or crease in a carpet would move if we were trying to remove it by pushing it
across rather than by lifting the carpet. If dislocations could be introduced continually
into one side of the crystal and moved along the same path through the crystal, the
crystal would eventually be cut in half.

Slip The process by which a dislocation moves and causes a metallic material to de-
form is called slip. The direction in which the dislocation moves, the slip direction, is the
direction of the Burgers vector for edge dislocations as shown in Figure 4-8(b). During
slip, the edge dislocation sweeps out the plane formed by the Burgers vector and the
dislocation. This plane is called the slip plane. The combination of slip direction and
slip plane is the slip system. A screw dislocation produces the same result; the dis-
location moves in a direction perpendicular to the Burgers vector, although the crystal
deforms in a direction parallel to the Burgers vector. Since the Burgers vector of a screw
dislocation is parallel to the dislocation line, specification of Burgers vector and dis-
location line does not define a slip plane for a screw dislocation. As mentioned in
Chapter 3, there are new software packages that have been developed and use of these
can be very effective in visualizing some of these concepts.
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Figure 4-8 (a) When a shear stress is applied to the dislocation in (a), the atoms are
displaced, causing the dislocation to move one Burgers vector in the slip direction (b).
Continued movement of the dislocation eventually creates a step (c), and the crystal is
deformed. (Adapted from A.G. Guy, Essentials of Materials Science, McGraw-Hill, 1976.)
(d) Motion of caterpillar is analogous to the motion of a dislocation.
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During slip, a dislocation moves from one set of surroundings to an identical set of
surroundings. The Peierls-Nabarro stress (Equation 4-2) is required to move the dis-

location from one equilibrium location to another,

7 = c exp(—kd/b) (4-2)

where 7 is the shear stress required to move the dislocation, d is the interplanar spacing
between adjacent slip planes, b is the magnitude of the Burgers vector, and both ¢ and k
are constants for the material. The dislocation moves in a slip system that requires the
least expenditure of energy. Several important factors determine the most likely slip
systems that will be active:

1. The stress required to cause the dislocation to move increases exponentially with
the length of the Burgers vector. Thus, the slip direction should have a small
repeat distance or high linear density. The close-packed directions in metals and
alloys satisfy this criterion and are the usual slip directions.

. The stress required to cause the dislocation to move decreases exponentially with
the interplanar spacing of the slip planes. Slip occurs most easily between planes
of atoms that are smooth (so there are smaller “hills and valleys™ on the surface)
and between planes that are far apart (or have a relatively large interplanar
spacing). Planes with a high planar density fulfill this requirement. Therefore,
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TABLE 4-1 W Slip planes and directions in metallic structures

Crystal Structure Slip Plane Slip Direction
BCC metals {110} (111)
{112}

{123}
FCC metals {111} (110>
HCP metals {0001} <100»
{1120} o o 110y
{1010} Note or <1120)
{1011}
MgO, NaCl (ionic) {110} (110)
Silicon (covalent) {111} {110y

Note: These planes are active in some metals and alloys or at elevated
temperatures.

the slip planes are typically close-packed planes or those as closely packed as
possible. Common slip systems in several materials are summarized in Table 4-1.

3. Dislocations do not move easily in materials such as silicon or polymers, which
have covalent bonds. Because of the strength and directionality of the bonds, the
materials typically fail in a brittle manner before the force becomes high enough
to cause appreciable slip. In many engineering polymers dislocations play a rel-
atively minor role in their deformation. The deformation in polymers occurs
mainly as polymer chains become untangled and then are stretched.

4. Materials with ionic bonding, including many ceramics such as MgO, also are
resistant to slip. Movement of a dislocation disrupts the charge balance around
the anions and cations, requiring that bonds between anions and cations be
broken. During slip, ions with a like charge must also pass close together, caus-
ing repulsion. Finally, the repeat distance along the slip direction, or the Burgers
vector, is larger than that in metals and alloys. Again, brittle failure of ceramic
materials typically occurs owing to the presence of flaws such as small holes
(pores) before the applied level of stress is sufficient to cause dislocations to
move. It is possible to obtain some ductility in certain ceramics using special
processing techniques.

The following examples illustrate the calculation of the magnitude of the Burgers
vector and identification of slip planes.

EXAMPLE 4-4
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4-3 Dislocations

—[110]

An edge dislocation in MgO showing the slip direction and Burgers
vector (for Example 4-4). (Adapted from W.D. Kingery, H.K. Bowen, and
D.R. Uhlmann, Introduction to Ceramics, John Wiley, 1976.)
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EXAMPLE 4-5
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Figure 4-10 (a) Burgers vector for FCC copper. (b) The atom locations on a (110)
plane in a BCC unit cell (for Examples 4-5 and 4-6, respectively).

EXAMPLE 4-6

Flanar density (110) = —-—= = (v/2)(2.866 x 10-8 cm)>

=1.72 x 10'5 atoms/cm?

Planar density (112) = 0.994 x 10'> atoms/cm? (from problem statement)
2. The interplanar spacings are:

2.866 x 1078

dijg = ———— =2.0266 x 10~ cm
124+1240
-8
dyp = 2886107 g 108 em
124+ 12422

The planar density and interplanar spacing of the (110) plane are larger than
those for the (112) plane; therefore, the (110) plane would be the preferred slip
plane.
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4-4  Significance of Dislocafions

First, dislocations are most significant in metals and alloys since they provide a mecha-
nism for plastic deformation, which is the cumulative effect of slip of numerous dis-
locations. Plastic deformation refers to irreversible deformation or change in shape that
occurs when the force or stress that caused it is removed. This is because the applied
stress causes dislocation motion that in turn causes permanent deformation. When we
use the term “plastic deformation” the implication is that it is caused by dislocaiton
motion. There are, however, other mechanisms that cause permanent deformation. We
will see these in later chapters. The plastic deformation is to be distinguished from elastic
deformation, which is a temporary change in shape that occurs while a force or stress
remains applied to a material. In elastic deformation, the shape change is a result of
stretching of interatomic bonds, however, no dislocation motion occurs. Slip can occur
in some ceramics and polymers. However, other factors (e.g., porosity in ceramics, dis-
entanglement of chains in polymers, etc.) dominate the near room-temperature
mechanical behavior of polymers and ceramics. Amorphous materials such as silicate
glasses do not have a periodic arrangement of ions and hence do not contain disloca-
tions. The slip process, therefore, is particularly important in understanding the mechanical
behavior of metals. First, slip explains why the strength of metals is much lower than the
value predicted from the metallic bond. If slip occurs, only a tiny fraction of all of the
metallic bonds across the interface need to be broken at any one time, and the force re-
quired to deform the metal is small. It can be shown that the actual strength of metals is
103 to 10* times smaller than that expected from the strength of metallic bonds.

Second, slip provides ductility in metals. If no dislocations were present, an iron
bar would be brittle and the metal could not be shaped by metalworking processes,
such as forging, into useful shapes.

Third, we control the mechanical properties of a metal or alloy by interfering with
the movement of dislocations. An obstacle introduced into the crystal prevents a dis-
location from slipping unless we apply higher forces. Thus, the presence of dislocations
helps strengthen metallic materials.

Enormous numbers of dislocations are found in materials. The dislocation density,
or total length of dislocations per unit volume, is usually used to represent the amount
of dislocations present. Dislocation densities of 10° cm/cm? are typical of the softest
metals, while densities up to 10'?> cm/cm? can be achieved by deforming the material.

Dislocations also influence electronic and optical properties of materials. For ex-
ample, the resistance of pure copper increases with increasing dislocation density. We
mentioned previously that the resistivity of pure copper also depends strongly on small
levels of impurities.

4-5  Schmid's Law

We can understand the differences in behavior of metals that have different crystal
structures by examining the force required to initiate the slip process. Suppose we apply
a unidirectional tensile stress to a cylinder of metal that is a single crystal (Figure 4-11).
We can orient the slip plane and slip direction to the applied force (F) by defining the
angles A, and ¢. The angle between the slip direction and the applied force is 4, and ¢ is
the angle between the normal to the slip plane and the applied force. Note that the sum
of angles ¢ and 4 can be but does not have to be 90°.
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o= 4
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Shear stress P
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Figure 4-11 (a) A resolved shear stress 7 is produced on a slip system. (Note: (¢ + 1) does not
have to be 90°.) (b) Movement of dislocations on the slip system deforms the material.
(c) Resolving the force.

In order for the dislocation to move in its slip system, a shear force acting in the slip
direction must be produced by the applied force. This resolved shear force F, is given by:

F, = F cos A

If we divide the equation by the area of the slip plane, 4 = Ay/cos ¢, we obtain the
following equation known as Schmid’s law,

T, = G COS ¢ COS 4, (4-3)
where
F, . S .
T=a= resolved shear stress in the slip direction
o=—= unidirectional stress applied to the cylinder
0

The example that follows illustrates an application of Schmid’s law.

EXAMPLE 4-7
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o Figure 4-12
When the slip plane is perpendicular to the applied stress g,
»<9=0° the angle 4 is 90° and no shear stress is resolved. (For
Example 4-7.)

EXAMPLE 4-8

follows).
[001] - [111] [(0x 1)+ (0x1)+ (1 x1)] _

00| x IT1L] (/02 402 + 12) x (V12 + (1)2 + (1)2) V3

cos ¢ =

cos ¢ = \/%, the angle ¢ will be 54.73°.
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Thus, the resolved shear stress will be

I 1
7, = (21 MPa) — —
If we had a combination of slip systems (i.e., different slip planes and slip di-
rections), we could calculate the values of critical resolved shear stress for each
one. The direction that had the highest resolved shear stress would become ac-
tive first (i.e., dislocation in that particular system will begin to move first).

= 8.6 MPa

The critical resolved shear stress 7. is the shear stress required to break enough
metallic bonds in order for slip to occur. Thus slip occurs, causing the metal to plasti-
cally deform, when the applied stress (o) produces a resolved shear stress (z,) that equals
the critical resolved shear stress.

Ty = Terss (4'4)

4-6  Influence of Crystal Structure

We can use Schmid’s law to compare the properties of metals having BCC, FCC, and
HCP crystal structures. Table 4-2 lists three important factors that we can examine. We
must be careful to note, however, that this discussion describes the behavior of nearly
perfect single crystals. Most engineered materials are seldom single crystals and always
contain large numbers of defects. Since different crystals or grains are oriented in dif-
ferent random directions, we can not apply Schmid’s law to predict the mechanical be-
havior of polycrystalline materials.

Critical Resolved Shear Stress If the critical resolved shear stress in a metal is very
high, the applied stress ¢ must also be high in order for 7, to equal 7. A higher ¢
implies a higher stress is necessary to deform a metal, which in turn indicates the metal
has a high strength! In FCC metals, which have close-packed {111} planes, the critical
resolved shear stress is low—about 0.34 to 0.69 MPa in a perfect crystal; FCC metals

TABLE 4-2 m Summary of factors affecting slip in metallic structures

Factor FCC BCC HCP (g >1 .633*)
Critical resolved 0.34-0.69 34-69 0.34-0.692
shear stress (MPa)
Number of slip 12 48 36
systems
Cross-slip Can occur Can occur Cannot occur?
Summary of Ductile Strong Relatively brittle
properties

@ For slip on basal planes.

b By alloying or heating to elevated temperatures, additional slip systems are active in HCP metals,
permitting cross-slip to occur and thereby improving ductility.

* Note: For most elements c/a < 1.633, slip occurs on planes other than (0001) and tess is high.
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tend to have low strengths. On the other hand, BCC crystal structures contain no close-
packed planes and we must exceed a higher critical resolved shear stress—on the order
of 69 MPa in perfect crystals—Dbefore slip occurs; therefore, BCC metals tend to have
high strengths and lower ductilities.

We would expect the HCP metals, because they contain close-packed basal planes,
to have low critical resolved shear stresses. In fact, in HCP metals such as zinc that have
a c/a ratio greater than or equal to the theoretical ratio of 1.633, the critical
resolved shear stress is less than 0.69 MPa, just as in FCC metals. As noted in Table 4-2,
for most HCP elements ¢/a < 1.633. The slip occurs on non-basal planes and 7 is high.
For example, in HCP titanium, the ¢/a ratio is less than 1.633; the close-packed planes are
spaced too closely together. Slip now occurs on planes such as (1010), the “prism” planes or
faces of the hexagon, and the critical resolved shear stress is then as great as or greater
than in BCC metals.

Number of Slip Systems If at least one slip system is oriented to give the angles 1 and
¢ near 45°, then 7, equals 7. at low applied stresses. Ideal HCP metals possess only
one set of parallel close-packed planes, the (0001) planes, and three close-packed direc-
tions, giving three slip systems. Consequently, the probability of the close-packed planes
and directions being oriented with 4 and ¢ near 45° is very low. The HCP crystal may
fail in a brittle manner without a significant amount of slip. However, in HCP metals
with a low ¢/a ratio, or when HCP metals are properly alloyed, or when the temper-
ature is increased, other slip systems become active, making these metals less brittle than
expected.

On the other hand, FCC metals contain four nonparallel close-packed planes of the
form {l11} and three close-packed directions of the form (110} within each plane,
giving a total of 12 slip systems. At least one slip system is favorably oriented for slip to
occur at low applied stresses, permitting FCC metals to have high ductilities.

Finally, BCC metals have as many as 48 slip systems that are nearly close-packed.
Several slip systems are always properly oriented for slip to occur, allowing BCC metals
to also have ductility.

Cross-Slip Consider a screw dislocation moving on one slip plane that encounters an
obstacle and is blocked from further movement. This dislocation can shift to a second
intersecting slip system, also properly oriented, and continue to move. This is called
cross-slip. In many HCP metals, no cross-slip can occur because the slip planes are
parallel (i.e., not intersecting). Therefore, polycrystalline HCP metals tend to be brittle.
Fortunately, additional slip systems become active when HCP metals are alloyed or
heated, thus improving ductility. Cross-slip is possible in both FCC and BCC metals
because a number of intersecting slip systems are present. Consequently, cross-slip helps
maintain ductility in these metals.

47 Surface Defects

Surface defects are the boundaries, or planes, that separate a material into regions, each
region having the same crystal structure but different orientations.

Material Surface The exterior dimensions of the material represent surfaces at which
the crystal abruptly ends. Each atom at the surface no longer has the proper coordina-
tion number and atomic bonding is disrupted. This is very often an important factor in
making silicon based microelectronic devices. The exterior surface may also be very
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Figure 4-13 (a) The atoms near the boundaries of the three grains do not have an equilibrium
spacing or arrangement. (b) Grains and grain boundaries in a stainless steel sample. (Courtesy
of Dr. A. DeArdo.)

rough, may contain tiny notches, and may be much more reactive than the bulk of
the material.

In nano-structured materials, the ratio of the number of atoms or ions at the surface
to that in the bulk is very high. As a result, these materials have a large surface area per
unit mass. Therefore, surface defects play an important role on their properties.

Grain Boundaries The microstructure of many engineered ceramic and metallic ma-
terials consists of many grains. A grain is a crystalline portion of the material within
which the arrangement of the atoms is nearly identical. However, the orientation of the
atom arrangement, or crystal structure, is different for each adjoining grain. Three
grains are shown schematically in Figure 4-13(a); the arrangement of atoms in each
grain is identical but the grains are oriented differently. A grain boundary, the surface
that separates the individual grains, is a narrow zone in which the atoms are not prop-
erly spaced. That is to say, the atoms are so close together at some locations in the
grain boundary that they cause a region of compression, and in other areas they are so
far apart that they cause a region of tension. Figure 4-13(b), a micrograph of a stainless
steel sample, shows grains and grain boundaries.

One method of controlling the properties of a material is by controlling the grain
size. By reducing the grain size, we increase the number of grains and, hence, increase
the amount of grain boundary area. Any dislocation moves only a short distance before
encountering a grain boundary and being stopped, and the strength of the metallic
material is increased. The Hall-Petch equation relates the grain size to the yield strength
(ay),

g, =0+ Kd~'/? (4-5)
where d is the average diameter of the grains, and gy and K are constants for the metal.
Recall from Chapter 1 that yield strength (o,) of a metallic material is the minimum
level of stress that is needed to initiate plastic (permanent) deformation. Figure 4-14
shows this relationship in steel. The Hall-Petch equation is not valid for materials with
unusally large or ultrafine grains. In the chapters that follow, we will describe how the
grain size of metals and alloys can be controlled through solidification, alloying, and
heat treatment. The following example illustrates an application of the Hall-Petch
equation.
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ASTM grain size Figure 4-14 o .
6 7 8 9 10 The effect of grain size on the yield strength
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For the grain size of 0.007 mm, the yield stress is 276 MPa. Therefore, again
using the Hall-Petch equation:

K
276 = 6 + ———
0 /0,007

Solving these two equations K = 18.43 MPa-mm'/2, and 5y = 55.5 MPa. Now
we have the Hall-Petch equation as

o, = 55.5+18.43 x d1/?

If we want a yield stress of 207 MPa, the grain size will be 0.0148 mm or
14.8 pym.

Optical microscopy is one technique that is used to reveal microstructural features
such as grain boundaries that require less than about 2000 magnification. The process
of preparing a metallic sample and observing or recording its microstructure is called
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Figure 4-15

Microstructure of palladium (x 100).
(From ASM Handbook, Vol. 9,
Metallography and Microstructure
(1985), ASM International,
Materials Park, OH 44073.)

Grain
boundaries

metallography. A sample of the material is sanded and polished to a mirror-like finish.
The surface is then exposed to chemical attack, or etching, with grain boundaries being
attacked more aggressively than the remainder of the grain. Light from an optical mi-
croscope is reflected or scattered from the sample surface, depending on how the surface
is etched. Since more light is scattered from deeply etched features such as the grain
boundaries, these features appear dark (Figure 4-15). In ceramic samples, a technique
known as thermal grooving is often used to observe grain boundaries. It involves pol-
ishing and heating, for a short time, a ceramic sample to temperatures below the sin-
tering temperature.

One way to specify grain size is by using the ASTM grain size number (ASTM is
the American Society for Testing and Materials). The number of grains per square inch
(N) is determined from a micrograph of the metal taken at magnification x100. The
number of grains per square inch N is entered into Equation 4-6 and the ASTM grain
size number 7 is calculated:

N =2""! (4-6)

A large ASTM number indicates many grains, or a finer grain size, and correlates with
high strengths for metals and alloys.

When describing a microstructure, whenever possible, it is preferable to use a mi-
crometer marker or some other scale on the micrograph, instead of stating the magni-
fication. A number of sophisticated image analysis programs are also available. These
programs make it easy to determine the average grain size and grain-size distribution.
The following example illustrates the calculation of the ASTM grain size number.

aM
E i m Calculation of ASTM Grain Size Number

Suppose we count 16 grains per square inch in a photomicrograph taken at
magnification x250. What is the ASTM grain size number?

SOLUTION

If we count 16 grains per square inch at magnification %250, then at
magnification x 100 we must have:



4-7 Surface Defects 113

?(5)8)2 =100 grains/in.? = 2"~
log 100 = (n — 1) log 2
= (n—1)(0.301)
n="7.64

The approach discussed above to compute the ASTM grain size number is based on
English units. In countries that use the metric system of units, alternate formulae have
been developed to calculate the grain size number:

Ny =8(2") (4-7)

where N,, is the number of grains per mm? at magnification x 1.

The value of n calculated from Equation 4-7 is slightly greater than that calculated
using Equation 4-6, but the difference is negligible. The Swedish, Italian, Russian,
French, and ISO standards use Equation 4-7. The German standard is also based on
metric units but uses a different formulation:

n=3.743.33 log(Nug) (4-8)
where N, is the number of grains per cm? at magnification x 100.

Small Angle Grain Boundaries A small angle grain boundary is an array of disloca-
tions that produces a small misorientation between the adjoining crystals. Because the
energy of the small-angle grain boundaries is less than that of a regular grain boundary,
the small angle grain boundaries are not as effective in resisting slip.

Stacking Faults Stacking faults, which occur in FCC metals, represent an error in the
stacking sequence of close-packed planes. Normally, a stacking sequence of ABC ABC
ABCis produced in a perfect FCC crystal. But, suppose the following sequence is produced:

ABC ABAB CABC

\%

In the portion of the sequence indicated, a type A plane replaces where a type C plane
would normally be located. This small region, which has a HCP stacking sequence in-
stead of the FCC stacking sequence, represents a stacking fault. Stacking faults interfere
with the slip process.

Twin Boundaries A twin boundary is a plane across which there is a special mirror
image misorientation of the crystal structure (Figure 4-16). Twins can be produced
when a shear force, acting along the twin boundary, causes the atoms to shift out of
position. Twinning occurs during deformation or heat treatment of certain metals or
alloys. The twin boundaries interfere with the slip process and increase the strength of
the metal. Movement of twin boundaries can also cause a metal to deform. Figure 4-16
(c) shows that the formation of a twin has changed the shape of the metal. Twinning
also occurs in some ceramic materials as well.

The effectiveness of the surface defects in interfering with the slip process can be judged
from the surface energies (see Table 4-3 on the next page). The high-energy grain bounda-
ries are much more effective in blocking dislocations than either stacking faults or twin
boundaries.
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TABLE 4-3 W Energies of surface imperfections in selected metals

Surface Imperfection

(ergs/cm?) Al Cu Pt Fe
Stacking fault 200 75 95 —
Twin boundary 120 45 195 190
Grain boundary 625 645 1000 780

4-§
Importance of Defecfs

Extended and point defects play a major role in influencing mechanical, electrical, op-
tical and magnetic properties of engineered materials. In this section, we recapitulate
the importance of defects on properties of materials.

Boundary Boundary
(@) (b)

(c)

Figure 4-16 Application of a stress to the perfect crystal (a) may cause a displacement of the
atoms, (b) causing the formation of a twin. Note that the crystal has deformed as a result of
twinning. (c) A micrograph of twins within a grain of brass (x250).
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Figure 4-17 If the dislocation at point A moves to the left, it is blocked by the point defect.
If the dislocation moves to the right, it interacts with the disturbed lattice near the second
dislocation at point B. If the dislocation moves farther to the right, it is blocked by a grain
boundary.

Effect on Mechanical Properties via Control of the Slip Process Any imperfection
in the crystal raises the internal energy at the location of the imperfection. The local
energy is increased because, near the imperfection, the atoms either are squeezed too
closely together (compression) or are forced too far apart (tension).

One dislocation in an otherwise perfect metallic crystal can move easily through the
crystal if the resolved shear stress equals the critical resolved shear stress. However, if
the dislocation encounters a region where the atoms are displaced from their usual po-
sitions, a higher stress is required to force the dislocation past the region of high local
energy; thus, the material is stronger. Defects in materials, such as dislocations, point
defects, and grain boundaries, serve as “stop signs” for dislocations. We can control the
strength of a metallic material by controlling the number and type of imperfections.
Three common strengthening mechanisms are based on the three categories of defects
in crystals. Since dislocation motion is relatively easy in metals and alloys, these mech-
anisms typically work best for metallic materials.

Strain Hardening Dislocations disrupt the perfection of the crystal structure. In Fig-
ure 4-17, the atoms below the dislocation line at point B are compressed, while the
atoms above dislocation B are too far apart. If dislocation 4 moves to the right and
passes near dislocation B, dislocation A encounters a region where the atoms are not
properly arranged. Higher stresses are required to keep the second dislocation moving;
consequently, the metal must be stronger. Increasing the number of dislocations further
increases the strength of the material since increasing the dislocation density causes
more stop signs for dislocation motion. The dislocation density can be shown to in-
crease markedly as we strain or deform a material. This mechanism of increasing the
strength of a material by deformation is known as strain hardening, which is discussed
formally in Chapter 7. We can also show that dislocation densities can be reduced sub-
stantially by heating a metallic material to a relatively high temperature and holding it
there for a long period of time. This heat treatment is known as annealing and is used to
impart ductility to metallic materials. Thus, controlling the dislocation density is an
important way of controlling the strength and ductility of metals and alloys.

Solid-Solution Strengthening Any of the point defects also disrupt the perfection of
the crystal structure. A solid solution is formed when atoms or ions of a guest element
or compound are assimilated completely into the crystal structure of the host material.
This is similar to the way salt or sugar in small concentrations dissolve in water.
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If dislocation 4 moves to the left (Figure 4-17), it encounters a disturbed crystal caused
by the point defect; higher stresses are needed to continue slip of the dislocation. By
intentionally introducing substitutional or interstitial atoms, we cause solid-solution
strengthening, which is discussed further in Chapter 10.

Grain-Size Strengthening Surface imperfections such as grain boundaries disturb the
arrangement of atoms in crystalline materials. If dislocation B moves to the right
(Figure 4-17), it encounters a grain boundary and is blocked. By increasing the number
of grains or reducing the grain size, grain-size strengthening is achieved in metallic
materials. This is the basis for the Hall-Petch equation (Equation 4-5).

Effects on Electrical, Optical, and Magnetic Properties In previous sections, we
stated how profound is the effect of point defects on the electrical properties of semi-
conductors. The entire microelectronics industry critically depends upon the successful
incorporation of substitutional dopants such as P, As, B, and Al in Si and other semi-
conductors. These dopant atoms allow us to have a significant control of the electrical
properties of the semiconductors.

|
i

SUMMARY

<» Imperfections, or defects, in a crystalline material are of three general types: point
defects, line defects or dislocations, and surface defects.

<p The number of vacancies depends on the temperature of the material; interstitial
atoms (located at interstitial sites between the normal atoms) and substitutional
atoms (which replace the host atoms at lattice points) are often deliberately intro-
duced and are typically unaffected by changes in temperature.

Frenkel and Schottky defects are commonly seen in ionic materials.

Dislocations are line defects which, when a force is applied to a metallic material,
move and cause a metallic material to deform.

The critical resolved shear stress is the stress required to move a dislocation.
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The dislocation moves in a slip system, composed of a slip plane and a slip direc-
tion. The slip direction, or Burgers vector, is typically along a close-packed di-
rection. The slip plane is also normally close packed or nearly close packed.

@

In metallic crystals, the number and type of slip directions and slip planes influence
the properties of the metal. In FCC metals, the critical resolved shear stress is low
and an optimum number of slip planes are available; consequently, FCC metals
tend to be ductile. In BCC metals, no close-packed planes are available and the
critical resolved shear stress is high; thus, the BCC metals tend to be strong. The
number of slip systems in HCP metals is limited, causing these metals to behave in
a brittle manner.

<» Point defects, which include vacancies, interstitial atoms, and substitutional atoms,
introduce compressive or tensile strain fields that disturb the atomic arrangements
in the surrounding crystal. As a result, dislocations cannot easily slip in the vicinity
of point defects and the strength of the metallic material is increased.

<» Surface defects include grain boundaries. Producing a very small grain size in-
creases the amount of grain boundary area; because dislocations cannot easily pass
through a grain boundary, the material is strengthened (Hall-Petch equation).
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<» The number and type of crystal defects control the ease of movement of disloca-
tions and, therefore, directly influence the mechanical properties of the material.

<P Strain hardening is obtained by increasing the number of dislocations; solid-
solution strengthening involves the introduction of point defects; and grain-size
strengthening is obtained by producing a small grain size.

<» Annealing is a heat treatment used to undo the effects of strain hardening by re-
ducing the dislocation density. This leads to increased ductility in
metallic materials.

—— GLOSSARY

ASTM  American Society for Testing and Materials.

ASTM grain size number (n) A measure of the size of the grains in a crystalline material ob-
tained by counting the number of grains per square inch at magnification x 100.

Annealing A heat treatment that typically involves heating a metallic material to a high tem-
perature for an extended period of time, conducted with a view to lower the dislocation density
and hence impart ductility.

Burgers vector The direction and distance that a dislocation moves in each step, also known as
the slip vector.

Critical resolved shear stress The shear stress required to cause a dislocation to move and cause
slip.
Cross-slip A change in the slip system of a dislocation.

Defect A microstructural feature representing a disruption in the perfect periodic arrangement
of atoms/ions in a crystalline material. This term is not used to convey the presence of a flaw in
the material.

Dislocation A line imperfection in a crystalline material. Movement of dislocations helps ex-
plain how metallic materials deform. Interference with the movement of dislocations helps ex-
plain how metallic materials are strengthened.

Dislocation density The total length of dislocation line per cubic centimeter in a material.
Domain boundaries Region between domains in a material.

Dopants Elements or compounds typically added, in known concentrations and appearing at
specific places within the microstructure, to enhance the properties or processing of a material.

Edge dislocation A dislocation introduced into the crystal by adding an “extra half plane” of
atoms.

Elastic deformation Deformation that is fully recovered when the stress causing it is removed.

Extended defects Defects that involve several atoms/ions and thus occur over a finite volume of
the crystalline material (e.g., dislocations, stacking faults, etc.).

Frenkel defect A pair of point defects produced when an ion moves to create an interstitial site,
leaving behind a vacancy.

Grain  One of the crystals present in a polycrystalline material.

Grain boundary A surface defect representing the boundary between two grains. The crystal has
a different orientation on either side of the grain boundary.

Hall-Petch equation The relationship between yield strength and grain size in a metallic mate-
rial—that is, o, = oy + Kd /2.
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Image analysis A technique that is used to analyze images of microstructures to obtain quanti-
tative information on grain size, shape, grain size distribution, etc.

Impurities  Elements or compounds that find their way into a material, often originating from
processing or raw materials and typically having a deleterious effect on the properties or proc-
essing of a material.

Interstitial defect A point defect produced when an atom is placed into the crystal at a site that
is normally not a lattice point.

Interstitialcy A point defect caused when a “normal” atom occupies an interstitial site in the
crystal.

Line defects Defects such as dislocations in which atoms or ions are missing in a row.

Metallography Preparation of a metallic sample of a material by polishing and etching so that
the structure can be examined using a microscope.

Mixed dislocation A dislocation that contains partly edge components and partly screw com-
ponents.

Peierls-Nabarro stress The shear stress, which depends on the Burgers vector and the inter-
planar spacing, required to cause a dislocation to move—that is, © = ¢ exp(—kd/b).

Point defects Imperfections, such as vacancies, that are located typically at one (in some cases a
few) sites in the crystal.

Schmid’s law The relationship between shear stress, the applied stress, and the orientation of
the slip system—that is, 7, = g cos 4 cos ¢.

Schottky defect A point defect in ionically bonded materials. In order to maintain a neutral
charge, a stoichiometric number of cation and anion vacancies must form.

Screw dislocation A dislocation produced by skewing a crystal so that one atomic plane pro-
duces a spiral ramp about the dislocation.

Slip Deformation of a metallic material by the movement of dislocations through the crystal.

Slip direction The direction in the crystal in which the dislocation moves. The slip direction is
the same as the direction of the Burgers vector.

Slip plane The plane swept out by the dislocation line during slip. Normally, the slip plane is a
close-packed plane, if one exists in the crystal structure.

Slip system The combination of the slip plane and the slip direction.

Small angle grain boundary An array of dislocations causing a small misorientation of the
crystals across the surface of the imperfection.

Stacking fault A surface defect in FCC metals caused by the improper stacking sequence of
close-packed planes.

Substitutional defect A point defect produced when an atom is removed from a regular lattice
point and replaced with a different atom, usually of a different size.

Surface defects Imperfections, such as grain boundaries, that form a two-dimensional plane
within the crystal.

Thermal grooving A technique used for observing microstructures in ceramic materials, involves
heating, for a short time, a polished sample to a temperature slightly below the sintering temperature.

Twin boundary A plane across which there is a special misorientation of the crystal structure.

Vacancy An atom or an ion missing from its regular crystallographic site.



Problems 119

W4 PROBLENS

Section 4-1 Point Defects

4-1

4-3

4-4

4-6

4-7

4-8

4-9

Calculate the number of vacancies per cm? ex-

pected in copper at 1080°C (just below the melt-
ing temperature). The energy for vacancy for-
mation is 20,000 cal/mol.

The fraction of lattice points occupied by vacancies
in solid aluminum at 660°C is 10~3. What is the
energy required to create vacancies in aluminum?

The density of a sample of FCC palladium is
11.98 g/cm? and its lattice parameter is 3.8902 A
Calculate

(a) the fraction of the lattice points that contain
vacancies; and

(b) the total number of vacancies in a cubic cen-
timeter of Pd.

The density of a sample of HCP beryllium is
1.844 g/cm?3 and the lattice parameters are ay =
0.22858 nm and ¢y = 0.35842 nm. Calculate

(a) the fraction of the lattice points that contain
vacancies; and

(b) the total number of vacancies in a cubic cen-
timeter.

BCC lithium has a lattice parameter of 3.5089 x
10~% cm and contains one vacancy per 200 unit
cells. Calculate

(a) the number of vacancies per cubic centimeter;
and
(b) the density of Li.

FCC lead (Pb) has a lattice parameter of 0.4949
nm and contains one vacancy per 500 Pb atoms.
Calculate

(a) the density; and
(b) the number of vacancies per gram of Pb.

A niobium alloy is produced by introducing
tungsten substitutional atoms in the BCC struc-
ture; eventually an alloy is produced that has a
lattice parameter of 0.32554 nm and a density of
11.95 g/cm?. Calculate the fraction of the atoms
in the alloy that are tungsten.

Tin atoms are introduced into a FCC cop-
per crystal, producing an alloy with a lattice
parameter of 3.7589 x 1078 cm and a density of
8.772 g/cm?. Calculate the atomic percentage of
tin present in the alloy.

We replace 7.5 atomic percent of the chromium
atoms in its BCC crystal with tantalum. X-ray
diffraction shows that the lattice parameter is
0.29158 nm. Calculate the density of the alloy.

4-10

4-11

Suppose we introduce one carbon atom for every
100 iron atoms in an interstitial position in BCC
iron, giving a lattice parameter of 0.2867 nm. For
the Fe-C alloy, find the density and the packing
factor.

The density of BCC iron is 7.882 g/cm? and the
lattice parameter is 0.2866 nm when hydrogen
atoms are introduced at interstitial positions.
Calculate

(a) the atomic fraction of hydrogen atoms; and
(b) number of unit cells on average that contain
hydrogen atoms.

Section 4-2 Other Point Defects

4-12

4-13

Suppose one Schottky defect is present in every
tenth unit cell of MgO. MgO has the sodium
chloride crystal structure and a lattice parameter
of 0.396 nm. Calculate

(a) the number of anion vacancies per cm?; and
(b) the density of the ceramic.

ZnS has the zinc blende structure. If the density
is 3.02 g/cm? and the lattice parameter is 0.59583 nm,
determine the number of Schottky defects

(a) per unit cell; and
(b) per cubic centimeter.

Section 4-3 Dislocations

4-14

4-15

4-16

4-17

4-18

What are the Miller indices of the slip directions:

(a) on the (111) plane in an FCC unit cell?
(b) on the (011) plane in a BCC unit cell?

What are the Miller indices of the slip planes
in FCC unit cells that include the [101] slip di-
rection?

What are the Miller indices of the {110} slip
planes in BCC unit cells that include the [111] slip
direction?

Calculate the length of the Burgers vector in the
following materials:

(a) BCC niobium;
(b) FCC silver; and
(c) diamond cubic silicon.

Determine the interplanar spacing and the length
of the Burgers vector for slip on the expected
slip systems in FCC aluminum. Repeat, assuming
that the slip system is a (110) plane and a [111]
direction. What is the ratio between the shear
stresses required for slip for the two systems?
Assume that k = 2 in Equation 4-2.
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4-19 Determine the interplanar spacing and the length of 4-27 A copper-zinc alloy has the following properties

the Burgers vector for slip on the (110)/[111] slip Grain Diameter (mm) Strength (MPa)

system in BCC tantalum. Repeat, assuming that the

slip system is a (111)/[110] system. What is the ratio 0015 170 MPa

between the shear stresses required for slip for the 0025 158 MPa

two systems? Assume that k = 2 in Equation 4-2. 0.035 151 MPa
0.050 145 MPa

Section 4-4 Significance of Dislocations

4-20 How many grams of aluminum, with a dislocation
density of 10'" cm/cm?, are required to give a to-
tal dislocation length that would stretch from New

Determine

(a) the constants in the Hall-Petch equation; and

York City to Los Angeles (4860 km)? (b) the grain size required to obtain a strength of
200 MPa.
4-21 Compare the c¢/a ratios for the following HCP
metals, determine the likely slip processes in each, 4-28 For an ASTM grain size number of 8, calculate
and estimate the approximate critical resolved the number of grains per square inch
shear stress. Explain. (See data in Appendix A.) (a) at a magnification of 100 and
(a) zinc (b) magnesium (c) titanium (b) with no magnification.
(d) zirconium (e) rhenium (f) beryllium

4-29 Determine the ASTM grain size number if

Section 4-5 Schmid'’s Law 20 grains/square inch are observed at a magni-

. . . fication of 400.
4-22 A single crystal of an FCC metal is oriented so

that the [001] direction is parallel to an applied 4-30 Determine the ASTM grain size number if
stress of 35 MPa. Calculate the resolved shear 25 grains/square inch are observed at a magni-
stress acting on the (111) slip plane in the [110], fication of 50.

[011], and [101] slip directions. Which slip system

(s) will become active first? 4-31 Determine the ASTM grain size number for the

materials in: Figure 4-15 and Figure 4-18.

4-23 A single crystal of a BCC metal is oriented so that
the [001] direction is parallel to the applied stress.
If the critical resolved shear stress required for slip
is 83 MPa, calculate the magnitude of the applied
stress required to cause slip to begin in the [111]
direction on the (110), (011), and (101) slip planes.

Section 4-6 Influence of Crystal Structure

4-24 Why is it that single crystal and polycrystalline
copper are both ductile, however, single crystal,
but not polycrystalline, zinc can exhibit consid-
erable ductility?

Grain
4-25 Why is it that cross slip in BCC and FCC metals . - |
is easier than that in HCP metals? How does this boundaries { ,__.} ]
influence the ductility of BCC, FCC, and HCP . k.
metals? 4 3 \
Section 4-7 Surface Defects |- :
4-26 The strength of titanium is found to be 448 MPa = \ SRR N,

when the grain size is 17 x 107° m and 565 MPa

when the grain size is 0.8 x 10~¢ m. Determine Figure 4-15  (Repeated for Problem 4-31)

Microstructure of palladium (x 100). (From ASM
(a) the constants in the Hall-Petch equation; and ~ Handbook, Vol. 9, Metallography and Microstructure
(b) the strength of the titanium when the grain (1985), ASM International, Materials Park,
size is reduced to 0.2 x 107° m. OH 44073.)



Figure 4-18 Microstructure of iron, for Problem 4-31
(x500). (From ASM Handbook, Vol. 9, Metallography
and Microstructure (1985), ASM International,
Materials Park, OH 44073.)

4-32 The yield stress of several samples of a steel
containing 0.12% carbon with different grain
sizes was measured. The data are shown here.

Grain-Size Inverse

Sample Square Root Yield Stress
ID (d-1/2) (MPa)

A 24 500

B 19 420

C 12 320

D 10 250

E 6 190

(a) Calculate the grain size of each steel sample
in micrometers.

(b) Which sample has the grain size of 27.7 pm?

(c) Fit these data to a straight line and calculate
the constants gy and K for the Hall-Petch
equation.

(d) What is the grain size of the sample that has
the highest yield strength?
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(e) A sample of this steel with 15 um grain size is
produced. What will be the yield stress of this
sample?

4-33 A researcher working in the nano-science area de-
velops a sample of 0.12% carbon steel such that
the value of d~'/2 is 110. What will be the grain
size of this steel? Can she use the Hall-Petch rela-
tionship developed for this steel in the previous
problem to predict the yield stress of this sample?

Section 4-8 Importance of Defects
4-34 What is meant by the term strain hardening?

4-35 Which mechanism of strengthening is the Hall-
Petch equation related to?

4-36 Pure copper is strengthened by addition of
small concentration of Be. What mechanism of
strengthening is this related to?

Design Problems

4-37 The density of pure aluminum calculated from cry-
stallographic data is expected to
be 2.69955 g/cm3.

(a) Design an aluminum alloy that has a density
of 2.6450 g/cm?>.

(b) Design an aluminum alloy that has a density
of 2.7450 g/cm?.

4-38 You would like to use a metal plate with good
weldability. During the welding process, the
metal next to the weld is heated almost to the
melting temperature and, depending on the weld-
ing parameters, may remain hot for some period
of time. Design an alloy that will minimize the
loss of strength in this “heat-affected zone dur-
ing the welding process.
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Have You Ever Wondered?

What is galvanized steel?

In Chapter 4, we learned that the atomic and
ionic arrangements in materials are never per-
fect. We also saw that most engineered materials
are not pure elements; they are alloys or blends
of different elements or compounds. Different
types of atoms or ions typically “diffuse”, or
move within the material, so the differences in
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Aluminum oxidizes more easily than iron, so why do we say aluminum does not “rust?”
What kind of plastic is used to make carbonated beverage bottles?
How are the surfaces of certain steels hardened?

Why do we encase optical fibers using a polymeric coating?

How does a tungsten filament in a light bulb fail?

their concentration are minimized. Diffusion re-
fers to an observable net flux of atoms or other
species. Diffusion depends upon the initial con-
centration gradient and temperature. Just as wa-
ter flows from a mountain towards the sea to
minimize its gravitational potential energy,
atoms and ions have a tendency to move in a



predictable fashion so as to eliminate concen-
tration differences and produce homogeneous,
uniform compositions that make the material
thermodynamically more stable.

In this chapter, we will learn that tem-
perature influences the kinetics of diffusion
and that the concentration difference contri-
butes to the overall net flux of diffusing species.
The goal of this chapter is to examine the princi-
ples and applications of diffusion in materials.
We'll illustrate the concept of diffusion through
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dependent on the diffusion of atoms, ions, or
molecules.

We will present an overview of Fick's laws
that describe the diffusion process quantitatively.
We will also see how the relative openness of dif-
ferent crystal structures and the size of atoms or
ions, temperature, and concentration of diffusing
species affect the rate at which diffusion occurs.
We will discuss specific examples of how dif-
fusion is used in the synthesis and processing of
advanced materials as well as manufacturing of

examples of several real-world technologies  components using advanced materials.

5-1 Applications of Diffusion

Diffusion refers to the net flux of any species, such as ions, atoms, electrons, holes, and
molecules. The magnitude of this flux depends upon the initial concentration gradient
and temperature. The process of diffusion is central to a large number of today’s im-
portant technologies. In materials processing technologies, control over the diffusion of
atoms, ions, molecules, or other species is key. There are hundreds of applications and
technologies that depend on either enhancing or limiting diffusion. The following are
just a few examples.

Carburization for Surface Hardening of Steels Let’s say we want a surface, such as the
teeth of a gear, to be hard. However, we do not want the entire gear to be hard. Car-
burization processes are used to increase surface hardness. In carburization, a source of
carbon, such as a graphite powder or gaseous phase containing carbon, is diffused into
steel components such as gears (Figure 5-1). In later chapters, you will learn how
increased carbon concentration on the surface of the steel increases the steel’s hardness.

Dopant Diffusion for Semiconductor Devices The entire microelectronics industry, as
we know it today, would not exist if we did not have a very good understanding of the
diffusion of different atoms into silicon or other semiconductors.

Conductive Ceramics Diffusion of ions, electrons, or holes also plays an important
role in the electrical conductivity of many conductive ceramics, such as partially or fully
stabilized zirconia (ZrO,) or indium tin oxide (/7°0). Lithium cobalt oxide (LiCoO5) is
an example of an ionically conductive material that is used in lithium ion batteries.
These ionically conductive materials are used for such products as oxygen sensors in
cars, touch-screen displays, fuel cells, and batteries.

Manufacturing of Plastic Beverage Bottles The occurrence of diffusion may not
always be beneficial. In some applications, we may want to limit the occurrence of dif-
fusion for certain species. For example, in the creation of certain plastic bottles, the dif-
fusion of carbon dioxide (CO,) must be minimized. This is one of the major reasons why
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Figure 5-1 Furnace for heat treating steel using the carburization process. (Courtesy of
Cincinnati Steel Treating.)

we use polyethylene terephthalate (PET) to make bottles which ensure that the carbo-
nated beverages they contain will not loose their fizz for a reasonable period of time!

Oxidation of Aluminum You may have heard or know that aluminum does not
“rust.” In reality, aluminum oxidizes (rusts) more easily than iron. However, the alu-
minum oxide (Al,O3) forms a very protective but thin coating on the aluminum’s sur-
face preventing any further diffusion of oxygen and hindering further oxidation of the
underlying aluminum. The oxide coating does not have a color and is thin and, hence,
invisible.

Coatings and Thin Films Coatings and thin films are often used in the manufacturing
process to limit the diffusion of water vapor, oxygen, or other chemicals.

Optical Fibers and Microelectronic Components Another example of diffusion is that
of the coatings around optical fibers. Therefore, optical fibers made from silica (SiO,)
are coated with polymeric materials to prevent diffusion of water molecules. Water
reacts with the glass-fiber surface and degrades the ability of optical fibers to carry in-
formation.

Drift and Diffusion In some engineering applications, we are concerned with the
movement of small particles as a result of forces other than concentration gradient and
temperature. We distinguish between the movement of atoms, molecules, ions, elec-
trons, holes, etc. as a result of concentration gradient and temperature (diffusion) or
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some other driving force, such as gradients in density, electric field, or magnetic field
gradients. The movement of particles, atoms, ions, electrons, holes, etc., under driving
forces other than the concentration gradient is called drift. The following example il-
lustrates the principle of diffusion.

m Diffusion of Ar/He and Cu/Ni

Consider a box containing an impermeable partition that divides the box into
equal volumes (Figure 5-2). On one side, we have pure argon (Ar) gas; on the
other side, we have pure helium (He) gas. Explain what will happen when the
partition is opened? What will happen if we replace the Ar side with a Cu sin-
gle crystal and the He side with a Ni single crystal?

Figure 5-2
[llustration for Diffusion of Ar/He
Ar gas He gas and Cu/Ni (for Example 5-1).
or or
Cu Ni
SOLUTION

Before the partition is opened, one compartment has no argon and the other
has no helium (i.e., there is a concentration gradient of Ar and He). When the
partition is opened, Ar atoms will diffuse toward the He side, and vice versa.
This diffusion will continue until the entire box has a uniform concentration
of both gases. There may be some density gradient driven convective flows
as well. If we took random samples of different regions in this box after a few
hours, we would get statistically uniform concentration of Ar and He. Note
that Ar and He atoms will continue to move around in the box as a result of
thermal; however, there will be no concentration gradients.

If we open the hypothetical partition between the Ni and Cu single crystals
at room temperature, we would find that, similar to the Ar/He situation, the
concentration gradients exist but the temperature is too low to see any sig-
nificant diffusion of Cu atoms into Ni single crystal and vice-versa. This is an
example of a situation in which there exists a concentration gradient for dif-
fusion. However, because of the lower temperature the kinetics for diffusion
are not favorable. Certainly, if we increase the temperature (say to 600°C) and
waited for a longer period of time (e.g., ~24 hours), we would see diffusion of
copper atoms into Ni single crystal and vice versa. After a very long time (say a
few months), the entire solid will have a uniform concentration of Ni and
Cu atoms.

stability of Atoms and lons

Atoms or ions in their normal positions in the crystal structures are not stable or at rest.
Instead, the atoms or ions possess thermal energy and they will move. For instance, an
atom may move from a normal crystal structure location to occupy a nearby vacancy.
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An atom may also move from one interstitial site to another. Atoms or ions may jump
across a grain boundary, causing the grain boundary to move.

The ability of atoms and ions to diffuse increases as the temperature, or thermal
energy, possessed by the atoms and ions increases. The rate of atom or ion movement is
related to temperature or thermal energy by the Arrhenius equation:

Rate = ¢y exp <;—?> (5-1)

where ¢y is a constant, R is the gas constant (1.987 mgf}K), T is the absolute tem-

perature (K), and Q is the activation energy (cal/mol) required to cause an Avogadro’s
number of atoms or ions to move. This equation is derived from a statistical analysis of
the probability that the atoms will have the extra energy Q needed to cause movement.
The rate is related to the number of atoms that move.

We can rewrite the equation by taking natural logarithms of both sides:

In(rate) = In(co) — (5-2)

RT
If we plot In(rate) of some reaction versus 1/7 (Figure 5-3), the slope of the curve will
be —Q/R and, consequently, Q can be calculated. The constant ¢, corresponds to the
intercept at In ¢y when 1/T is zero.

1012k Q/R = slope Figure 5-3 .
F In(8x 1010)—In(5x 108)  The Arrhenius plot of In (rate) versus
E Q/R= 0.00129 — 0.00092 1/T can be used to determine the
L Q/R = 14,000 K- activation energy required for a
- reaction.
1011 =
PR )
< B X
) )
£ 1010F &
S E I
5 i s
~ L S
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L
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i 0.00129 - 0.00092”
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EXAMPLE 5-2
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SOLUTION

Figure 5-3 represents the data on a In(rate) versus 1/7 plot; the slope of this
line, as calculated in the figure, gives Q/R = 14,000 K~!, or Q = 27,880 cal/
mol. Alternately, we could write two simultaneous equations:

Rate <@) = ¢y exp <I_3—?>

5 x 108(1‘"“TI’S> . (J’umps _Q(%)

’ >ex [1.987(#9‘.11()](500+273)K

= ¢y exp(—0.0006510)

8 x 10“{@) . (Jumps —Q(If%])

) (1987 (o )| (800 + 273)K

= ¢y exp(—0.000469Q)

Note the temperatures were converted into K.

Since
5 x 108 p—
€ _exp(—0.000651Q)( =),
then
o+ 1010 _ (5 10%) exp(~0.0004690)

exp(—0.0006510)
160 = exp[(0.000651 — 0.000469) Q] = exp(0.0001820)
In(160) = 5.075 = 0.0001820

5.075

Q = W = 27,880 Cal/mol
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5-3  Mechanisms for Diffusion

The disorder vacancies create (i.e., increased entropy) helps minimize the free energy
and, therefore, enhances the thermodynamic stability of a crystalline material. Crystal-
line materials also contain other types of defects. In materials containing vacancies,
atoms move or “jump”’ from one lattice position to another. This process, known as
self-diffusion, can be detected by using radioactive tracers. As an example, suppose we
were to introduce a radioactive isotope of gold (Au'®) onto the surface of normal gold
(Au'7). After a period of time, the radioactive atoms would move into the normal
gold. Eventually, the radioactive atoms would be uniformly distributed throughout the
entire regular gold sample. Although self-diffusion occurs continually in all materials,

its effect on the material’s behavior is generally not significant.
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Diffusion of unlike atoms in materials also occurs (Figure 5-4). Consider a nickel
sheet bonded to a copper sheet. At high temperatures, nickel atoms gradually diffuse
into the copper and copper atoms migrate into the nickel. Again, the nickel and copper
atoms eventually are uniformly distributed. There are two important mechanisms by
which atoms or ions can diffuse (Figure 5-5).

Vacancy Diffusion In self-diffusion and diffusion involving substitutional atoms, an
atom leaves its lattice site to fill a nearby vacancy (thus creating a new vacancy at the
original lattice site). As diffusion continues, we have countercurrent flows of atoms and
vacancies, called vacancy diffusion. The number of vacancies, which increases as the
temperature increases, helps determine the extent of both self-diffusion and diffusion of
substitutional atoms.

Motion of atom —» Figure 5-5

O O O O OOO Diffusion mechanisms in

o= materials: (a) vacancy or
O O O O O O substitutional atom diffusion
OO0 OOO and (b interstitial diffusion.

~«—— Motion of vacancy

(a) Vacancy mechanism (b) Interstitial mechanism
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Interstitial Diffusion When a small interstitial atom or ion is present in the crystal
structure, the atom or ion moves from one interstitial site to another. No vacancies are
required for this mechanism. Partly because there are many more interstitial sites than
vacancies, interstitial diffusion occurs more easily than vacancy diffusion. Also, inter-
stitial atoms that are relatively smaller can diffuse faster. In Chapter 3, we have seen
that for many ceramics with ionic bonding, the structure can be considered as close
packing of anions with cations in the interstitial sites. In these materials, smaller cations
often diffuse faster than larger anions.

5-4  fActivation Energy for Diffusion

A diffusing atom must squeeze past the surrounding atoms to reach its new site. In
order for this to happen, energy must be supplied to force the atom to its new position,
as is shown schematically for vacancy and interstitial diffusion in Figure 5-6. The atom
is originally in a low-energy, relatively stable location. In order to move to a new loca-
tion, the atom must overcome an energy barrier. The energy barrier is the activation
energy Q. The thermal energy supplies atoms or ions with the energy needed to exceed
this barrier. Note that the symbol Q is often used for activation energies for different
processes (rate at which atoms jump, a chemical reaction, energy needed to produce
vacancies, etc.).

Normally, less energy is required to squeeze an interstitial atom past the surround-
ing atoms; consequently, activation energies are lower for interstitial diffusion than for
vacancy diffusion (Figure 5-6). A good analogy for this is as follows. In basketball,
relatively smaller and shorter players can quickly “diffuse by’ taller and bigger players
and score baskets. Typical values for activation energies for diffusion of different atoms
in different host materials are shown in Table 5-1. We use the term diffusion couple
to indicate a combination of an atom of a given element (e.g., carbon) diffusing in a
host material (e.g., BCC Fe). A low-activation energy indicates easy diffusion. In self-
diffusion, the activation energy is equal to the energy needed to create a vacancy and to

000, 0Q0 OO0 fgess
OO O O O oo igh energy is required to
squeeze atoms past one another
OOO OOO OOO during diffusion. This energy is

Substitutional  the activation energy Q.
(vacancy) Generally more energy is

required for a substitutional
atom than for an interstitial
atom.

Energy

\ Interstitial

/
QOO 080 000
000 000 000
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TABLE 5-1 W Diffusion data for selected materials

a Do

Diffusion Couple (cal/mol) (cm?/s)
Interstitial diffusion:

C in FCC iron 32,900 0.23

C in BCC iron 20,900 0.011

N in FCC iron 34,600 0.0034

N in BCC iron 18,300 0.0047

H in FCC iron 10,300 0.0063

H in BCC iron 3,600 0.0012
Self-diffusion (vacancy diffusion):

Pb in FCC Pb 25,900 1.27

Alin FCC Al 32,200 0.10

Cu in FCC Cu 49,300 0.36

Fe in FCC Fe 66,700 0.65

Zn in HCP Zn 21,800 0.1

Mg in HCP Mg 32,200 1.0

Fe in BCC Fe 58,900 4.1

Win BCCW 143,300 1.88

Si'in Si (covalent) 110,000 1800.0

C in C (covalent) 163,000 5.0
Heterogeneous diffusion (vacancy diffusion):

Ni in Cu 57,900 2.3

Cuin Ni 61,500 0.65

Znin Cu 43,900 0.78

Ni in FCC iron 64,000 4.1

Au in Ag 45,500 0.26

Agin Au 40,200 0.072

Alin Cu 39,500 0.045

Al'in Al,O3 114,000 28.0

0 in Al,O3 152,000 1900.0

Mg in MgO 79,000 0.249

O in MgO 82,100 0.000043

Data from several sources, including Adda, Y. and Philibert, J.,

La Diffusion dans les Solides, Vol. 2, 1966.

cause the movement of the atom. Table 5-1 also shows values of Dy, the pre-exponent
term, and the constant ¢y from Equation 5-1 where the rate process is diffusion. We will
see later that Dy is the diffusion coeflicient when 1/7 = 0.

Rate of Diffusion [Fick's First Law]

The rate at which atoms, ions, particles or other species diffuse in a material can be
measured by the flux (/). Here we are mainly concerned with diffusion of ions or atoms.
The flux is defined as the number of atoms passing through a plane of unit area per unit
time (Figure 5-7). Fick’s first law explains the net flux of atoms:
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° o Figure 5-7
o © ° S N The flux during diffusion is defined as the number of atoms
o ©° passing through a plane of unit area per unit time.
o o o4 1 o~
O\g/(s\ O T~
o o+ 15—
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o O? —1 O
o <
o—
o © 2
© Unit area

de
J=-D (5-3)

where J is the flux, D is the diffusivity or diffusion coefficient (%), and dc/dx is the

atoms
cm? - cm

concentration gradient ( ) Depending upon the situation, concentration may

be expressed as atom percent (at%), weight percent (wt%), mole percent (mol%), atom
fraction, or mole fraction. The units of concentration gradient and flux will also change
respectively.

Several factors affect the flux of atoms during diffusion. If we are dealing with dif-

. . . dc . .
fusion of ions, electrons, holes, etc., the units of J, D, and d—c will reflect the appropriate
X
species that are being considered. The negative sign in Equation 5-3 tells us that the flux

. .. ) ) ) de .
of diffusing species is from higher to lower concentrations, making the e term negative,
X

and hence J will be positive. Thermal energy associated with atoms, ions etc. causes the
random movement of atoms. At a microscopic scale the thermodynamic driving force
for diffusion is concentration gradient. A net or an observable flux is created depending
upon temperature and concentration gradient.

Concentration Gradient The concentration gradient shows how the composition of the
material varies with distance: Ac is the difference in concentration over the distance Ax
(Figure 5-8). The concentration gradient may be created when two materials of differ-
ent composition are placed in contact, when a gas or liquid is in contact with a solid
material, when nonequilibrium structures are produced in a material due to processing,
and from a host of other sources.

©00i000i000 5
©cooi000i000 ;
ooo:ooo:ooo/ 2
OOO:OOO:OOO B atom 2
ooo:ooo:ooo/
000000000 0

Distance

Figure 5-8 lllustration of the concentration gradient.
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The flux at a particular temperature is constant only if the concentration gradient is
also constant—that is, the compositions on each side of the plane in Figure 5-7 remain
unchanged. In many practical situations, however, these compositions vary as atoms
are redistributed, and thus the flux also changes. Often, we find that the flux is initially
high and then gradually decreases as the concentration gradient is reduced by diffusion.
The example that follows illustrates calculations of flux and concentration gradients for
diffusion of dopants in semiconductors, but only for the case of constant concentration
gradient. Later in this chapter, we will consider non-steady state diffusion with the aid

of Fick’s second law.

nu
E il m Semiconductor Doping

One way to manufacture transistors, which amplify electrical signals, is to dif-
fuse impurity atoms into a semiconductor material such as silicon (Si). Suppose
a silicon wafer 0.1 cm thick, which originally contains one phosphorus atom
for every 10 million Si atoms, is treated so that there are 400 phosphorous (P)
atoms for every 10 million Si atoms at the surface (Figure 5-9). Calculate the
concentration gradient (a) in atomic percent/cm and (b) in _~$™>—. The lattice
parameter of silicon is 5.4307 A.

_ 400 P atoms Figure 5-9

~ 107 Si atoms Silicon wafer showing variation
in concentration of P atoms
(for Example 5-3).

/-

Silicon wafer I Ax=0.1 cm

\c» _ 1 Patom
" 107 Si atoms

SOLUTION
First, let’s calculate the initial and surface compositions in atomic percent:
1P
¢ = 2 AOM 100 = 0.00001 at% P
107 atoms
¢, = 200 Patoms 50 _ 6,004 ats P
107 atoms
— 0 1)
E _ 0.00001 — 0.004 at% P 00399 at% P
Ax 0.1 cm cm

atoms
cm? - cm’

To find the gradient in terms of we must find the volume of the unit cell:

Veell = (5.4307 x 1078 cm)3 =1.6x 10—22ﬂ

cell

The volume occupied by 107 Si atoms, which are arranged in a diamond cubic
(DC) structure with 8 atoms/cell, is:
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V =

107 atoms atoms] [1.6x 1072 (220)] =2 x 10715 em?

atoms cell
8 cell

The compositions in atoms/cm? are:

- 1 P atom
T 2x 1016 ¢cm3

400 P atoms 18 1 (atoms
= o106 gt = 2% 10° P

—0.005 x 10 P(*e%)
cm

Ci

Ac  0.005 x 10" —2 % 10'8 P(M)

Aac cm3
Ax 0.1 cm

= —1.995 x 1017 p-aloms_

cm? - cm

Factors Affecting Diffusion

Temperature and the Diffusion Coefficient The kinetics of the process of diffusion are
strongly dependent on temperature. The diffusion coefficient D is related to temperature
by an Arrhenius-type equation,

D = Dy exp (;—?) (5-4)

where Q is the activation energy (in units of cal/mol) for diffusion of species under

consideration (e.g., Al in Si), R is the gas constant (1.987 cal ), and T is the

mol - K
absolute temperature (K). Dy is the pre-exponential term, similar to ¢y in Equation 5-1.
It is a constant for a given diffusion system and is equal to the value of the diffusion
coefficient at 1 /7 = 0 or T = oo. Typical values for Dy are given in Table 5-1, while the
temperature dependence of D is shown in Figure 5-10 for some metals and ceramics.
Covalently bonded materials, such as carbon and silicon (Table 5-1), have unusually
high activation energies, consistent with the high strength of their atomic bonds.

In ionic materials, such as some of the oxide ceramics, a diffusing ion only enters a
site having the same charge. In order to reach that site, the ion must physically squeeze
past adjoining ions, pass by a region of opposite charge, and move a relatively long
distance (Figure 5-11). Consequently, the activation energies are high and the rates of
diffusion are lower for ionic materials than those for metals.

When the temperature of a material increases, the diffusion coefficient D increases
(according to Equation 5-4) and, therefore, the flux of atoms increases as well. At higher
temperatures, the thermal energy supplied to the diffusing atoms permits the atoms to
overcome the activation energy barrier and more easily move to new sites in the atomic
arrangements. At low temperatures—often below about 0.4 times the absolute melting
temperature of the material—diffusion is very slow and may not be significant. For this
reason, the heat treatments of metals and the processing of ceramics are done at high
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Temperature (°C)
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Figure 5-10 The diffusion coefficient D as a function of reciprocal temperature for some

metals and ceramics. In this Arrhenius plot, D represents the rate of the diffusion process.
A steep slope denotes a high activation energy.

temperatures, where atoms move rapidly to complete reactions or to reach equilibrium
conditions. Because less thermal energy is required to overcome the smaller activation
energy barrier, a small activation energy Q increases the diffusion coefficient and flux.
The following example illustrates how Fick’s first law and concepts related to temper-
ature dependence of D can be applied to design an iron membrane.

‘ Figure 5-11
Dif_fusio_n in ionic compc_)unds. Anions_can only enter other

anion sites. Smaller cations tend to diffuse faster.

C@@@
Q000
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EXAMPLE 5-4
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Therefore, the diffusion data given are rewritten as

Temp (K) 1T (K1) D cm?/s InD

1073 0.000932 2E-18 —40.9159
1123 0.00089 1.7E-18 —40.7534
1173 0.000853 3.2E-18 —40.2834
1223 0.000818 79E-18 —39.3797
1273 0.000786 2.4E-17 —38.2685

We can then either plot the data or use a spreadsheet such as
Excel™ to calculate the slope. In this case, we have used the SLOPE
(known_y’s,known_x’s) function in Excel™ to calculate the slope of the
expected straight line. The known y-axis values are those under the In D
column, and the known x-values are under the 1/7 column. This calcula-
tion gives us a slope value of —17415.7. Note the negative sign for the slope
value.

This value of slope is equal to (—Q/R). If we use gas constant value of
R = 8.314 Joules/K-mol, then the value of activation energy Q will be

0 = (—) x (—17415.7) x (8.314) Joules/mol
= 144794.5 Joules/mol or 144.8 kJ/mol

If we use the value of R = 1.987 cal/K-mol, then the value of activation
energy O will be

0 = (—1) x (—144794.5) x (1.987) cal/mol
= 34605.07 cal/mol or 34.6 kcal/mol

We also calculate the slope of the straight line fitted to the In(D) versus
1/T data. This can be done using graph paper or as is done here, using a
spreadsheet. Here we used the INTERCEPT (known_y’s,known_x’s) func-
tion in Excel™ using the In D values as known y-axis data and the 1/T
values as the x-axis data. This gives us a value of the intercept as —25.01.
Thus, the value of Dy will be exp(intercept value) or exp(—25.01) =
1.36 x 1071, and the units will be cm?/s.

(c) Thus, the relationship between D and T will be

34.6@

D= <1.36 X 10“cmz> exp| ——2oL | o

RT
S

144.8£

D= (136 x 10~ om? __ mol
( 36 x 10 %) exp RT
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EXAMPLE 5-5

10 cm 10 cm

0.5 x 1020 N atoms atoms Iron 1.0x1018 N atoms
membrane

0.5 % 1020 HLO;HS thickness | g« 1018 H ato;ns
cm "Ax" cm

Figure 5-12 Design of an iron membrane (for Example 5-5).
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From Equation 5-4 and Table 5-1:

D = Dy exp (1_{—?)

cal
- - 18,300 %
Dy = 0.0047=-exp

mol

1.987 L _(973)K

K - mol

= 0.0047 exp(—9.4654) = (0.0047)(7.749 x 107%) = 3.64 x 10—7$

From Equation 5-3:

J= —D(f) =0.00139 x 10!8 N atoms
Ax

Cm2~s
[(—3.64 x 1077 cmz/s)<1 % 1018 — 50 x 1018%)]
0.00139 x 1018 %

Ax = —DAc/J =

Ax = 0.0128 cm = minimum thickness of the membrane

In a similar manner, the maximum thickness of the membrane that will permit
90% of the hydrogen to pass can be calculated:

H atom loss per h = (0.90)(35.343 x 10%°) = 31.80 x 10%°
H atom loss per s = 0.0088 x 102

J =0.125 x 10!8 Hatoms

cm? s

From Equation 5-4:

, —18,300 &
Dy = 0.004 ™ exp — =1.86 x 107* cm?/s
s 1.987 2 (973)K
Since
Ax=—D Ac/J

<1.86 X 10—4¥) (49 % 1018 %>
0.125 x 1018%

Ax =

= 0.0729 cm = maximum thickness

An iron membrane with a thickness between 0.0128 and 0.0729 cm will be
satisfactory.

Types of Diffusion In volume diffusion, the atoms move through the crystal from one
regular or interstitial site to another. Because of the surrounding atoms, the activation
energy is large and the rate of diffusion is relatively slow.

However, atoms can also diffuse along boundaries, interfaces, and surfaces in the
material. Atoms diffuse easily by grain boundary diffusion because the atom packing is
poor at the grain boundaries. Because atoms can more easily squeeze their way through
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TABLE 5-2 W The effect of the type of diffusion for thorium in tungsten and for self-diffusion in
silver*

Diffusion Coefficient (D)

Diffusion Type Thorium in Tungsten Silver in Silver

Do cm?/s Q cal/mole Do cm?/s Q cal/mole
Surface 0.47 66,400 0.068 8,900
Grain boundary 0.74 90,000 0.24 22,750
Volume 1.00 120,000 0.99 45,700

*Given by parameters for Equation 5-4.

the disordered grain boundary, the activation energy is low (Table 5-2). Surface dif-
fusion is easier still because there is even less constraint on the diffusing atoms at the
surface.

Time Diffusion requires time; the units for flux are %! If a large number of atoms
must diffuse to produce a uniform structure, long times may be required, even at high
temperatures. Times for heat treatments may be reduced by using higher temperatures
or by making the diffusion distances (related to Ax) as small as possible.

We find that some rather remarkable structures and properties are obtained if we
prevent diffusion. Steels quenched rapidly from high temperatures to prevent diffusion
form nonequilibrium structures and provide the basis for sophisticated heat treatments.
Similarly, in forming metallic glasses (Chapter 4) we have to quench liquid metals at a
very high cooling rate (~10°C/second). This is to avoid diffusion of atoms by taking
away their thermal energy and encouraging them to assemble into nonequilibrium
amorphous and chemically homogeneous arrangements. Melts of silicate glasses, on the
other hand, are viscous and diffusion of ions through these is slow. As a result, we do
not have to cool these melts very rapidly.

EXAMPLE 5-6
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In pure tungsten, the number of thorium atoms is zero. Thus, the concentration
gradient is:

Ac  0— 6.3 x 10202ms

— = I 22 7y, _atoms
Ax 0.0l om 6.3 x 107 Th_ -

1. Volume diffusion

. ~120,000 %
D =1.0%=exp = o =289 x 10712 cm?/s
(1,987 225) (2273 K)
_ Ac _ —12 cm? 22 atoms
J=—Da==—(289 x 10729) (6.3 x 102 Aome )
= 18.2 x 100 Th.goms
2. Grain boundary diffusion
, ~90,000 &4
D = 0.74%= exp — =1.64 x 1077 cm?/s

(1.987 Tjn]) (2273 K)

J= —(1.64 x 1070 %) (—6.3 x 122 _atoms ) 103 x 1013 Th atoms

cm3 - cm cm? s

3. Surface diffusion
—66,400 L
mol

(1.987 25 ) (2273 K)

D=04 % exp =1.94 x 1077 cm?/s

J= (194 %107 (26,3 x 102 2m ) — 12,2 x 1015 T o

cm? - cm cm?-s

Dependence on Bonding and Crystal Structure A number of factors influence the
activation energy for diffusion and, hence, the rate of diffusion. Interstitial diffusion,
with a low-activation energy, usually occurs much faster than vacancy, or substitutional
diffusion. Activation energies are usually lower for atoms diffusing through open crystal
structures than for close-packed crystal structures. Because the activation energy
depends on the strength of atomic bonding, it is higher for diffusion of atoms in mate-

rials with a high melting temperature (Figure 5-13).

We also find that, due to their smaller size, cations (with a positive charge) often
have higher diffusion coefficients than those for anions (with a negative charge). In
sodium chloride, for instance, the activation energy for diffusion of chloride ions (Cl™)

is about twice that for diffusion of sodium ions (Na™).

Diffusion of ions also provides a transfer of electrical charge; in fact, the electrical
conductivity of ionically bonded ceramic materials is related to temperature by an
Arrhenius equation. As the temperature increases, the ions diffuse more rapidly, elec-
trical charge is transferred more quickly, and the electrical conductivity is increased. As
mentioned before, these are examples of ceramic materials that are good conductors of

electricity.
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Figure 5-13
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Dependence on Concentration of Diffusing Species and Composition of Matrix The
diffusion coeflicient (D) depends not only on temperature, as given by Equation 5-4, but
also on the concentration of diffusing species and composition of the matrix. These
effects have not been included in our discussion so far. In many situations, the depend-
ence of D on concentration of diffusing species can be ignored, for example, if the con-
centration of dopants is small.

5-7  Permeability of Polymers

In polymers, we are most concerned with the diffusion of atoms or small molecules
between the long polymer chains. As engineers, we often cite the permeability of poly-
mers and other materials, instead of the diffusion coefficients. The permeability is
expressed in terms of the volume of gas or vapor that can permeate per unit area, per
unit time, or per unit thickness at a specified temperature and relative humidity. Poly-
mers that have a polar group (e.g., ethylene vinyl alcohol) have higher permeability for
water vapor than that for oxygen gas. Polyethylene, on the other hand, has much higher
permeability for oxygen than for water vapor. In general, the more compact the struc-
ture of polymers, the lesser the permeability. For example, low-density polyethylene has
a higher permeability than high-density polyethylene. Polymers used for food and other
applications need to have the appropriate barrier properties. For example, polymer films
are typically used as packaging to store food. If air diffuses through the film, the food
may spoil. Similarly, care has to be exercised in the storage of ceramic or metal powders
that are sensitive to atmospheric water vapor, nitrogen, oxygen, or carbon dioxide. For
example, zinc oxide powders used in rubbers, paints, and ceramics must be stored in
polyethylene bags to avoid reactions with atmospheric water vapor. If air diffuses
through the rubber inner tube of an automobile tire, the tire will deflate.

Diffusion of some molecules into a polymer can cause swelling problems. For
example, in automotive applications, polymers used to make O-rings can absorb con-
siderable amounts of oil, causing them to swell.
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Composition Profile [Fick's Second Law]

Fick’s second law, which describes the dynamic, or nonsteady state, diffusion of atoms,

is the differential equation
oc 0 dc
3 = oy (D a) (5-5)

If we assume that the diffusion coefficient D is not a function of location x and the
concentration (c) of diffusing species, we can write a simplified version of Fick’s second

law as follows
dc o%c
Fri (5) (5-6)

The solution to this equation depends on the boundary conditions for a particular sit-
uation. One solution is

Cy — Cy X
: =erf 5-7
Cs — Cp (2 vV Dl) ( )

where ¢, is a constant concentration of the diffusing atoms at the surface of the mate-
rial, ¢y is the initial uniform concentration of the diffusing atoms in the material, and ¢,
is the concentration of the diffusing atom at location x below the surface after time z.
These concentrations are illustrated in Figure 5-14. In these equations we have assumed
a one-dimensional model (i.e., we assume that atoms or other diffusing species are
moving only in the direction x). The function “erf” is the error function and can be
evaluated from Table 5-3 or Figure 5-15.
The mathematical definition of the error function is as follows:

erf(x) = \jﬁ

In Equation 5-8, y is known as the argument of the error function. We also define the
complementary error function as follows:

J: exp(—y2) dy (5-8)

erfc(x) =1 —erf(x) (5-9)

This function is used in certain solution forms of Fick’s second law.

As mentioned previously, depending upon the boundary conditions, different
equations describe the solutions to Fick’s second law. These solutions to Fick’s second
law permit us to calculate the concentration of one diffusing species as a function of
time () and location (x). Equation 5-7 is a possible solution to Fick’s law that describes

° o - G Compositiop
° 000000 o 0.2 6,00 O S /after some time
Q00000 0 ©° 002090 7
OC0000O0 0 © 0.2 6,00 O gc)‘ | Initial composition
° 000000 00000 § '/
. ‘booooco ° *peBooo O, il

o
f=1

Distance

Figure 5-14 Diffusion of atoms into the surface of a material illustrating the use of Fick’s
second law.
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TABLE 5-3 W Error function values for Fick’s

second law

Argument Value of
of the error function the error function
X erf X
2./Dt 2./Dt
0 0

0.10 0.1125
0.20 0.2227
0.30 0.3286
0.40 0.4284
0.50 0.5205
0.60 0.6039
0.70 0.6778
0.80 0.7421
0.90 0.7970
1.00 0.8427
1.50 0.9661
2.00 0.9953

Note that error function values are available on
many software packages found on personal
computers.

the variation in concentration of different species near the surface of the material as a
function of time and distance, provided that the diffusion coefficient D remains constant
and the concentrations of the diffusing atoms at the surface (c;) and at large distance
(x) within the material (¢y) remain unchanged. Fick’s second law can also assist us in
designing a variety of materials processing techniques, including the steel carburizing
heat treatment and dopant diffusion in semiconductors as described in the following
examples.

1.0 Figure 5-15
Graph showing the argument (on the x-axis) and
error function value (on the y-axis) encountered in
0.8~ Fick's second law.
X 0.6 —
<[
N
T 04
0.2
| |
0 1.0 2.0
X
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'
WIASERIS  Design of a Carburizing Treatment

The surface of a 0.1% C steel gear is to be hardened by carburizing. In gas
carburizing, the steel gears are placed in an atmosphere that provides 1.2% C at
the surface of the steel at a high temperature (Figure 5-1). Carbon then diffuses
from the surface into the steel. For optimum properties, the steel must contain
0.45% C at a depth of 0.2 cm below the surface. Design a carburizing heat
treatment that will produce these optimum properties. Assume that the tem-
perature is high enough (at least 900°C) so that the iron has the FCC structure.

SOLUTION

Since the boundary conditions for which Equation 5-7 was derived are as-
sumed to be valid we can use this equation.
Cs — Cx

= erf
Cs — Cp

&)

2v/Dt

We know that ¢, = 1.2% C, ¢y = 0.1% C, ¢, = 0.45% C, and x = 0.2 cm. From
Fick’s second law,

Cs—Cx 1.2%C—0.45%C_068_erf 0.2 cm —orf 0.1 cm
cs—co  12%C—01%C 2Di) /Dt
From Table 5-3, we find that:

0.1 cm 0.1)?
—0.71 Dit=(—) =001 2
= 0.71 or t (0.71> 0.0198 cm

Any combination of D and ¢ whose product is 0.0198 cm? will work. For car-
bon diffusing in FCC iron, the diffusion coefficient is related to temperature by

Equation 5-4
D = Dy exp (;{?)
From Table 5-1,

D =023 exp (—32,900 cal/mol) 023 exp(—167,ﬂ558>

cal
1.987 -4 T(K)

Therefore, the temperature and time of the heat treatment are related by
o 0.0198 cm? _ 0.0198 cm? _ 0.0861
D™ 0.23exp(—16,558/T)™  exp(=16,558/T)

Some typical combinations of temperatures and times are:

If T=900°C = 1173 K, then r=116,174 s =32.3 h

If T =1000°C = 1273 K, then t = 36,360 s = 10.7 h

If 7=1100°C = 1373 K, then r = 14,880 s = 4.13 h

If T =1200°C = 1473 K, then t = 6,560 s = 1.82 h

The exact combination of temperature and time will depend on the maximum
temperature that the heat treating furnace can reach, the rate at which parts
must be produced, and the economics of the tradeoffs between higher temper-
atures versus longer times. Another factor which is important is to consider
changes in microstructure that occur in the rest of the material. For example,
while carbon is diffusing into the surface, the rest of the microstructure can
begin to experience grain growth or other changes.
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Example 5-8 shows that one of the consequences of Fick’s second law is that the
same concentration profile can be obtained for different processing conditions, so long
as the term Dt is constant. This permits us to determine the effect of temperature on the
time required for a particular heat treatment to be accomplished.

EXAMPLE 5-8

exp(—14.11562)(10)(3600)
exp(—13.00677)

= (10)(0.3299)(3600) s
tip73 = 3.299 h = 3 h and 18 min

hor3 = = (10) exp(—1.10885)
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Notice, we really did not need the value of the pre-exponential term Dy, since it
canceled out.
At 900°C, the cost per part is ($1000/h) (10 h)/500 parts = $20/part
At 1000°C, the cost per part is ($1500/h) (3.299 h)/500 parts = $9.90/part
Considering only the cost of operating the furnace, increasing the temper-
ature reduces the heat-treating cost of the gears and increases the production
rate. Another factor to consider is if the heat treatment at 1000°C could cause
some other microstructural or other changes? For example, would increased
temperature cause grains to grow significantly? If this is the case, we will be
weakening the bulk of the material. How does the increased temperature affect
the life of the other equipment such as the furnace itself and any accessories?
How long would the cooling take? Will cooling from a higher temperature
cause residual stresses? Would the product still meet all other specifications?
These and other questions should be considered. The point is, as engineers, we
need to ensure that the solution we propose is not only technically sound and
economically sensible, it should recognize and make sense for the system as a
whole (i.e., bigger picture). A good solution is often simple, solves problems for
the system, and does not create new problems.

Diffusion and Materials Processing

We briefly discussed applications of diffusion in processing materials in Section 5-1.
Many important examples related to solidification, phase transformations, heat treat-
ments, etc., will be discussed in later chapters. In this section, we provide more
information to highlight the importance of diffusion in the processing of engineered
materials. Diffusional processes become very important when materials are used or
processed at elevated temperatures.

Melting and Casting One of the most widely used methods to process metals, alloys,
many plastics, and glasses involves melting and casting of materials into a desired shape.
Diffusion plays a particularly important role in solidification of metals and alloys. In
inorganic glasses, we rely on the fact that diffusion is slow and inorganic glasses do not
crystallize easily.

Sintering  Although casting and melting methods are very popular for many manu-
factured materials, the melting points of many ceramic and some metallic materials
are too high for processing by melting and casting. These relatively refractory materials
are manufactured into useful shapes by a process that requires the consolidation of
small particles of a powder into a solid mass. Sintering is the high-temperature treat-
ment that causes particles to join, gradually reducing the volume of pore space be-
tween them. When conducted properly, sintering will lead to densification of a powder
compact.

Grain Growth A polycrystalline material contains a large number of grain boundaries,
which represent a high-energy area because of the inefficient packing of the atoms. A
lower overall energy is obtained in the material if the amount of grain boundary area is
reduced by grain growth. Grain growth involves the movement of grain boundaries,
permitting larger grains to grow at the expense of smaller grains.
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(@) (b) (c) (d)

Figure 5-16 The steps in diffusion bonding: (a) Initially the contact area is small;

(b) application of pressure deforms the surface, increasing the bonded area; (c) grain boundary
diffusion permits voids to shrink; and (d) final elimination of the voids requires volume
diffusion.

Diffusion Bonding A method used to join materials, diffusion bonding occurs in three
steps (Figure 5-16). The first step forces the two surfaces together at a high temperature
and pressure, flattening the surface, fragmenting impurities, and producing a high
atom-to-atom contact area. As the surfaces remain pressed together at high temper-
atures, atoms diffuse along grain boundaries to the remaining voids; the atoms
condense and reduce the size of any voids in the interface. Because grain boundary
diffusion is rapid, this second step may occur very quickly. Eventually, however, grain
growth isolates the remaining voids from the grain boundaries. For the third step—
final elimination of the voids—volume diffusion, which is comparatively slow, must
occur. The diffusion bonding process is often used for joining reactive metals such as
titanium, for joining dissimilar metals and materials, and for joining ceramics.

11118

-~ SUNMARY

<» The net flux of atoms, ions, etc. resulting from diffusion depends upon the initial
concentration gradient.

<» The kinetics of diffusion depend strongly on temperature. In general, diffusion is a
thermally activated process and the dependence of the diffusion coefficient on tem-
perature is given by the Arrhenius equation.

<» The extent of diffusion depends on temperature, time, nature and concentration of
diffusing species, crystal structure, and composition of the matrix, stoichiometry,
and point defects.

<P Encouraging or limiting the diffusion process forms the underpinning of many
important technologies. Examples include the processing of semiconductors, heat
treatments of metallic materials, sintering of ceramics and powdered metals, for-
mation of amorphous materials, solidification of molten materials during a casting
process, diffusion bonding, barrier plastics, films, and coatings.

<» Fick’s laws describe the diffusion process quantitatively. Fick’s first law defines the
relationship between chemical potential gradient and the flux of diffusing species.
Fick’s second law describes the variation of concentration of diffusing species under
nonsteady state diffusion conditions.
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<P The activation energy Q describes the ease with which atoms diffuse, with rapid
diffusion occurring for a low activation energy. A low activation energy and rapid
diffusion rate are obtained for (1) interstitial diffusion compared with vacancy dif-
fusion, (2) crystal structures with a smaller packing factor, (3) materials with a low
melting temperature or weak atomic bonding, and (4) diffusion along grain
boundaries or surfaces.

= GLOSSARY

Activation energy The energy required to cause a particular reaction to occur. In diffusion, the
activation energy is related to the energy required to move an atom from one lattice site to
another.

Carburization A heat treatment for steels to harden the surface using a gaseous or solid source
of carbon. The carbon diffusing into the surface makes the surface harder and more abrasion
resistant.

Concentration gradient The rate of change of composition with distance in a nonuniform mate-

rial, typically expressed as atoms or atv
X —_— .
» typically exp cm3-cm cm

Diffusion The net flux of atoms, ions, or other species within a material induced by concen-
tration gradient and accelerated by increased temperature.

Diffusion bonding A joining technique in which two surfaces are pressed together at high pres-
sures and temperatures. Diffusion of atoms to the interface fills in voids and produces a strong
bond between the surfaces.

Diffusion coefficient (D) A temperature-dependent coefficient related to the rate at which
atoms, ions, or other species diffuse. The diffusion coefficient depends on temperature, the com-
position and microstructure of the host material and also concentration of diffusing species.

Diffusion couple A combination of elements involved in diffusion studies (e.g., if we are con-
sidering diffusion of Al in Si, then Al-Si is a diffusion couple).

Diffusion distance The maximum or desired distance that atoms must diffuse; often, the dis-
tance between the locations of the maximum and minimum concentrations of the diffusing atom.

Diffusivity Another term for diffusion coefficient (D).

Drift Movement of electrons, holes, ions, or particles as a result of a gradient in temperature,
electric, or magnetic field.

Driving force A cause that induces an effect. For example, an increased gradient in chemical
potential enhances diffusion, similarly reduction in surface area of powder particles is the driving
force for sintering.

Fick’s first law The equation relating the flux of atoms by diffusion to the diffusion coefficient
and the concentration gradient.

Fick’s second law The partial differential equation that describes the rate at which atoms are
redistributed in a material by diffusion. Many solutions exist to Fick’s second law; Equation 5-7
is one possible solution.

Flux The number of atoms or other diffusing species passing through a plane of unit area per
unit time. This is related to the rate at which mass is transported by diffusion in a solid.
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Grain boundary diffusion Diffusion of atoms along grain boundaries. This is faster than volume
diffusion, because the atoms are less closely packed in grain boundaries.

Grain growth Movement of grain boundaries by diffusion in order to reduce the amount of grain
boundary area. As a result, small grains shrink and disappear and other grains become larger,
similar to how some bubbles in soap froth become larger at the expense of smaller bubbles. In
many situations, grain growth is not desirable.

Interstitial diffusion Diffusion of small atoms from one interstitial position to another in the
crystal structure.

Permeability A relative measure of the diffusion rate in materials, often applied to plastics and
coatings. It is often used as an engineering design parameter that describes the effectiveness of a
particular material to serve as a barrier against diffusion.

Self-diffusion The random movement of atoms within an essentially pure material. No net
change in composition results.

Sintering A high-temperature treatment used to join small particles. Diffusion of atoms to
points of contact causes bridges to form between the particles. Further diffusion eventually fills in
any remaining voids. The driving force for sintering is a reduction in total surface area of the

powder particles.

Surface diffusion Diffusion of atoms along surfaces.

Vacancy diffusion Diffusion of atoms when an atom leaves a regular lattice position to fill a
vacancy in the crystal. This process creates a new vacancy and the process continues.

Volume diffusion Diffusion of atoms through the interior of grains.

W4 PROBLENS

Section 5-1 Applications of Diffusion

5-1 What is the driving force for diffusion?

5-2 In the carburization treatment of steels, what are
the diffusing species?

5-3 Why do we use PET plastic to make carbonated
beverage bottles?

Section 5-2 Stability of Atoms and lons

5-4 Atoms are found to move from one lattice position
to another at the rate of 5x 10°2% at 400°C
when the activation energy for their movement is
30,000 cal/mol. Calculate the jump rate at 750°C.

5-5 The number of vacancies in a material is related
to temperature by an Arrhenius equation. If the
fraction of lattice points containing vacancies is
8 x 1073 at 600°C, determine the fraction of lattice
points at 1000°C.

Section 5-3 Mechanisms for Diffusion

Section 5-4 Activation Energy for Diffusion

5-6 The diffusion coefficient for Cr*? in Cr,O; is
6 x 1071 cm?/s at 727°C and is 1 x 10~ cm?/s at

1400°C. Calculate

(a) the activation energy; and
(b) the constant Dy.

5-7 The diffusion coefficient for O~2 in Cr,Os3 is
4 x 1071 ecm?/s at 1150°C, and 6 x 10~ cm?/s at
1715°C. Calculate

(a) the activation energy; and
(b) the constant Dy.

5-8 Without referring to the actual data, can you pre-
dict whether the activation energy for diffusion of
carbon in FCC iron will be higher or lower than
that in BCC iron? Explain.

Section 5-5 Rate of Diffusion (Fick’s First Law)
5-9 Write down Fick’s first law of diffusion. Clearly
explain what each term means.

Section 5-6 Factors Affecting Diffusion

5-10 Write down the equation that describes the de-
pendence of D on temperature.

5-11 Explain briefly the dependence of D on the con-
centration of diffusing species.
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5-12

5-13

5-14

5-15

5-16

5-17

5-18
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A 0.2-mm thick wafer of silicon is treated so that
a uniform concentration gradient of antimony
is produced. One surface contains 1 Sb atom
per 10® Si atoms and the other surface contains
500 Sb atoms per 10% Si atoms. The lattice pa-
rameter for Si is 5.407 A (Appendix A). Calculate
the concentration gradient in

(a) atomic percent Sb per cm; and
(b) Sb atoms

cm? - cm

When a Cu-Zn alloy solidifies, one portion of the
structure contains 25 atomic percent zinc and
another portion 0.025 mm away contains 20
atomic percent zinc. The lattice parameter for the
FCC alloy is about 3.63 x 108 c¢cm. Determine
the concentration gradient in

(a) atomic percent Zn per cm;
(b) weight percent Zn per cm; and
(c) Zn atoms

cm? - cm

A 0.0025-cm BCC iron foil is used to separate a
high hydrogen gas from a low hydrogen gas at
650°C. 5 x 108 H atoms/cm? are in equilibrium
on one side of the foil, and 2 x 103 H atoms/cm?
are in equilibrium with the other side. Determine

(a) the concentration gradient of hydrogen; and
(b) the flux of hydrogen through the foil.

A 1-mm sheet of FCC iron is used to contain
nitrogen in a heat exchanger at 1200°C. The
concentration of N at one surface is 0.04 atomic
percent and the concentration at the second sur-
face is 0.005 atomic percent. Determine the flux
of nitrogen through the foil in N atoms/cm? - s.

A 4-cm-diameter, 0.5-mm-thick spherical con-
tainer made of BCC iron holds nitrogen at
700°C. The concentration at the inner surface is
0.05 atomic percent and at the outer surface is
0.002 atomic percent. Calculate the number of
grams of nitrogen that are lost from the container
per hour.

A BCC iron structure is to be manufactured that
will allow no more than 50 g of hydrogen to be
lost per year through each square centimeter of
the iron at 400°C. If the concentration of hydro-
gen at one surface is 0.05 H atom per unit cell
and is 0.001 H atom per unit cell at the second
surface, determine the minimum thickness of the
iron.

Determine the maximum allowable tempera-
ture that will produce a flux of less than
2000 H atoms/cm?-s through a BCC iron
foil when the concentration gradient is —5 X
1016 29 (Note the negative sign for the flux.)

cm? -em”
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As mentioned before in Example 5-4, the diffusion
of yttrium ions in chromium oxide (Cr,O3) has
been studied by Lesage and co-workers. In addition
to the measurement of diffusion of yttrium ion in
bulk chromia scale grown on a Ni-Cr alloy, these
researchers also measured the diffusion of yttrium
along the grain boundaries. These data are for
grain-boundary diffusivities are shown here.
Grain-Boundary

Temperature Diffusion Coefficient

(c) (D) (cm?/s)
800 1.2 x 10713
850 54 x 10713
900 6.7 x 10713
950 1.8x 10712

1000 4.6 x 10712

(Source: J. Li, M.K. Loudjani, B. Lesage, A.M.

Huntz, Philosophical Magazine A, 1997,

76[4], pp. 857-69).

(@) From these data, show that the activation
energy for grain-boundary diffusion of yt-
trium in chromia oxide scale on nickel-
chromium alloy is 190 kJ/cal.

(b) What is the value of the pre-exponential term
Dy in cm?/s?

(c) What is the relationship between D and
1/T for the grain-boundary diffusivity in this
temperature range?

(d) At any given temperature, the diffusivity of
chromium along grain boundaries is several
orders of magnitude higher than that for
within the bulk (See Example 5-4). Is this to
be expected? Explain.

Certain ceramic materials such as those based on

oxides of yttrium, barium, and copper have been

shown to be superconductors near liquid nitrogen
temperature (~77 to 110 K). Since ceramics are
brittle, it has been proposed to make long wires
of these materials by encasing them in a silver
tube. In this work, researchers investigated the
diffusion of oxygen in a compound YBa,Cu3;0;.

The data in the temperature range 500 to 650°C

are shown below for undoped (i.e., silver free)

samples.

Temperature Diffusion Coefficient
(°c) (D) (cm?/s)
500 277 x 107
600 52x10°6
650 9.24 x 10°°

(Source: D.K. Aswal, S.K. Gupta, P.K. Mishra,
V.C. Sahni, Superconductor Science and
Technology, 1998, 11[7], pp. 631-6).
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Assume that these data are sufficient to make a
straight line fit for the relationship between In(D)
and 1/7T and calculate the values of the activation
energy for diffusion of oxygen in YBa,Cu;O7
containing no silver.

Diffusion of oxygen in YBa,Cu3;07; doped with
silver was measured. It was seen that the diffusion
of oxygen was slowed down by silver doping, as
shown in the data here.

Temperature Diffusion Coefficient
(°c) (D) (cm?/s)
650 2.89 x 1077
700 8.03 x 10~/
750 3.07 x 10>

(Source: D.K. Aswal, S.K. Gupta, P.K. Mishra,
V.C. Sahni, Superconductor Science and
Technology, 1998, 11[7], pp. 631-6).

Ideally, more data points would be better. How-
ever, assume that these data are sufficient
to make a straight line fit for the relationship be-
tween In(D) and 1/7 and calculate the values of
the activation energy for diffusion of oxygen in
YBa,Cu;O7 containing silver.

Zinc oxide (ZnO) ceramics are used in a variety
of applications, such as surge-protection devices.
The diffusion of oxygen in single crystals of ZnO
was studied by Tomlins and co-workers. These
data are shown in the table here.

Temperature Diffusion Coefficient
(c) (D) (cm?/s)
850 273 x 107V
925 8.20 x 107V
995 2.62 x 1071°
1000 221 x 10°1°
1040 548 x 10712
1095 420 x 10715
1100 6.16 x 10715
1150 131 x 107
1175 197 x 10714
1200 350x 10714

(Source: G.W. Tomlins, J.L. Routbort, and
T.0. Mason, Journal of the American Ceramic
Society, 1998, 81[4], pp. 869-76).

Using these data, calculate the activation energy
for the diffusion of oxygen in ZnO. What is the
value of Dy in cm?/s?

Section 5-7 Permeability of Polymers

5-23

Amorphous PET is more permeable to CO, than
PET that contains micro-crystallites. Explain why.
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5-24 Explain why a rubber balloon filled with helium
gas deflates over time.

Section 5-8 Composition Profile (Fick’s Second
Law)

5-25 Consider a 2-mm-thick silicon (Si) wafer to be
doped using antimony (Sb). Assume that the dop-
ant source (gas mixture of antimony chloride and
other gases) provides a constant concentration of
1022 atoms/m>. If we need a dopant profile such
that the concentration of Sb at a depth of 1 mi-
crometer is 5 x 10! atoms/m3. What will be the
time for the diffusion heat treatment? Assume that
the silicon wafer to begin with contains no im-
purities or dopants. Assume the activation energy
for diffusion of Sb in silicon is 380 kJ/mole and Dy
for Sb diffusion in Siis 1.3 x 1073 m?/s.

5-26 Compare the diffusion coefficients of carbon in
BCC and FCC iron at the allotropic transform-
ation temperature of 912°C and explain the differ-
ence.

5-27 What is carburizing? Explain why this process is
expected to cause an increase in the hardness of
the surface of plain carbon steels?

5-28 A carburizing process is carried out on a 0.10%
C steel by introducing 1.0% C at the surface at
980°C, where the iron is FCC. Calculate the car-
bon content at 0.01 cm, 0.05 cm, and 0.10 cm
beneath the surface after 1 h.

5-29 Iron containing 0.05% C is heated to 912°C in an
atmosphere that produces 1.20% C at the surface
and is held for 24 h. Calculate the carbon content
at 0.05 cm beneath the surface if

(a) the iron is BCC; and
(b) the iron is FCC. Explain the difference.

5-30 What temperature is required to obtain 0.50% C
at a distance of 0.5 mm beneath the surface of a
0.20% C steel in 2 h, when 1.10% C is present at
the surface? Assume that the iron is FCC.

5-31 A 0.15% C steel is to be carburized at 1100°C,
giving 0.35% C at a distance of 1 mm beneath the
surface. If the surface composition is maintained
at 0.90% C, what time is required?

5-32 A 0.02% C steel is to be carburized at 1200°C in
4 h, with a point 0.6 mm beneath the surface
reaching 0.45% C. Calculate the carbon content
required at the surface of the steel.

5-33 A 1.2% C tool steel held at 1150°C is exposed to
oxygen for 48 h. The carbon content at the steel
surface is zero. To what depth will the steel be
decarburized to less than 0.20% C?
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5-34

5-35

5-36

5-37
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A 0.80% C steel must operate at 950°C in an
oxidizing environment where the carbon content
at the steel surface is zero. Only the outermost
0.02 cm of the steel part can fall below 0.75% C.
What is the maximum time that the steel part can
operate?

A steel with BCC crystal structure containing
0.001% N is nitrided at 550°C for 5 h. If the nitro-
gen content at the steel surface is 0.08%, determine
the nitrogen content at 0.25 mm from the surface.

What time is required to nitride a 0.002 N steel to
obtain 0.12% N at a distance of 0.005 cm beneath
the surface at 625°C? The nitrogen content at the
surface is 0.15%.

We can successfully perform a carburizing heat
treatment at 1200°C in 1 h. In an effort to reduce
the cost of replacing the brick lining in our fur-
nace, we propose to reduce the carburizing tem-
perature to 950°C. What time will be required to
give us a similar carburizing treatment?

Section 5-9 Diffusion and Materials Processing

5-38

5-39

5-40

5-41

Arrange the following materials in increasing
order of self-diffusion coefficient: Ar gas, water,
single crystal aluminum, and liquid aluminum at
700°C.

During freezing of a Cu-Zn alloy, we find that
the composition is nonuniform. By heating the
alloy to 600°C for 3 hours, diffusion of zinc helps
to make the composition more uniform. What
temperature would be required if we wished to
perform this homogenization treatment in 30
minutes?

A ceramic part made of MgO is sintered success-
fully at 1700°C in 90 minutes. To minimize ther-
mal stresses during the process, we plan to reduce
the temperature to 1500°C. Which will limit the
rate at which sintering can be done: diffusion of
magnesium ions or diffusion of oxygen ions? What
time will be required at the lower temperature?

A Cu-Zn alloy has an initial grain diameter of
0.01 mm. The alloy is then heated to various
temperatures, permitting grain growth to occur.
The times required for the grains to grow to a
diameter of 0.30 mm are

Temperature (°C) Time (minutes)
500 80,000
600 3,000
700 120
800 10

850 3

Determine the activation energy for grain growth.
Does this correlate with the diffusion of zinc in
copper? (Hint: Note that rate is the reciprocal of
time.)

5-42 A sheet of gold is diffusion-bonded to a sheet of
silver in 1 h at 700°C. At 500°C, 440 h are re-
quired to obtain the same degree of bonding, and
at 300°C, bonding requires 1530 years. What is
the activation energy for the diffusion bonding
process? Does it appear that diffusion of gold
or diffusion of silver controls the bonding rate?
(Hint: Note that rate is the reciprocal of time.)

P3A Desian Problems

5-43 Design a spherical tank, with a wall thickness of
2 cm that will assure that no more than 50 kg of
hydrogen will be lost per year. The tank, which
will operate at 500°C, can be made of nickel,
aluminum, copper, or iron. The diffusion co-
efficient of hydrogen and the cost per kg for each
available material is listed here.

Diffusion Data

Dy Q Cost
Material (cm?/s) cal/mol ($/kg)
Nickel 0.0055 8,900 9.0
Aluminum 0.16 10,340 1.32
Copper 0.011 9,380 243
Iron (BCC) 0.0012 3,600 0.33

5-44 A steel gear initially containing 0.10% C is to be
carburized so that the carbon content at a depth
of 0.13 cm is 0.50% C. We can generate a carbu-
rizing gas at the surface that contains anywhere
from 0.95% C to 1.15% C. Design an appropriate
carburizing heat treatment.

5-45 When a valve casting containing copper and
nickel solidifies under nonequilibrium conditions,
we find that the composition of the alloy varies
substantially over a distance of 0.005 cm. Usually
we are able to eliminate this concentration dif-
ference by heating the alloy for 8 h at 1200°C;
however, sometimes this treatment causes the
alloy to begin to melt, destroying the part. De-
sign a heat treatment that will permit elimination
of the nonuniformity without danger of melting.
Assume that the cost of operating the furnace per
hour doubles for each 100°C increase in temper-
ature.
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Mechanical Properties:
Fundamentals and Tenslle,
ardness, and Impact Testing

Have You Ever Wondered?

B Why Silly Putty® can be stretched a considerable amount when pulled slowly, but snaps when

pulled fast?

B Why we can load the weight of a fire truck on four ceramic coffee cups, however, ceramic cups
tend to break easily when we drop them on the floor?

B What materials related factors played an important role in the sinking of the Titanic?

W What factors played a major role in the 1986 Challenger and the 2003 Columbia space shuttle

accidents?

B Why does Boeing’s new Dreamliner airplane contain almost 50% composites?

The mechanical properties of materials depend on
their composition and microstructure. In Chapters
2, 3, and 4, we learned that a material’s composi-
tion, nature of bonding, crystal structure, and de-
fects such as dislocations, grain size, etc., have a
profound influence on the strength and ductility of
metallic materials. In this chapter, we will begin to

evaluate other factors that affect the mechanical
properties of materials, such as how lower temper-
atures can cause many metals and plastics to be-
come brittle. Lower temperatures contributed to
the brittleness of the plastic used for the O-rings,
causing the 1986 Challenger accident. In 2003,
the space shuttle Columbia was lost because of an
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impact of debris on the ceramic tiles and failure
of carbon-carbon composites. Similarly, the spe-
cial chemistry of the steel used on the Titanic and
the stresses associated in the fabrication and
embrittlement of this steel when subjected to
lower temperatures have been identified as fac-
tors contributing to the failure of the ship’s hull.
Some researchers have shown that weaker rivets
and design flaws also contributed to the failure.

Mechanical Properties: Fundamentals and Testing

The main goal of this chapter is to introduce
the basic concepts associated with mechanical
properties. We will learn basic terms such as
hardness, stress, strain, elastic and plastic de-
formation, viscoelasticity, strain rate, etc. We will
also review some of the basic testing procedures
that engineers use to evaluate many of these
properties. These concepts will be discussed us-
ing illustrations from real-world applications.

6-1  Technological Significance

With many of today’s emerging technologies, the primary emphasis is on the mechan-
ical properties of the materials used. For example, in aircraft manufacturing, aluminum
alloys or carbon-reinforced composites used for aircraft components must be light-
weight, strong, and able to withstand cyclic mechanical loading for a long and predict-
able period of time. The latest (2007) Dreamliner passenger aircraft designed by Boeing
uses 50% composites and is 20% more fuel efficient. Steels used in the construction of
structures such as buildings and bridges must have adequate strength so that these
structures can be built without compromising safety. The plastics used for manufactur-
ing pipes, valves, flooring, and the like also must have adequate mechanical strength.
Materials such as pyrolytic graphite or cobalt chromium tungsten alloys, used for
prosthetic heart valves, must not fail. Similarly, the performance of baseballs, cricket
bats, tennis rackets, golf clubs, skis, and other sport equipment depends not only on the
strength and weight of the materials used, but also on their ability to perform under an
“impact” loading. The importance of mechanical properties is easy to appreciate in
many of these “load-bearing” applications.

In many other applications, the mechanical properties of the material also play an
important role. For example, an optical fiber must have a certain level of strength to
withstand the stresses encountered in its application. A biocompatible titanium alloy
used for a bone implant must have enough strength and toughness to survive in the
human body for many years without failure. Coating on optical lenses must resist
mechanical abrasion. An aluminum alloy or a glass-ceramic substrate used as a base
for building magnetic hard drives must have sufficient mechanical strength so that it
will not break or crack during operation that requires rotation at high speeds. Simi-
larly, electronic packages used to house semiconductor chips and the thin-film struc-
tures created on the semiconductor chip must be able to withstand stresses encountered
in various applications, as well as those encountered during the heating and cooling of
electronic devices. The mechanical robustness of small devices prepared using micro-
electro mechanical systems (MEMS) and nano-technology is also important. Float glass
used in automotive and building applications must have sufficient strength and shatter
resistance. Many components designed from plastics, metals, and ceramics must not only
have adequate toughness and strength at room temperature but also at relatively high
and low temperatures.

For load-bearing applications, engineered materials are selected by matching their
mechanical properties to the design specifications and service conditions required of the
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component. The first step in the selection process requires an analysis of the material’s
application to determine its most important characteristics. Should it be strong, stiff, or
ductile? Will it be subjected to an application involving high stress or sudden intense
force, high stress at elevated temperature, cyclic stresses, corrosive or abrasive condi-
tions? Once we know the required properties, we can make a preliminary selection
of the appropriate material using various databases. We must, however, know how the
properties listed in the handbook are obtained, know what the properties mean, and
realize that the properties listed are obtained from idealized tests that may not apply
exactly to real-life engineering applications. Materials with the same nominal chemical
composition and other properties can show significantly different mechanical properties
as dictated by microstructure. Furthermore, changes in temperature; the cyclical nature
of stresses applied; the chemical changes due to oxidation, corrosion, or erosion;
microstructural changes due to temperature; the effect of possible defects introduced
during machining operations (e.g., grinding, welding, cutting, etc.); or other factors can
also have a major effect on the mechanical behavior of materials (Chapter 7).

The mechanical properties of materials must also be understood so that we can
process materials into useful shapes using materials processing techniques. Materials
processing, such as the use of steels and plastics to fabricate car bodies, requires a de-
tailed understanding of the mechanical properties of materials at different temperatures
and conditions of loading, for example, the mechanical behavior of steels and plastics
used to fabricate fuel-efficient cars and trucks.

In the sections that follow, we discuss mechanical properties of materials. We will
define and discuss different terms that are used to describe the mechanical properties of
engineered materials. Different tests used to determine mechanical properties of mate-
rials are discussed.

-2 Terminology for Mechanical Properties

There are different types of forces or “stresses” that are encountered in dealing with
mechanical properties of materials. In general, we define stress as force per unit area.
Tensile, compressive, shear, and bending stresses are illustrated in Figure 6-1(a). Strain
is defined as the change in length per unit length. Stress is typically expressed in Pa
(Pascals). Strain has no dimensions and is often expressed as cm/cm.

When discussing stress and strain, it may be useful to think about stress as the
cause and strain as the effect. Typically, tensile and shear stresses are designated by the
symbols ¢ and 7, respectively. Tensile and shear strains are represented by the symbols ¢
and 7, respectively. Many load-bearing applications involve tensile or compressive
stresses. Shear stresses are often encountered in the processing of materials using such
techniques as polymer extrusion. Shear stresses are also found in structural applica-
tions. Note that even a simple tensile stress applied along one direction will cause a shear
stress to components in other directions (similar to the situation discussed in Schmid’s
law, Chapter 4).

Elastic strain is defined as fully recoverable strain resulting from an applied stress.
The strain is “elastic’ if it develops instantaneously (i.e., the strain occurs as soon as the
force is applied), remains as long as the stress is applied, and disappears as soon as the
force is withdrawn. A material subjected to an elastic strain does not show any perma-
nent deformation (i.e., it returns to its original shape after the force or stress is
removed). Consider stretching a stiff metal spring by a small amount and letting go. If
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Figure 6-1 (a) Tensile, compressive, shear and bending stresses. (b) Illustration showing how
Young’s modulus is defined for an elastic material. (c) For nonlinear materials, we use the
slope of a tangent as a variable quantity that replaces the Young’s modulus constant.

the spring goes back quickly (within a few milliseconds or less) to its original dimen-
sions, the strain developed in the spring was elastic.

In many materials, elastic stress and elastic strain are linearly related. The slope of
a tensile stress-strain curve in the linear regime defines the Young’s modulus or modulus
of elasticity (E) of a material [Figure 6-1(b)]. The units of E are measured in Pascals
(Pa) (same as those of stress). Large elastic deformations are observed in elastomers
(e.g.,natural rubber, silicones), where the relationship between elastic strain and stress is
non-linear. In elastomers, the large elastic strain is related to the coiling and uncoiling
of spring-like molecules (Chapter 16). In dealing with such materials, we use the slope
of the tangent at any given value of stress or strain and consider that as a variable
quantity that replaces the Young’s modulus [Figure 6-1(b)]. The inverse of Young’s
modulus is known as the compliance of the material. Similarly, we define shear modulus
(G) as the slope of the linear part of the shear stress-shear strain curve.

Permanent or plastic deformation in a material is known as the plastic strain. In this
case, when the stress is removed, the material does not go back to its original shape.
A dent in a car is plastic deformation! Note that the word “plastic” here does not refer
to strain in a plastic (polymeric) material, but rather to a type of strain in any material.

The rate at which strain develops in a material is defined as strain rate (¢ or y for
tensile and shear strain rates, respectively). Units of strain rate are s~'. You will learn
later in this chapter that the rate at which a material is deformed is important from a



6-2 Terminology for Mechanical Properties 157

mechanical properties perspective. Many materials considered to be ductile behave as
brittle solids when the strain rates are high. Silly Putty® (a silicone polymer) is an ex-
ample of such a material. When stretched slowly (smaller rate of strain), we can stretch
this material by a large amount. However, when stretched rapidly (high strain rates), we
do not allow the untangling and extension of the large polymer molecules and, hence,
the material snaps. When the strain rates are low, Silly Putty® can show significant
ductility. When materials are subjected to high strain rates we refer to this type of
loading as impact loading.

A viscous material is one in which the strain develops over a period of time and the
material does not go to its original shape after the stress is removed. The development
of strain takes time and is not in phase with the applied stress. Also, the material will
remain deformed when the applied stress is removed (i.e., the strain will be plastic). A
viscoelastic (or anelastic) material can be thought of as a material whose response is
between that of a viscous material and an elastic material. The term “anelastic” is typ-
ically used for metals, while the term “viscoelastic™ is usually associated with polymeric
materials. Many polymeric materials (solids and molten) are viscoelastic. A common
example of a viscoelastic material is Silly Putty®.

In a viscoelastic material, the development of a permanent strain is similar to that
in a viscous material. However, unlike a viscous material, when the applied stress is
removed, part of the strain will recover over a period of time. Recovery of strain refers
to a change in shape of a material after the stress causing deformation is removed. A
qualitative description of development of strain as a function of time in relation to an
applied force in elastic, viscous, and viscoelastic materials is shown in Figure 6-2. In
viscoelastic materials held under constant strain, if we wait, the level of stress decreases
over a period of time. This is known as stress relaxation. Recovery of strain and stress
relaxation are different terms and should not be confused. A common example of stress
relaxation is the nylon strings in a tennis racket. We know that the level of stress, or the
“tension”, as the tennis players call it, decreases with time.

While dealing with molten materials, liquids, and dispersions, such as paints or
gels, a description of the resistance to flow under an applied stress is required. If the
relationship between the applied stress () and shear strain rate (y) is linear, we refer to
that material as Newtonian. The slope of the shear stress versus the steady-state shear
strain rate curve is defined as the viscosity (77) of the material. Water is an example of a
Newtonian material. The following relationship defines viscosity:

T=1n7 (6-1)

The units of # are Pa-s (in the SI system) or Poise (P) or

Sometimes the term centipoise (cP) is used, 1 ¢cP = 1072 P.
Conversion between these units is given by 1 Pa-s = 10 P = 1000 cP.
The kinematic viscosity (v) is defined as:

v=n/p (6-2)
where viscosity (i) is in Poise and density (p) is in g/cm?®. The kinematic viscosity unit
is in Stokes (St). In this, St is cm?/s. Sometimes the unit of centiStokes (cSt) is used,
1 cSt=10"2 St.

For many materials the relationship between shear stress and shear strain rate is
nonlinear. These materials are non-Newtonian. The stress versus steady state shear
strain rate relationship in these materials can be described as:

T (6-3)
where the exponent m is not equal to 1.

in the cgs system.
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Non-Newtonian materials are classified as shear thinning (or pseudoplastic) or shear
thickening (or dilatant). The relationships between the shear stress and shear strain rate
for different types of materials are shown in Figure 6-3.

In the sections that follow, we will discuss different mechanical properties of solid
materials and some of their testing methods to evaluate these properties.

6-3  The Tensile Test: Use of the Stress-Strain Diagram

The tensile test is popular since the properties obtained could be applied to design differ-
ent components. The tensile test measures the resistance of a material to a static or
slowly applied force. The strain rates in a tensile test are very small (¢ = 104 to 107257 1).
A test setup is shown in Figure 6-4; a typical specimen has a diameter of 1.263 cm and a
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Grip ——i

~ |~
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Figure 6-4

A unidirectional force is applied to a
specimen in the tensile test by
means of the moveable crosshead.
The cross-head movement can be
performed using screws or a
hydraulic mechanism.
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Figure 6-5 Tensile stress-strain curves for different materials. Note that these graphs are
qualitative.

gage length of 5 cm. The specimen is placed in the testing machine and a force F, called
the load, is applied. A strain gage or extensometer is used to measure the amount that
the specimen stretches between the gage marks when the force is applied. Thus, what is
measured is the change in length of the specimen (A/) over a particular original length
(/p). Information concerning the strength, Young’s modulus, and ductility of a material
can be obtained from such a tensile test. Typically, a tensile test is conducted on metals,
alloys, and plastics. Tensile tests can be used for ceramics, however, the test is not very
useful for ceramics because the sample often easily fractures while it is being aligned.
Civil engineers use a compression test to test materials such as concretes. The following
discussion mainly applies to the tensile testing of metals and alloys. We will briefly dis-
cuss the stress-strain behavior of polymers as well.

Figure 6-5 shows qualitatively the stress-strain curves for a typical (a) metal, (b)
thermoplastic material, (c) elastomer, and (d) ceramic (or glass), all under relatively
small strain rates. The scales in this figure are qualitative and different for each material.
In practice, the actual magnitude of stresses and strains will be very different. The thermo-
plastic material is assumed to be above its glass temperature (7). Metallic materials are
assumed to be at room temperature. Metallic and thermoplastic materials show an ini-
tial elastic region followed by a non-linear plastic region. A separate curve for elas-
tomers (e.g., rubber or silicones) is also included since the behavior of these materials is
different from other polymeric materials. For elastomers, a large portion of the de-
formation is elastic and non-linear. On the other hand, ceramics, glasses, and polymers
at T < T, show only a linear elastic region and almost no plastic deformation at room
temperature.

When a tensile test is conducted, the data recorded includes load or force as a
function of change in length (A/). The change in length is typically measured using
a strain gage. Table 6-1 shows the effect of the load on the changes in length of an
aluminum alloy test bar. These data are then subsequently converted into stress and
strain. The stress-strain curve is analyzed further to the extract properties of materials
(e.g., Young’s modulus, yield strength, etc.).
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TABLE 6-1 W The results of a tensile test of a 1.263 cm diameter
aluminum alloy test bar, initial length (15)=5 cm

Calculated
Al Stress Strain

Load (N) (cm) (MPa) (cm/cm)
0 0.000 0 0
4450 0.0025 35.5 0.0005
13350 0.0075 106.5 0.0015
22240 0.0125 177.5 0.0025
31150 0.0175 248.6 0.0035
33360 0.075 266.2 0.0150
35140 0.2 280.4 0.0400
35580 (maximum load) 0.3 284 0.0600
35360 0.4 282.2 0.0800
33800 (fracture) 0.5125 269.8 0.1025

Engineering Stress and Strain The results of a single test apply to all sizes and cross-
sections of specimens for a given material if we convert the force to stress and the
distance between gage marks to strain. Engineering stress and engineering strain are
defined by the following equations,

F
Engineering stress = g = R (6-4)
0
L . Al
Engineering strain = ¢ = T (6-5)
0

where Ay is the original cross-sectional area of the specimen before the test begins, /
is the original distance between the gage marks, and Al is the change in length after
force Fis applied. The conversions from load and sample length to stress and strain are
included in Table 6-1. The stress-strain curve (Figure 6-6) is used to record the results of
a tensile test.

300 Tensile strength—\
Elastic limit 7
250 - > \

) Plastic deformation | Breaking
= 200~ /" Offset yield strength E strength
% or yield strength :

2 150 [ — , Elastic stretching E
= Ae / :
x F |
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50 Elongation E
to failure |
0 | S LN | | | | 1Ny | |
0.002 0.004 ©  0.020 0.060 0.100 0.140
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Figure 6-6 The stress-strain curve for an aluminum alloy from Table 6-1.
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EXAMPLE 6-1

=—=———— = —355MPa
Ao (n/4)(1.263 cm)*>  1.253 cm?
_ AL 00025 em 6605 m fem
Iy Scm

The results of similar calculations for each of the remaining loads are given in
Table 6-1 and are plotted in Figure 6-6.

Units Many different units are used to report the results of the tensile test. The most
common units for stress are pounds per square inch (psi) and MegaPascals (MPa). The
units for strain include inch/inch, centimeter/centimeter, and meter/meter. The con-
version factors for stress are summarized in Table 6-2.

TABLE 6-2 W Units and conversion factors

1 pound (Ib) = 4.448 Newtons (N)

1 psi = pounds per square inch

1 MPa = MegaPascal = MegaNewtons per square meter (MN/m?)
= Newtons per square millimeter (N/mm?) = 1,000,000 Pa

1 GPa = 1000 MPa = GigaPascal

1 ksi = 1000 psi = 6.895 MPa

1 psi = 0.006895 MPa

1 MPa = 0.145 ksi = 145 psi

EXAMPLE 6-&
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the stress is not too high is:

B
Ao = % —11.64cm? or d=385cm
The maximum allowable elastic deformation is 0.625 cm. From the definition

of engineering strain:

B Al a 0.625 cm

‘- b
From Figure 6-6, the strain expected for a stress of 172 MPa is 0.0024 cm/cm.
If we use the cross-sectional area determined previously, the maximum length
of the rod is:

0.0024 — % _ 0.625 cm

or Ip=260.42 cm
0 l

However, the minimum length of the rod is specified as 375 cm. To produce a
longer rod, we might make the cross-sectional area of the rod larger. The mini-
mum strain allowed for the 375 cm rod is:

Al 0.625cm

= = T _0.001
I 375 om 667 cm/cm

The stress, from Figure 6-6, is about 114.9 MPa, which is less than the max-
imum of 172 MPa. The minimum cross-sectional area then is:

F 200,200 N

_—— = 2
o 1140 Mpa _ | /42 ¢m

0 =
In order to satisfy both the maximum stress and the minimum elongation
requirements, the cross-sectional area of the rod must be at least 17.42 cm?, or
a minimum diameter of 4.71 cm.

Properfies Obfained from fhe Tensile Tes

Yield Strength As we apply a low level of stress to a material, the material initially
exhibits elastic deformation. In this region the strain that develops is completely and
quickly recovered when the applied stress is removed. However, as we continue to in-
crease the applied stress the material begins to exhibit both elastic and plastic de-
formation. The material eventually ‘““yields” to the applied stress. The critical stress
value needed to initiate plastic deformation is defined as the elastic limit of the material.
In metallic materials, this is usually the stress required for dislocation motion, or slip to
be initiated. In polymeric materials, this stress will correspond to disentanglement of poly-
mer molecule chains or sliding of chains past each other. The proportional limit is de-
fined as the level of stress above which the relationship between stress and strain is not
linear.

In most materials the elastic limit and proportional limit are quite close. However,
neither the elastic limit nor the proportional limit values can be determined precisely.
Measured values depend on the sensitivity of the equipment used. We, therefore, define
them at an offset strain value (typically, but not always, 0.002 or 0.2%). We then draw a
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Figure 6-7 (a) Determining the 0.2% offset yield strength in gray cast iron, and (b) upper and
lower yield point behavior in a low-carbon steel.

line starting with this offset value of strain and draw a line parallel to the linear portion
of the engineering stress-strain curve. The stress value corresponding to the intersection
of this line and the engineering stress-strain curve is defined as the offset yield strength,
also often stated as the yield strength. The 0.2% offset yield strength for gray cast iron is
276 MPa as shown in Figure 6-7(a). Engineers normally prefer to use the offset yield
strength for design purposes.

For some materials the transition from elastic deformation to plastic flow is rather
abrupt. This transition is known as the yield point phenomenon. In these materials, as
the plastic deformation begins the stress value drops first from the upper yield point (o,)
[Figure 6-7(b)]. The stress value then decreases and oscillates around an average value
defined as the lower yield point (a)). For these materials, the yield strength is usually
defined from the 0.2% strain offset as shown in Figure 6-7(a).

The stress-strain curve for certain low-carbon steels displays a double yield point
[Figure 6-7(b)]. The material is expected to plastically deform at stress ;. However,
small interstitial atoms clustered around the dislocations interfere with slip and raise the
yield point to g,. Only after we apply the higher stress g, do the dislocations slip. After
slip begins at o, the dislocations move away from the clusters of small atoms and
continue to move very rapidly at the lower stress o7.

When we design parts for load-bearing applications we prefer little or no plastic
deformation. As a result we must select a material such that the design stress is consid-
erably lower than the yield strength at the temperature at which the material will be
used. We can also make the component cross-section larger so that the applied force
produces a stress that is well below the yield strength. On the other hand, when we want
to shape materials into components (e.g., take a sheet of steel and form a car chassis),
we need to apply stresses that are well above the yield strength.

Tensile Strength The stress obtained at the highest applied force is the tensile strength
(or1s), which is the maximum stress on the engineering stress-strain curve (Figure 6-6).
In many ductile materials, deformation does not remain uniform. At some point, one
region deforms more than others and a large, local decrease in the cross-sectional area
occurs (Figure 6-8). This locally deformed region is called a “neck.” This phenomenon
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Figure 6-8 Localized deformation of a ductile material during a tensile test produces a necked
region. The micrograph at the bottom shows necked region in a fractured sample.

is known as necking. Because the cross-sectional area becomes smaller at this point, a
lower force is required to continue its deformation, and the engineering stress, calcu-
lated from the original area Ay, decreases. The tensile strength is the stress at which
necking begins in ductile materials (Figure 6-6). With the reduced area, now less force is
necessary for additional deformation. However, since engineering stress is based on 4y,
the overall stress decreases after necking. Many ductile metals and polymers show the
phenomenon of necking. In compression testing, the materials will bulge, thus necking
is seen only in a tensile test.

Figure 6-9 shows typical yield strength values for different engineered materials.
The yield strength of pure metals is smaller. For example, ultra-pure metals have a yield
strength of ~(1-10 MPa). On the other hand, the yield strength of alloys is higher.
Strengthening in alloys is achieved using different mechanisms described before (e.g.,
grain size, solid solution formation, strain hardening, etc.). The yield strength of plastics
and elastomers is generally lower than metals and alloys, ranging up to about (10—
100 MPa). The values for ceramics are for compressive strength (obtained using a
hardness test). Tensile strength of most ceramics is much lower (~100-200 MPa). The
tensile strength of glasses is about ~70 MPa and depends strongly on surface flaws.

Elastic Properties The modulus of elasticity, or Young’s modulus (E), is the slope of
the stress-strain curve in the elastic region. This relationship is Hooke’s Law:

E= (6-6)

g
&
The modulus is closely related to the binding energies (Figure 2-21). A steep slope in the
force-distance graph at the equilibrium spacing indicates that high forces are required
to separate the atoms and cause the material to stretch elastically. Thus, the material
has a high modulus of elasticity. Binding forces, and thus the modulus of elasticity, are typi-
cally higher for high melting-point materials (Table 6-3). In metallic materials, modulus
of elasticity is considered a relative microstructure insensitive property since the value is
dominated strongly by the strength of atomic bonds. Grain size or other microstructural
features do not have a very large effect on the Young’s modulus.
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Figure 6-9 Typical yield strength values for different engineered materials. (This article was
published in Engineering Materials |, Second Edition, M.F. Ashby and D.R.H. Jones,
Figure 8-12, p. 85. Copyright © Butterworth-Heinemann (1996).)

Young’s modulus is a measure of the stiffness of a component. A stiff component,
with a high modulus of elasticity, will show much smaller changes in dimensions if
the applied stress is relatively small and, therefore, causes only elastic deformation.
Figure 6-10 compares the elastic behavior of steel and aluminum. If a stress of 207 MPa
is applied to each material, the steel deforms elastically 0.001 cm/cm; at the same stress,
aluminum deforms 0.003 cm/cm. In general, most engineers view stiffness as a function
of both the Young’s modulus and the geometry of a component.

TABLE 6-3 W Elastic properties and melting temperature (T,,) of selected

materials

Material Tm (°C) E (MPa) Poisson’s ratio (x)
Pb 327 13.8 x 103 0.45

Mg 650 44.8 x 103 0.29

Al 660 69.0 x 103 0.33

Cu 1085 124.8 x 103 0.36

Fe 1538 206.9 x 103 0.27

W 3410 408.2 x 103 0.28

Al;O3 2020 379.2 x 103 0.26

SizNy4 303.4 x 103 0.24
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Poisson’s ratio, yu, relates the longitudinal elastic deformation produced by a simple
tensile or compressive stress to the lateral deformation that occurs simultaneously:

_ —Elateral (6—7)
Elongitudinal
For many metals in the elastic region the Poisson’s ratio is typically about 0.3 (Table
6-3).
The modulus of resilience (E,), the area contained under the elastic portion of a
stress-strain curve, is the elastic energy that a material absorbs during loading and sub-
sequently releases when the load is removed. For linear elastic behavior:

E, = (})(yield strength)(strain at yielding) (6-8)

The ability of a spring or a golf ball to perform satisfactorily depends on a high
modulus of resilience.

Tensile Toughness The energy absorbed by a material prior to fracturing is known as
tensile toughness and is sometimes measured as the area under the true stress-strain
curve (also known as work of fracture). We will define true stress and true strain in
Section 6-5. Since it is easier to measure engineering stress-strain, engineers often equate
tensile toughness to the area under the engineering stress-strain curve.

m Young’s Modulus of Aluminum Alloy

From the data in Example 6-1, calculate the modulus of elasticity of the alumi-
num alloy. Use the modulus to determine the length after deformation of a bar
of initial length of 125 cm. Assume that a level of stress of 207 MPa is applied.
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SOLUTION
When a stress of 248.6 MPa is applied, a strain of 0.0035 is produced (Table
6-1). Thus:

g 248.6 MPa

Modulus of elasticity = E = == 00035 71028.6 MPa

From Hooke’s law:
o 207 MPa [— Iy
=~ 71028.6 Mpa _ (003 = cm/em = —
[ =1y + ey =125+ (0.003)(125) = 125.375 cm

Ductility Ductility measures the amount of deformation that a material can withstand
without breaking. We can measure the distance between the gage marks on our speci-
men before and after the test. The percent elongation describes the permanent plastic
deformation before failure (i.e., the elastic deformation recovered after fracture is not
included). Note that the strain after failure is smaller than the strain at the breaking
point.
% Elongation = l [_ b 100 (6-9)
0

where I/ is the distance between gage marks after the specimen breaks.

A second approach is to measure the percent change in the cross-sectional area at
the point of fracture before and after the test. The percent reduction in area describes the
amount of thinning undergone by the specimen during the test:

Ao — A
% Reduction in area = OTf x 100 (6-10)
0

where A is the final cross-sectional area at the fracture surface.

Ductility is important to both designers of load-bearing components and manu-
facturers of components (bars, rods, wires, plates, I-beams, fibers, etc.) utilizing mate-
rials processing.

EXAMPLE 6-4 Ductility of an Aluminum Alloy

The aluminum alloy in Example 6-1 has a final length after failure of 5.488 cm
and a final diameter of 0.995 cm at the fractured surface. Calculate the ductility
of this alloy.

SOLUTION

% Elongation = lfl;lo » 100 = W % 100 = 9.76%
0 .

% Reduction in area = # x 100
0
 (m/4)(1.263)% — (n/4)(0.995)° 100
(n/4)(1.263)*

=37.9%

The final length is less than 5.5125 cm (see Table 6-1) because, after fracture,
the elastic strain is recovered.
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Figure 6-11 The effect of temperature (a) on the stress-strain curve and (b) on the tensile
properties of an aluminum alloy.

Effect of Temperature Mechanical properties of materials depend on temperature
(Figure 6-11). Yield strength, tensile strength, and modulus of elasticity decrease at
higher temperatures, whereas ductility commonly increases. A materials fabricator
may wish to deform a material at a high temperature (known as hot working) to take
advantage of the higher ductility and lower required stress. When temperatures are re-
duced, many, but not all, metals and alloys and polymers become brittle.

Increased temperatures also play an important role in forming polymeric materials
and inorganic glasses. In many polymer-processing operations, such as extrusion, the
increased ductility of polymers at higher temperatures is advantageous. Also, many
polymeric materials will become harder and more brittle as they are exposed to tem-
peratures that are below their glass temperatures (Figure 6-5). The loss of ductility
played a role in failures of the Titanic in 1912 and the Challenger in 1986.

B-5  True Stress and True Strain

The decrease in engineering stress beyond the tensile strength point on an engineering
stress-strain curve is related to the definition of engineering stress. We used the original
area Ay in our calculations, but this is not precise because the area continually changes.
We define true stress and true strain by the following equations:

F
True stress = g, = Y (6-11)
True strain = J# =In (li)) =In <IZO> (6-12)
where A is the actual area at which the force F is applied. In plastic deformation we

. Ay .
assume a constant volume (1.6., 70 = l—). The expression In(A4y/A4) should be used
0
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Figure 6-12
The relation between the true stress-true strain diagram and
True engineering stress—engineering strain diagram. The curves
are identical to the yield point.
Engineering
172}
l72}
5
17}
Strain

after necking begins. This is because beyond maximum load the distribution of strain
along gage length is not uniform. The true stress-strain curve is compared with the en-
gineering stress-strain curve in Figure 6-12. True stress continues to increase after
necking because, although the load required decreases, the area decreases even more.

For structural applications we often do not require true stress and true strain.
When we exceed the yield strength, the material deforms. The component would fail
because it can no longer support the applied stress. Furthermore, a significant difference
develops between the two curves only when necking begins. But when necking begins,
our component is grossly deformed and no longer satisfies its intended use. Engineers
dealing with materials processing require data related to true stress and strain.

EXAMPLE 6-5
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(b) At fracture:
33800 N

. F
Engineering stress = — = 5 = 269.7 MPa
Ao (n/4)(1.263 cm)
F 33800 N
True stress = — = 5 = 434.5 MPa
A (n/4)(0.995 cm)
Engineering strain = % = % = 0.1025 cm/cm
0
2
True strain = In <AO) =In m
Ay (7/4)(0.995)

=In(1.610) = 0.476 cm/cm
The true stress becomes much greater than the engineering stress only after

. . . . A
necking begins. Note, the true strain was calculated using In (AO>
/A

6-6  The Bend Test for Briftle Maferials

In ductile metallic materials, the engineering stress-strain curve typically goes through a
maximum; this maximum stress is the tensile strength of the material. Failure occurs at
a lower stress after necking has reduced the cross-sectional area supporting the load. In
more brittle materials, failure occurs at the maximum load, where the tensile strength
and breaking strength are the same. In brittle materials, including many ceramics, yield
strength, tensile strength, and breaking strength are all the same (Figure 6-13).

In many brittle materials, the normal tensile test cannot easily be performed

because of the presence of flaws at the surface. Often, just placing a brittle material in
the grips of the tensile testing machine causes cracking and fracture. These brittle ma-
terials may be tested using the bend test [Figure 6-14(a)]. By applying the load at three

Stress

Figure 6-13

The stress-strain behavior of brittle
materials compared with that of
more ductile materials.

Moderate ductility

High ductility

Strain
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}
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A o4 i

!
5

(a) (b)

Figure 6-14 (a) The three-point bend test often used for measuring the strength of brittle
materials, and (b) the deflection ¢ obtained by bending.

points and causing bending, a tensile force acts on the material opposite the midpoint.
Fracture begins at this location. The flexural strength, or modulus of rupture, describes
the material’s strength:

. 3FL
Flexural strength for three-point bend test = = Opend (6-13)

2wh?
where F is the fracture load, L is the distance between the two outer points, w is the
width of the specimen, and /4 is the height of the specimen. The flexural strength has
the units of stress and is designated by openg. The results of the bend test are similar to
the stress-strain curves; however, the stress is plotted versus deflection rather than versus
strain (Figure 6-15).
The modulus of elasticity in bending, or the flexural modulus (Ey.,q), is calculated
in the elastic region of Figure 6-15.
3

Flexural modulus = Aiis = Epeng (6-14)
where 0 is the deflection of the beam when a force F is applied.
Figure 6-15
200 = \ Stress-deflection curve for MgO

Fracture obtained from a bend test.

150 —

100 =

Stress (MPa)

50

| | | | J
0.0125 0.025 0.0375 0.05 0.0625

Deflection (cm)
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Figure 6-16 (a) Three-point and (b) four-point bend test setup.

This test can also be conducted using a setup known as the four-point bend test
(Figure 6-16). The maximum stress or flexural stress for a four point bend test is given
by:

3FL,

4wh? (6-15)

Obend =
Note that while deriving Equations 6-13 through 6-15, we assume a linear stress-strain
response (thus cannot be correctly applied to many polymers). The four-point bend test
is better suited for testing materials containing flaws. This is because the bending mo-
ment between inner platens is constant [Figure 6-16(b)], thus samples tend to break
randomly unless there is a flaw that raises the stress concentration.

Since cracks and flaws tend to remain closed in compression, brittle materials such
as concrete are often designed so that only compressive stresses act on the part. Often,
we find that brittle materials fail at much higher compressive stresses than tensile
stresses (Table 6-4). This is why it is possible to support the weight of a fire truck on
four coffee cups. However, ceramics have very limited mechanical toughness and hence
when we drop a ceramic coffee cup it can break easily.

TABLE 6-4 W Comparison of the tensile, compressive, and flexural strengths of selected
ceramic and composite materials

Tensile Compressive Flexural

Strength Strength Strength
Material (MPa) (MPa) (MPa)
Polyester—50% glass fibers 159 221 310
Polyester—50% glass fiber fabric 255 1862 317
Al,03 (99% pure) 207 2586 345
SiC (pressureless-sintered) 172 3861 552

a A number of composite materials are quite poor in compression.
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aM
E il m Flexural Strength of Composite Materials

The flexural strength of a composite material reinforced with glass fibers is
310 MPa and the flexural modulusis 124.1 x 103 MPa. A sample, whichis 1.25cm
wide, 0.938 cm high, and 20 cm long, is supported between two rods 12.5 cm
apart. Determine the force required to fracture the material and the deflection of
the sample at fracture, assuming that no plastic deformation occurs.

SOLUTION

Based on the description of the sample, w = 1.25 cm, # = 0.938 cm, and
L = 10 cm. From Equation 6-15:

310 MPa = 3FL2 = (B)E)12.5) 5 =17 x10°F
2wh*  (2)(1.25 cm)(0.938 cm)
310 x 10°

Therefore, the deflection, from Equation 6-14, is:

3 3
124.1 x 10° MPa = =& _ _(12.5 cm)"(1823.5 N)

4wh3  (4)(1.25 cm)(0.938 cm)’s
0 =0.0696 cm

In this calculation, we did assume that there is no viscoelastic behavior and a
linear behavior of stress versus strain.

-7 Hardness of Materials

The hardness test measures the resistance to penetration of the surface of a material by
a hard object. Hardness can not be defined precisely. Hardness, depending upon the
context, represents resistance to scratching or indentation and a qualitative measure
of the strength of the material. In general, in macrohardness measurements the load
applied is ~2 N. A variety of hardness tests have been devised, but the most commonly
used are the Rockwell test and the Brinell test. Different indentors used in these tests are
shown in Figure 6-17.

In the Brinell hardness test, the indentor is a hard steel sphere (usually 10 mm in
diameter) that is forced into the surface of the material. The diameter of the impression,

Figure 6-17
Indentors for the Brinell and
Rockwell hardness tests.

-

F F
R ¢
}eDi 9‘ Depth_{ (Ba)u BEEJ Depth

Brinell test Rockwell test
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TABLE 6-5 W Comparison of typical hardness tests

Test Indentor Load Application
Brinell 10-mm ball 3000 kg Cast iron and steel
Brinell 10-mm ball 500 kg Nonferrous alloys
Rockwell A Brale 60 kg Very hard materials
Rockwell B 1/16-in. ball 100 kg Brass, low-strength steel
Rockwell C Brale 150 kg High-strength steel
Rockwell D Brale 100 kg High-strength steel
Rockwell E 1/8-in. ball 100 kg Very soft materials
Rockwell F 1/16-in. ball 60 kg Aluminum, soft materials
Vickers Diamond pyramid 10 g-1 kg (micro) All materials

1 kg —30 kg (macro)
Knoop Diamond pyramid 500 g All materials

typically 2 to 6 mm, is measured and the Brinell hardness number (abbreviated as HB
or BHN) is calculated from the following equation:

HB = = (6-16)

ol

where F is the applied load in kilograms, D is the diameter of the indentor in milli-
meters, and D; is the diameter of the impression in millimeters. The Brinell hardness has
the units of stress (e.g., kg/mm?).

The Rockwell hardness test uses a small-diameter steel ball for soft materials and a
diamond cone, or Brale, for harder materials. The depth of penetration of the indentor is
automatically measured by the testing machine and converted to a Rockwell hardness
number: hardness Rockwell (HR). Since an optical measurement of the indention di-
mensions is not needed, the Rockwell test tends to be more popular than the Brinell test.
Several variations of the Rockwell test are used, including those described in Table 6-5. A
Rockwell C (HRC) test is used for hard steels, whereas a Rockwell F (HRF) test might
be selected for aluminum. Rockwell tests provide a hardness number that has no units.

Hardness numbers are used primarily as a qualitative basis for comparison of
materials, specifications for manufacturing and heat treatment, quality control, and
correlation with other properties of materials. For example, Brinell hardness is closely
related to the tensile strength of steel by the relationship:

Tensile strength (psi) = 500 HB (6-17)

where HB is in the units of kg/mm? and 1 psi = 6.895 x 103 Pa.

A Brinell hardness number can be obtained in just a few minutes with virtually
no preparation of the specimen and without breaking the component (i.e., it is con-
sidered to be a nondestructive test), yet it provides a close approximation of the tensile
strength. The Rockwell hardness number cannot be directly related to strength of
metals and alloys; however, the test is rapid, easily performed, and therefore remains
popular in industry.

Hardness correlates well with wear resistance. There is also a separate test avail-
able for measuring the wear resistance. A material used in crushing or grinding of ores
should be very hard to assure that the material is not eroded or abraded by the hard
feed materials. Similarly, gear teeth in the transmission or the drive system of a vehicle
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should be hard enough that the teeth do not wear out. Typically, we find that polymer
materials are exceptionally soft, metals and alloys have intermediate hardness, and
ceramics are exceptionally hard. We use materials such as tungsten carbide-cobalt
composite (WC-Co), known as “carbide,” for cutting tool applications. We also use
microcrystalline diamond or diamond-like carbon (DLC) materials for cutting tools
and other applications.

The Knoop (HK) test is a microhardness test, forming such small indentations that
a microscope is required to obtain the measurement. In these tests, the load applied is
less than 2 N. The Vickers test, which uses a diamond pyramid indentor, can be con-
ducted either as a macro and microhardness test. Microhardness tests are suitable for
materials that may have a surface that has a higher hardness than the bulk, materials
in which different areas show different levels of hardness, or on samples that are not
macroscopically flat.

In Chapter 2, we described nano-structured materials and devices. For some of
the nano-technology applications, measurements of hardness at a nano-scale or nano-
hardness, are important. Techniques for measuring hardness at very small length scales
have become important for many applications. A nano-indentor is used for these
applications.

6-8  Strain Rafe Effects and Impact Behavior

When a material is subjected to a sudden, intense blow, in which the strain rate (j or &)
is extremely rapid, it may behave in much more brittle a manner than is observed in
the tensile test. This, for example, can be seen with many plastics and materials such as
Silly Putty®. If you stretch a plastic such as polyethylene or Silly Putty® very slowly, the
polymer molecules have time to disentangle or the chains to slide past each other and
cause large plastic deformations. If, however, we apply an impact loading, there is in-
sufficient time for these mechanisms to play a role and the materials break in a brittle
manner. An impact test is often used to evaluate the brittleness of a material under
these conditions. In contrast to the tensile test, in this test the strain rates are much
higher (¢ ~ 10° s71).

Many test procedures have been devised, including the Charpy test and the Izod test
(Figure 6-18). The Izod test is often used for plastic materials. The test specimen may be
either notched or unnotched; V-notched specimens better measure the resistance of the
material to crack propagation.

In this test, a heavy pendulum, starting at an elevation /g, swings through its arc,
strikes and breaks the specimen, and reaches a lower final elevation /. If we know the
initial and final elevations of the pendulum, we can calculate the difference in potential
energy. This difference is the impact energy absorbed by the specimen during failure.
For the Charpy test, the energy is usually expressed in joules (J). The results of the Izod
test are expressed in units of J/m. The ability of a material to withstand an impact blow
is often referred to as the impact toughness of the material. As we mentioned before, in
some situations, we consider the area under the true or engineering stress-strain curve as
a measure of tensile toughness. In both cases, we are measuring the energy needed to
fracture a material. The difference is that, in tensile tests, the strain rates are much
smaller compared to those used in an impact test. Another difference is that in an im-
pact test we usually deal with materials that have a notch. Fracture toughness of a
material is defined as the ability of a material containing flaws to withstand an applied
load. We will discuss fracture toughness in Section 7-1.
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Figure 6-18 The impact test: (a) the Charpy and Izod tests, and (b) dimensions of typical
specimens.

In another test, known as the Hopkinson bar test, a striker bar creates a stress wave
in a sample. The absorption of this rapidly moving stress wave is measured to inves-
tigate mechanical properties at high strain rates.

6-3  Properfies Obfained from the Impact Test

A curve showing the trends in the results of a series of impact tests performed on nylon
at various temperatures is shown in Figure 6-19. In practice, the tests are conducted at a
limited number of temperatures.

Ductile to Brittle Transition Temperature (DBTT) The ductile to brittle transition tem-
perature is the temperature at which a material changes from ductile to brittle fracture.
This temperature may be defined by the average energy between the ductile and brittle
regions, at some specific absorbed energy, or by some characteristic fracture appear-
ance. A material subjected to an impact blow during service should have a transition
temperature below the temperature of the material’s surroundings.

Not all materials have a distinct transition temperature (Figure 6-20). BCC metals
have ductile to brittle transition temperatures, but most FCC metals do not. FCC metals
have high absorbed energies, with the energy decreasing gradually and, sometimes, even
increasing as the temperature decreases. As mentioned before, this transition may have
contributed to the failure of the Titanic.

The ductile to brittle transition temperature is closely related to the glass tempera-
ture in polymers and for practical purposes is treated as the same. As mentioned before,
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the lower transition temperature of the polymers used in booster rocket O-rings and
other factors led to the Challenger disaster.

Notch Sensitivity Notches caused by poor machining, fabrication, or design concen-
trate stresses and reduce the toughness of materials. The notch sensitivity of a material
can be evaluated by comparing the absorbed energies of notched versus unnotched
specimens. The absorbed energies are much lower in notched specimens if the material
is notch-sensitive. We will discuss in Section 7-7 how the presence of notches affect the
behavior of materials subjected to cyclical stress.

Relationship to the Stress-Strain Diagram The energy required to break a material dur-
ing impact testing (i.e., the impact toughness) is not always related to the tensile tough-
ness (i.e., the area contained within the true stress-true strain diagram (Figure 6-21)).

Figure 6-20
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Figure 6-21
A The area contained within the true stress-true strain
curve is related to the tensile toughness. Although
material B has a lower yield strength, it absorbs a greater
energy than material A. The energies from these curves
B may not be the same as those obtained from impact test
data.

True stress

True strain

As noted before, engineers often consider area under the engineering stress-strain curve as
tensile toughness. In general, metals with both high strength and high ductility have good
tensile toughness. However, this is not always the case when the strain rates are high. For
example, metals that show excellent tensile toughness may show a brittle behavior under
high strain rates (i.e., they may show poor impact toughness). Thus, strain rate can shift
the ductile to brittle transition temperature (DBTT). Ceramics and many composites
normally have poor toughness, even though they have high strength, because they display
virtually no ductility. These materials show both poor tensile toughness and poor impact
toughness.

Use of Impact Properties Absorbed energy and DBTT are very sensitive to loading
conditions. For example, a higher rate of applying energy to the specimen reduces the
absorbed energy and increases the DBTT. The size of the specimen also affects the re-
sults; because it is more difficult for a thick material to deform, smaller energies are
required to break thicker materials. Finally, the configuration of the notch affects the
behavior; a sharp, pointed surface crack permits lower absorbed energies than does a
V-notch. Because we often cannot predict or control all of these conditions, the impact
test is a quick, convenient, and inexpensive way to compare different materials.

EXAMPLE E -1 Design of a Sledgehammer

Design an 3.6-kg sledgehammer for driving steel fence posts into the ground.

SOLUTION
First, we must consider the design requirements to be met by the sledge-
hammer. A partial list would include:
1. The handle should be light in weight, yet tough enough that it will not cat-
astrophically break.
2. The head must not break or chip during use, even in subzero temperatures.
3. The head must not deform during continued use.

4. The head must be large enough to assure that the user doesn’t miss the fence
post, and it should not include sharp notches that might cause chipping.

5. The sledgehammer should be inexpensive.
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Although the handle could be a lightweight, tough composite material
(such as a polymer reinforced with Kevlar (a special polymer) fibers), a wood
handle about 70 cm long would be much less expensive and would still provide
sufficient toughness. As shown in a later chapter, wood can be categorized as a
natural fiber-reinforced composite.

To produce the head, we prefer a material that has a low transition tem-
perature, can absorb relatively high energy during impact, and yet also has
enough hardness to avoid deformation. The toughness requirement would rule
out most ceramics. A face-centered cubic metal, such as FCC stainless steel or
copper, might provide superior toughness even at low temperatures; however,
these metals are relatively soft and expensive. An appropriate choice might be
a normal BCC steel. Ordinary steels are inexpensive, have good hardness and
strength, and some have sufficient toughness at low temperatures.

In Appendix A, we find that the density of iron is 7.87 g/cm?. We assume
that the density of steel is about the same. The volume of steel required is
v 3.6 x 103g

- 7.87 g/em’
head might have a cylindrical shape, with a diameter of 6.25 cm. The length of
the head would then be 15 cm.

= 0.46 x 10>cm®. To assure that we will hit our target, the

il

SUMMHIW <» The mechanical behavior of materials is described by their mechanical properties,
which are measured with idealized, simple tests. These tests are designed to repre-
sent different types of loading conditions. The properties of a material reported in
various handbooks are the results of these tests. Consequently, we should always
remember that handbook values are average results obtained from idealized tests
and, therefore, must be used with care.

<P The tensile test describes the resistance of a material to a slowly applied stress. Im-
portant properties include yield strength (the stress at which the material begins
to permanently deform), tensile strength (the stress corresponding to the maximum
applied load), modulus of elasticity (the slope of the elastic portion of the stress-
strain curve), and % elongation and % reduction in area (both, measures of the
ductility of the material).

<P The bend test is used to determine the tensile properties of brittle materials. A
modulus of elasticity and a flexural strength (similar to a tensile strength) can be
obtained.

<» The hardness test measures the resistance of a material to penetration and provides
a measure of the wear and abrasion resistance of the material. A number of
hardness tests, including the Rockwell and Brinell tests, are commonly used. Often
the hardness can be correlated to other mechanical properties, particularly tensile
strength.

<» The impact test describes the response of a material to a rapidly applied load. The
Charpy and Izod tests are typical. The energy required to fracture the specimen is
measured and can be used as the basis for comparison of various materials tested
under the same conditions. In addition, a transition temperature above which the
material fails in a ductile, rather than a brittle, manner can be determined.
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—IT= T GLUSSHH? Anelastic (viscoelastic) material A material in which the total strain developed has elastic and
viscous components. Part of the total strain recovers similar to elastic strain. Some part, though,

recovers over a period of time. Examples of viscoelastic materials: polymer melts, many polymers

including Silly Putty®. Typically, the term anelastic is used for metallic materials.

Bend test Application of a force to the center of a bar that is supported on each end to de-
termine the resistance of the material to a static or slowly applied load. Typically used for brittle
materials.

Compliance Inverse of Young’s modulus or modulus of elasticity.

Dilatant (shear thickening) Materials in which the apparent viscosity increases with the in-
creasing rate of shear.

Ductile to brittle transition temperature (DBTT) The temperature below which a material be-
haves in a brittle manner in an impact test. The ductile to brittle switchover also depends on the
strain rate.

Ductility The ability of a material to be permanently deformed without breaking when a force is
applied.

Elastic deformation Deformation of the material that is recovered instantaneously when the
applied load is removed.

Elastic limit The magnitude of stress at which the relationship between stress and strain begins
to depart from linearity.

Elastic strain Fully and instantaneously recoverable strain in a material.

Elastomers Natural or synthetic polymeric materials that are comprised of molecules with
spring-like coils that lead to large elastic deformations (e.g., natural rubber, silicones).

Engineering strain The amount that a material deforms per unit length in a tensile test.

Engineering stress The applied load, or force, divided by the original cross-sectional area of the
material.

Extensometer An instrument to measure change in length of a tensile specimen, thus allowing
calculation of strain.

Flexural modulus The modulus of elasticity calculated from the results of a bend test, giving the
slope of the stress-deflection curve.

Flexural strength The stress required to fracture a specimen in a bend test. Also called the
modulus of rupture.

Glass temperature (T;) A temperature below which an otherwise ductile material behaves as if
it is brittle. Usually, this temperature is not fixed and is affected by processing of the material.

Hardness test Measures the resistance of a material to penetration by a sharp object. Common
hardness tests include the Brinell test, Rockwell test, Knoop test, and Vickers test.

Hooke’s law The relationship between stress and strain in the elastic portion of the stress-strain
curve.

Impact energy The energy required to fracture a standard specimen when the load is applied
suddenly.

Impact loading Application of stress at a very high strain rate (~>100 s~!).

Impact test Measures the ability of a material to absorb the sudden application of a load
without breaking. The Charpy and Izod tests are the commonly used impact tests.
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Impact toughness Energy absorbed by a material, usually notched, during fracture, under the
conditions of an impact test.

Kinematic viscosity (#) Ratio of viscosity and density, often expressed in centiStokes.
Load The force applied to a material during testing.

Materials processing Manufacturing or fabrication methods used for shaping of materials (e.g.,
extrusion, forging).

Macrohardness Overall bulk hardness of materials measured using loads >2 N.

Microhardness Hardness of materials typically measured using loads less than 2 N using such
test as Knoop (HK).

Modulus of elasticity (E) Young’s modulus, or the slope of the linear part of the stress-strain
curve in the elastic region. It is a measure of the stiffness of a material, depends upon strength of
interatomic bonds and composition, and is not strongly dependent upon microstructure.

Modulus of resilience (E;) The maximum elastic energy absorbed by a material when a load is
applied.

Modulus of rupture The stress required to fracture a specimen in a bend test. Also called the
flexural strength.

Nano-hardness Hardness of materials measured at 1-10 nm length scale using extremely small
(~100 uN) forces.

Necking Local deformation causing reduction in the cross-sectional area of a tensile specimen.
Many ductile materials show this behavior. The engineering stress begins to decrease at the onset
of necking.

Newtonian Materials in which the shear stress and shear strain rate are linearly related (e.g.,
light oil or water).

Non-Newtonian Materials in which shear stress and shear strain rate are not linearly related,
these materials are shear thinning or shear thickening (e.g., polymer melts, slurries, paints, etc.).

Offset strain value A value of strain (e.g., 0.002) used to obtain the offset yield stress value.

Offset yield strength A stress value obtained graphically that describes the stress that gives no
more than a specified amount of plastic deformation. Most useful for designing components.
Also, simply stated as the yield strength.

Percent elongation The total percentage increase in the length of a