Federal State Funded Educational Institution of Higher Professional Education

“NATIONAL RESEARCH
TOMSK POLYTECHNIC UNIVERSITY”

I.A. Khvorova

Materials Science
It is recommended for publishing as a study aid
by the Editorial Board of Tomsk Polytechnic University

Tomsk Polytechnic University Publishing House 
2012
UDC 620.22.(075.8)
BBC  30.3я73

K42
Khvorova I.А.
K42
Materials Science: study aid. / I.А. Khvorova; Tomsk Polytechnic University. − Tomsk: TPU Publishing House, 2012. – 137 p.
Scientific bases of the materials science, laws of metal and non-metallic constructional materials structure and properties formation are considered. The interrelation between structure and properties of materials is shown. Modern concepts of metals and alloys strengthening are given. Most widespread ferrous and nonferrous alloys are also considered. Short data on polymeric, ceramic and composite materials are cited.
The study aid is designed at the Materials Science and Technology of Metals Department of the TPU. The manual is intended for training students majoring in the direction 150700 “Mechanical engineering”.
   UDC 620.22.(075.8)

                                                                                                             BBC  30.3я73

Reviewers:
Doctor of Engineering, professor,
the senior scientific employee of Institute of Strength Physics
and Materials Science SB RAS
B.P. Gritsenko
Doctor of Engineering, professor,
the senior scientific employee of Institute of Strength Physics
and Materials Science SB RAS
S.J. Tarasov
© STE HPT TPU, 2012
© Khvorova I.A., 2012
© Design. Tomsk Polytechnic University
Publishing House, 2012
[image: image17.png][image: image18.png]
CONTENTS
	1. INTRODUCTION ………………………………….............................
   1.1. WHAT DOES MATERIALS SCIENCE STUDY? ...............................
   1.2. WHY STUDY MATERIALS SCIENCE AND ENGINEERING? ........
   1.3. CLASSIFICATION OF MATERIALS ………………………………
   1.4. MODERN MATERIALS’ NEEDS …………………………………..
2. CRYSTAL STRUCTURES: FUNDAMENTAL CONCEPTS …….
   2.1. UNIT CELLS ……………………………………….........................
   2.2. METALLIC CRYSTALLINE STRUCTURES ….................................
   2.3. CRYSTAL SYSTEMS ……….…………………………..…………...
   2.4. SINGLE CRYSTALS ………………………………………………..
   2.5. POLYCRYSTALLINE MATERIALS ………………………………..
   2.6. ANISOTROPY ……………………………………………………...
   2.7. NONCRYSTALLINE SOLIDS ………………………………………
3. IMPERFECTIONS IN SOLIDS ……………………………………..

   3.1. POINT DEFECTS ………………………………………………...
   3.2. DISLOCATIONS – LINEAR DEFECTS …………………………..
   3.3. INTERFACIAL  DEFECTS ……………………………………….
   3.4. BULK  OR  VOLUME  DEFECTS ………………………………..
4. MECHANICAL PROPERTIES OF METALS ……………………..

   4.1. TENSILE TESTS …………………………………………………...
   4.2. ELASTIC DEFORMATION. STRESS–STRAIN BEHAVIOR ………
   4.3. PLASTIC DEFORMATION ………………………………………..

   4.4. YIELDING AND YIELD STRENGTH ……………………………...
   4.5. TENSILE STRENGTH ……………………………………………...
   4.6. DUCTILITY ………………………………………………………...
   4.7. TOUGHNESS ………………………………………………………
5. DISLOCATIONS AND PLASTIC DEFORMATION ……………..

6. MECHANISMS OF STRENGTHENING IN METALS …………...
   6.1. STRENGTHENING  BY  GRAIN  SIZE  REDUCTION …………..
   6.2. SOLID-SOLUTION STRENGTHENING …………………………
   6.3. STRAIN HARDENING ……………………………………………..
7. RECOVERY, RECRYSTALLIZATION AND GRAIN GROWTH 
   7.1. RECOVERY ………………………………………………………...
   7.2. RECRYSTALLIZATION …………………………………………….
   7.3. HOT AND COLD PLASTIC DEFORMATION …………………….
8. ALLOYS ……………………………………………………………….

   8.1. INTERACTION OF COMPONENTS IN ALLOYS …………………

   8.2. PHASE DIAGRAMS OF BINARY ALLOYS ………………………..
9. IRON – CARBON ALLOYS …………………………………………

   9.1. THE IRON–IRON CARBIDE PHASE DIAGRAM …………………
   9.2 PLAIN CARBON STEELS …………………………………………..
   9.3. TYPICAL APPLICATION AND MECHANICAL PROPERTIES

          OF STEELS ………………………………………………………...
   9.4. CAST IRONS ……………………………………………………….
10. HEAT TREATMENT OF STEEL …………………………………

   10.1. WHAT IS HEAT TREATMENT? ………………………………….
   10.2. PHASE TRANSFORMATION IN STEELS UPON HEATING ……
   10.3. AUSTENITE GRAIN AND PROPERTIES OF STEEL ……………
   10.4. EQUILIBRIUM PHASE TRANSFORMATION IN STEELS UPON

            COOLING ………………………………………………………...
   10.5. NONEQUILIBRIUM PHASE TRANSFORMATION IN STEELS ...
   10.6. TRANSFORMATION UPON HEATING OF MARTENSITE ……..
   10.7. HEAT TREATMENT OPERATIONS ……………………………...
11. NONFERROUS METALS AND ALLOYS ………………………..

   11.1. ALUMINUM ALLOYS ……………………………………………
   11.2. TITANIUM ALLOYS ………………………………………………
   11.3. COPPER ALLOYS ………………………………………………...
12. NONMETALLIC STRUCTURAL MATERIALS ………………...
   12.1. RESTRICTIONS IN METALS PERFORMANCE …………………
   12.2. POLYMERS, OR PLASTICS ……………………………………...
   12.3. CERAMICS ………………………………………………………..
   12.4. COMPOSITE MATERIALS ……………………………………….
            REFERENCES ……………………………………………………

	5
5
8
9
11
13
13
14
18
20
20
21
22
24
24
27
29
31
32
32
33
34
35
35
36
37
40
46
46
47
48
50
50
51
52
54
54
57
66
66
73
75

82
89
90
90
92
93
96
99
100
111
111
115
117
121
121
121
127
130
135


1. INTRODUCTION
1.1. WHAT  DOES  MATERIALS  SCIENCE  STUDY?
There is no necessity to explain what a material is. Everything that surrounds us, all our technique, buildings, constructions, use subjects which consist of various natural or artificial materials. In a limit concept “material” is similar to concept “substance”.
Materials are probably more deep-seated in our culture than most of us realize. Transportation, housing, clothing, communication, recreation, and food production – virtually every segment of our everyday lives is influenced to one degree or another by materials. The role of materials in the history of mankind is so important that the whole epochs of civilisation development are named by materials prevailed: Stone Age, Bronze Age, Iron Age… The earliest humans had access to only a very limited number of natural materials: stone, wood, clay, and so on. Further they discovered techniques for producing materials that had properties superior to those of the natural ones: pottery and various metals. It was discovered that the properties of a material could be altered by heat treatments and by the addition of other substances. Development of new materials allowed a society to rise on a new step, to satisfy the requirements. Therefore together with the mankind development the knowledge of natural and artificial materials properties collected.

In the modern world the materials science is dynamically developing branch of science, one of the most actual and perspective directions of human activity. The scientists came to understand the relationships between the structural elements of materials and their properties. Nowadays, tens of thousands of different materials have evolved with rather specialized characteristics that meet the needs of our modern and complex society.

The development of many technologies that makes our existence so comfortable has been intimately associated with the accessibility of suitable materials. Advancement in the understanding of a material type is often the forerunner to the stepwise progression of technology. For example, automobiles would not have been possible without the availability of inexpensive steel or some other comparable substitutes. Modern sophisticated electronic devices rely on components that are made from semi-conducting materials.

Tomsk has not stood aside: the Academician Institute of Strength Physics and Materials Science successfully operates in our city; scientists of the Institute co-operate with TPU in the field of new materials researching and design.
The discipline of materials science involves investigating the relationships that exist between the structures and properties of materials. In contrast, materials engineering is, on the basis of these structure-property correlations, designing the structure of a material to produce a predetermined set of properties. Thus, studying materials science one should pay attention to the relationships between material properties and structural elements.

The term “structure” needs some explanation. In brief, the structure of a material usually relates to the arrangement of its internal components. Subatomic structure involves electrons within the individual atoms and interactions with their nuclei. On the atomic level, structure encompasses the organization of atoms or molecules relative to one another. The next larger structural realm, which contains large groups of atoms that are normally agglomerated together, is termed “microscopic”, meaning that which is subject to direct observation using some type of microscope. Finally, structural elements that may be viewed with the naked eye are termed “macroscopic”.
So, materials science operates with, at least, three levels of structure components:
· macrostructure, visible with the naked eye or by means of a magnifier, embraces the objects more than 10-4 m, or 0.1 mm in size,
· microstructure, observed by means of an optical microscope, implies the investigation of objects not less than 10-7 m, or 0.1 µm in size),
· fine structure, meaning a structure of molecules and atoms, an arrangement of elementary particles in molecules and crystals, is studied with the help of X-ray diffraction analysis; it is directly observed in an electronic microscope. The size of objects is about 
10-10 m, or 0.1 nm.
Rather recently (in the end of XX century) a concept of nanostructure becomes a centre of scientific interest. Nanostructure involves objects in a material, having size from tithes of nm to 100 nm. (1 nm = 10-9 m.)
The notion of “property” deserves elaboration. While in service use, all materials are exposed to external stimuli that evoke some type of response. For example, a specimen subjected to forces will experience deformation; or a polished metal surface will reflect light. Property is a material trait in terms of the kind and magnitude of response to a specific imposed stimulus. Generally, definitions of properties are made independent of material shape and size.

Virtually all important properties of solid materials may be grouped into six different categories: mechanical, electrical, thermal, magnetic, optical, and deteriorative. For each there is a characteristic type of stimulus capable of provoking different responses. Mechanical properties relate deformation to an applied load or force; examples include elastic modulus and strength. For electrical properties, such as electrical conductivity and dielectric constant, the stimulus is an electric field. The thermal behavior of solids can be represented in terms of heat capacity and thermal conductivity. Magnetic properties demonstrate the response of a material to the application of a magnetic field. For optical properties, the stimulus is electromagnetic or light radiation; index of refraction and reflectivity are representative optical properties. Finally, deteriorative characteristics indicate the chemical reactivity of materials.
In addition to structure and properties, two other important components are involved in the science and engineering of materials, namely “processing” and “performance”. With regard to the relationships of these four components, the structure of a material will depend on how it is processed. Furthermore, a material’s performance will be a function of its properties. Thus, the interrelationship between processing, structure, properties, and performance is linear, as depicted in the schematic illustration shown in Figure 1.1. The relationships among these four components make the object of materials science researches.
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Figure 1.1 The four components of the discipline of materials science
and engineering and their linear interrelationship

An example of these processing-structure-properties-performance principles is shown in Figure 1.2. In a photograph three thin disk specimens are placed over some printed matter. It is obvious that the optical properties (i. e., the light transmittance) of each of the three materials are different; the one on the left is transparent (i. e., virtually all of the reflected light passes through it), whereas the disks in the center and on the right are, respectively, translucent and opaque. All of these specimens are of the same material, aluminum oxide, but the leftmost one is what we call a single crystal – that is, it is highly perfect – which gives rise to its transparency. The center one is composed of numerous and very small single crystals that are all connected; the boundaries between these small crystals scatter a portion of the light reflected from the printed page, which makes this material optically translucent. And finally, the specimen on the right is composed not only of many small, interconnected crystals, but also of a large number of very small pores or void spaces. These pores also effectively scatter the reflected light and render this material opaque.

Thus, the structures of these three specimens are different in terms of crystal boundaries and pores (Fig. 1.3), which affect the optical transmittance properties. Furthermore, each material was produced using a different processing technique. And, of course, if optical transmittance is an important parameter relative to the ultimate in-service application, the performance of each material will be different.

[image: image1.png]
Figure 1.2 The light transmittance of three aluminum oxide specimens.
From left to right: single-crystal material, polycrystalline nonporous material,
[image: image26.png]polycrystalline porous material (5 % porosity)
Figure 1.3 The scheme of structures of three specimens, shown in Figure 1.2
1.2. WHY  STUDY  MATERIALS  SCIENCE  AND  ENGINEERING?

A lot of applied scientists or engineers, whether mechanical, civil, chemical, or electrical, will at one time or another be exposed to a design problem involving materials. Examples might include a transmission gear, the superstructure for a building, an oil refinery component, or an integrated circuit chip. Of course, materials scientists and engineers are specialists who are totally involved in the investigation and design of materials.

Usually, a materials problem is one of selecting the right material from the many thousands that are available. There are several criteria the final decision is normally based on. First of all, the in-service conditions must be characterized, for these will dictate the properties required of the material. On only rare occasions does a material possess the maximum or ideal combination of properties. Thus, it may be necessary to interchange one characteristic with another. The classic example involves strength and ductility; normally, a material having a high strength will have only a limited ductility. In such cases a reasonable compromise between two or more properties may be necessary.

A second selection consideration is any deterioration of material properties that may occur during service operation. For example, significant reductions in mechanical strength may result from exposure to elevated temperatures or corrosive environments.

Finally, probably the overriding consideration is that of economics: What will the finished product cost. A material may be found that has the ideal set of properties but is prohibitively expensive. Here again, some compromise is inevitable. The cost of a finished piece also includes any expense incurred during fabrication to produce the desired shape.

The more familiar an engineer or scientist is with the various characteristics and structure-property relationships, as well as processing techniques of materials, the more proficient and confident he or she will be to make judicious materials choices based on these criteria.

Creation of new materials and knowledge of laws controlling their behaviour allow save raw materials, reduce weight of machines and constructions, achieve high accuracy of parts manufacturing, raise reliability and durability of technique, and increase capacity of engines.
New materials generate new technologies and the whole new branches of activity, as it was mentioned above. Occurrence of semi-conductor materials and liquid crystals has played the main role in electronics, in aircraft and rocket production composites caused a tremendous progress, in a radio engineering superconducting materials and amorphous alloys give new possibilities.
Mechanical engineers should understand the internal structure of materials, of which parts of machines, constructions, and tools are made. It is necessary to know properties of materials under operating conditions, their reaction to change loadings and other environmental conditions. It gives the chance to solve many questions competently: concerning a choice of materials for various products, suitability of details to the further operation, probability of products failure, prevention of emergency situations.
1.3. CLASSIFICATION  OF  MATERIALS
Solid materials have been conveniently grouped into three basic classifications: metals, ceramics, and polymers. This scheme is based primarily on chemical makeup and atomic structure, and most materials fall into one distinct grouping or another, although there are some intermediates. In addition, there are three other groups of important engineering materials – composites, semiconductors, and biomaterials. Composites consist of combinations of two or more different materials, whereas semiconductors are utilized because of their unusual electrical characteristics, biomaterials are implanted into the human body. A brief explanation of the material types and representative characteristics is offered next.

METALS

Metallic materials are normally combinations of metallic elements. They have large numbers of non-localized electrons; that is, these electrons are not bound to particular atoms. Many properties of metals are directly attributable to these electrons. Metals are extremely good conductors of electricity and heat and are not transparent to visible light; a polished metal surface has a lustrous appearance. Furthermore, metals are quite strong, yet deformable, which accounts for their extensive use in structural applications.

CERAMICS

Ceramics are compounds between metallic and nonmetallic elements; they are most frequently oxides, nitrides, and carbides. The wide range of materials that falls within this classification includes ceramics that are composed of clay minerals, cement, and glass. These materials are typically insulative to the passage of electricity and heat, and are more resistant to high temperatures and harsh environments than metals and polymers. With regard to mechanical behavior, ceramics are hard but very brittle.

POLYMERS

Polymers include the familiar plastic and rubber materials. Many of them are organic compounds that are chemically based on carbon, hydrogen, and other nonmetallic elements; furthermore, they have very large molecular structures. These materials typically have low densities and may be extremely flexible.

COMPOSITES

A number of composite materials have been engineered that consist of more than one material type. Fiberglass is a familiar example, in which glass fibers are embedded within a polymeric material. A composite is designed to display a combination of the best characteristics of each of the component materials. Fiberglass acquires strength from the glass and flexibility from the polymer. Many of the recent material developments have involved composite materials.

SEMICONDUCTORS

Semiconductors have electrical properties that are intermediate between the electrical conductors and insulators. Furthermore, the electrical characteristics of these materials are extremely sensitive to the presence of minute concentrations of impurity atoms, which concentrations may be controlled over very small spatial regions. The semiconductors have made possible the advent of integrated circuitry that has totally revolutionized the electronics and computer industries (not to mention our lives) over the past two decades.

BIOMATERIALS

Biomaterials are employed in components implanted into the human body for replacement of diseased or damaged body parts. These materials must not produce toxic substances and must be compatible with body tissues (i. e., must not cause adverse biological reactions). All of the above materials – metals, ceramics, polymers, composites, and semiconductors – may be used as biomaterials. For example, there are some of the biomaterials that are utilized in artificial hip replacements.

Materials that are utilized in high-technology (or high-tech) applications are sometimes termed advanced materials. Expression “high technology” means a device or product that operates or functions using relatively intricate and sophisticated principles.

Examples include electronic equipment computers, fiber-optic systems, spacecraft, aircraft, and military rocketry. These advanced materials are typically either traditional material, whose properties have been enhanced, or newly developed, high-performance materials. Furthermore, they may be of all material types (e. g., metals, ceramics, polymers), and are normally relatively expensive. The examples of applications of a number of advanced materials are those which are used for lasers, integrated circuits, magnetic information storage, liquid crystal displays, fiber optics.

1.4. MODERN  MATERIALS’  NEEDS

In spite of the tremendous progress that has been made in the discipline of materials science and engineering within the past few years, there still remain technological challenges, including the development of even more sophisticated and specialized materials, as well as consideration of the environmental impact of materials production. Some comment is appropriate relative to these issues so as to round out this perspective.

Nuclear energy holds some promises, but the solutions of many problems that remain will necessarily involve materials, from fuels to containment structures to facilities for the disposal of radioactive waste.

Significant quantities of energy are involved in transportation. Reducing the weight of transportation vehicles (automobiles, aircraft, trains, etc.), as well as increasing engine operating temperatures, will enhance fuel efficiency. New high-strength, low-density structural materials remain to be developed, as well as materials that have higher-temperature capabilities, for use in engine components.

Furthermore, there is a recognized need to find new, economical sources of energy, and to use the present resources more efficiently. Materials will undoubtedly play a significant role in these developments. For example, the direct conversion of solar into electrical energy has been demonstrated. Solar cells employ some rather complex and expensive materials. To ensure a viable technology, materials that are highly efficient in this conversion process yet less costly must be developed.

Furthermore, pollution control techniques employ various materials. In addition, materials processing and refinement methods need to be improved so that they produce less environmental degradation, that is, less pollution and less despoil age of the landscape from the mining of raw materials. Also, in some materials manufacturing processes, toxic substances are produced, and the ecological impact of their disposal must be considered.

Many materials that we use are derived from resources that are nonrenewable, that is, not capable of being regenerated. These include polymers, for which the prime raw material is oil, and some metals. These nonrenewable resources are gradually becoming depleted, which necessitates: 1) the discovery of additional reserves, 2) the development of new materials having comparable properties with less adverse environmental impact, and/or 3) increased recycling efforts and the development of new recycling technologies. As a consequence of the economics of not only production but also environmental impact and ecological factors, it is becoming increasingly important to consider the “cradle-to-grave” life cycle of materials relative to the overall manufacturing process.

The roles that materials scientists and engineers play relative to these, as well as other environmental and societal issues are vital.

Questions and problems

1. How does the society development depend on materials?

2. What were the first materials at the beginning of human era?
3. How does the study of material types influence our life?
4. What makes automobiles available in our life?

5. How do you understand the term “structure”?
6. What kind of engineer are you?

7. Why is it necessary for you to study materials and their properties?
8. What are the main criteria for selecting the right material?

9. What are the main groups of engineering materials?
10. List the steps to save nonrenewable resources.
2. CRYSTAL  STRUCTURES:  FUNDAMENTAL  CONCEPTS

The present chapter is devoted to the atomic level of the materials structure, specifically, to some of the arrangements that may be assumed by atoms in the solid state.
Solid materials may be classified according to the regularity with which atoms or ions are arranged with respect to one another. A crystalline material is one in which the atoms are situated in a repeating or periodic array over large atomic distances; that is, long-range order exists, such that upon solidification, the atoms will position themselves in a repetitive three-dimensional pattern, in which each atom is bonded to its nearest-neighbor atoms. All metals, many ceramic materials, and certain polymers form crystalline structures under normal solidification conditions. For those that do not crystallize, this long-range atomic order is absent; these materials are called noncrystalline or amorphous.

Some of the properties of crystalline solids depend on the crystal structure of the material, the manner in which atoms, ions, or molecules are spatially arranged. There is an extremely large number of different crystal structures all having long-range atomic order, these vary from relatively simple structures for metals, to exceedingly complex ones, as displayed by some of the ceramic and polymeric materials. The present discussion deals with several common metallic crystal structures.
When describing crystalline structures, atoms (or ions) are thought of as being solid spheres having well-defined diameters. This is termed the atomic hard sphere model in which spheres representing nearest-neighbor atoms touch one another.

An example of the hard sphere model for the atomic arrangement found in some of the common elemental metals is displayed in Figure 2.1, c. In this particular case all the atoms are identical. Sometimes the term lattice is used in the context of crystal structures; in this sense “lattice” means a three-dimensional array of points coinciding with atom positions (or sphere centers).

2.1. UNIT  CELLS

The atomic order in crystalline solids indicates that small groups of atoms form a repetitive pattern. Thus, in describing crystal structures, it is often convenient to subdivide the structure into small repeat entities called unit cells. Unit cells for most crystal structures are parallelepipeds or prisms having three sets of parallel faces; one is drawn within the aggregate of spheres (Figure 2.1, c), which in this case happens to be a cube. A unit cell is chosen to represent the symmetry of the crystal structure, wherein all the atom positions in the crystal may be generated by translations of the unit cell integral distances along each of its edges. Thus, the unit cell is the basic structural unit or building block of the crystal structure and defines the crystal structure by virtue of its geometry and the atom positions within. Convenience usually dictates that parallelepiped corners coincide with centers of the hard sphere atoms. Furthermore, more than a single unit cell may be chosen for a particular crystal structure; however, we generally use the unit cell having the highest level of geometrical symmetry.
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Figure 2.1 Face-centered cubic crystal structure:
a – a hard sphere unit cell representation, b – a reduced-sphere unit cell,
c – an aggregate of many atoms
2.2. METALLIC  CRYSTALLINE  STRUCTURES
The atomic bonding in this group of materials is metallic, and thus nondirectional in nature. Consequently, there are no restrictions as to the number and position of nearest-neighbor atoms; this leads to relatively large numbers of nearest neighbors and dense atomic packings for most metallic crystal structures. Also, for metals, using the hard sphere model for the crystal structure, each sphere represents an ion core. Table 2.1 presents the atomic radius for a number of metals. Three relatively simple crystal structures are found for most of the common metals: face-centered cubic, body-centered cubic and hexagonal close-packed.

The face-centered cubic crystal structure

The crystal structure found for many metals has a unit cell of cubic geometry, with atoms located at each of the corners and the centers of all the cube faces. It is aptly called the face-centered cubic (FCC) crystal structure. Some of the familiar metals having this crystal structure are copper, aluminum, silver, and gold (Table 2.1). Figure 2.1, a shows a hard sphere model for the unit cell, whereas in Figure 2.1, b the atom centers are represented by small circles to provide a better perspective of atom positions. The aggregate of atoms in Figure 2.1, с represents a section of crystal consisting of many FCC unit cells. These spheres or ion cores touch one another across a face diagonal; the cube edge length a and the atomic radius R are related through
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Table 2.1 Atomic Radius and Crystal Structures of Metals

	Metal
	Crystal Structure
	Atomic Radius (nm)
	Metal
	Crystal Structure
	Atomic Radius (nm)

	Aluminum Cadmium


	FCC

HCP
	0.1431 0.1490
	Molybdenum Nickel
	BCC

FCC
	0.1363

0.1246

	Chromium
	BCC
	0.1249
	Platinum
	FCC
	0.1387

	Cobalt


	HCP
	0.1253
	Silver
	FCC
	0.1445

	Copper

Gold

Iron (α)

Lead
	FCC

FCC

BCC

FCC
	0.1278 0.1442 0.1241 0.1750
	Tantalum Titanium (α) Tungsten

Zinc
	BCC

HCP

BCC

HCP
	0.1430

0.1445

0.1371

0.1332


For the FCC crystal structure, each corner atom is shared among eight unit cells, whereas a face-centered atom belongs to only two. Therefore, one eighth of each of the eight corner atoms and one half of each of the six face atoms, or a total of four whole atoms, may be assigned to a given unit cell. This is depicted in Figure 2.1, a, where only sphere portions are represented within the confines of the cube. The cell comprises the volume of the cube, which is generated from the centers of the corner atoms.

Corner and face positions are really equivalent; that is, translation of the cube corner from an original corner atom to the center of a face atom will not alter the cell structure.

Two other important characteristics of a crystal structure are the coordination number and the atomic packing factor (APF). For metals, each atom has the same number of nearest-neighbour or touching atoms, which is the coordination number. For face-centred cubic structure, the coordination number is 12. This may be confirmed by examination of Figure 2.1, a; the front face atom has four corner nearest-neighbor atoms surrounding it, four face atoms that are in contact from behind, and four other equivalent face atoms residing in the next unit cell to the front, which is not shown.

The APF is the fraction of solid sphere volume in a unit cell, assuming the atomic hard sphere model, or

            Volume of atoms in a unit cell
APF =





.
(2.2)
Total unit cell volume

[image: image33.jpg]
For the FCC structure, the atomic packing factor is 0.74, which is the maximum packing possible for spheres all having the same diameter. Computation of this APF is also included as an example problem. Metals typically have relatively large atomic packing factors to maximize the shielding provided by the free electron cloud.

The body-centered cubic crystal structure

Another common metallic crystal structure also has a cubic unit cell with atoms located at all eight corners and a single atom at the cube center. This is called a body-centered cubic (BCC) crystal structure. A collection of spheres depicting this crystal structure is shown in Figure 2.2, c, whereas Figures 2.2, a and 2.2, b are diagrams of BCC unit cells with the atoms represented by hard sphere and reduced-sphere models, respectively. Center and corner atoms touch one another along cube diagonals, and unit cell length a and atomic radius R are related through
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Figure 2.2 Body-centered cubic crystal structure:
a – a hard sphere unit cell representation, b – a reduced-sphere unit cell,
c – an aggregate of many atoms

Chromium, iron, tungsten, as well as several other metals listed in Table 2.1 exhibit a BCC structure.

Two atoms are associated with each BCC unit cell: the equivalent of one atom from the eight corners, each of which is shared among eight unit cells, and the single center atom, which is wholly contained within its cell. In addition, corner and center atom positions are equivalent. The coordination number for the BCC crystal structure is 8; each center atom has as nearest neighbors its eight corner atoms. Since the coordination number is less for BCC than FCC, so also is the atomic packing factor for BCC lower – 0.68 versus 0.74.

Hexagonal close-packed crystal structure

Not all metals have unit cells with cubic symmetry; the final common metallic crystal structure to be discussed has a unit cell that is hexagonal. Figure 2.3, а shows a reduced-sphere unit cell for this structure, which is termed hexagonal close-packed (HCP); an assemblage of several HCP unit cells is presented in Figure 2.3, b. The top and bottom faces of the unit cell consist of six atoms that form regular hexagons and surround a single-atom in the centre. Another plane that provides three additional atoms to the unit cell is situated between the top and bottom planes. The atoms in this midplane have as nearest neighbours atoms in both of the adjacent two planes. The equivalent of six atoms is contained in each unit cell; one-sixth of each of the 12 top and bottom face corner atoms, one-half of each of the 2 centre face atoms, and all the 3 midplane interior atoms. If a and c represent, respectively, the short and long unit cell dimensions of Figure 2.3, a, the c/a ratio should be 1.633; however, for some HCP metals this ratio deviates from the ideal value.

The coordination number and the atomic packing factor for the HCP crystal structure are the same as for FCC: 12 and 0.74, respectively. The HCP metals include cadmium, magnesium, titanium, and zinc.
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Figure 2.3 Hexagonal close-packed crystal structure:
a – a reduced sphere unit cell (a and c represent the short and long edge lengths),
b – aggregate of many atoms

2.3. CRYSTAL  SYSTEMS
[image: image39.jpg]Since there are many different possible crystal structures, it is sometimes conveniently to divide them into groups according to unit cell configurations and atomic arrangements. One such scheme is based on the unit cell geometry, that is, the shape of the appropriate unit cell parallelepiped without regard to the atomic positions in the cell. Within this framework, an x, y, z coordinate system is established with its origin at one of the unit cell corners; each of the x, y, and z axes coincides with one of the three parallelepiped edges that extend from this corner, as illustrated in Figure 2.4. The unit cell geometry is completely defined in terms of six parameters: the three edge lengths a, b, and c, and the three interaxial angles α, β and γ. These are indicated in Figure 2.4, and are sometimes termed the lattice parameters of a crystal structure.

On this basis there are found crystals having seven different possible combinations of a, b, and c, and α, β and γ, each of which represents a distinct crystal system. These seven crystal systems are cubic, tetragonal, hexagonal, orthorhombic, rhombohedral, monoclinic, and triclinic. The lattice parameter relationships and unit cell sketches for each are represented in Table 2.2.

Table 2.2 Lattice Parameter Relationships Showing Unit Cell Geometries

for the Seven Crystal Systems

	Crystal System
	Axial Relationship
	Interaxial Angles
	Unit Cell Geometry

	Cubic
	a = b = c
	α = β = γ = 90°
	[image: image9.png]

	Hexagonal
	a = b ≠ c
	α = β = 90°, 

γ = 120°
	[image: image10.png]

	Tetragonal
	a = b ≠ c
	α = β = γ = 90°
	[image: image11.png]

	Rhombohedral
	a = b = c
	α = β = γ ≠ 90°
	[image: image12.png]

	Orthorhombic
	a ≠ b ≠ c
	α = β = γ = 90°
	[image: image13.png]

	Monoclinic
	a ≠ b ≠ c
	α = γ = 90° ≠ β
	[image: image14.png]

	Triclinic
	a ≠ b ≠ c
	α ≠ β ≠ γ ≠ 90°
	[image: image15.png]


The cubic system, for which a = b = c and α = β = γ = 90°, has the greatest degree of symmetry. Least symmetry is displayed by the triclinic system, since a ≠ b ≠с and α ≠ β ≠ γ. From the discussion of metallic crystal structures, it should be apparent that both FCC and BCC structures belong to the cubic crystal system, whereas HCP falls within hexagonal. The conventional hexagonal unit cell really consists of three parallelepipeds situated as shown in Table 2.2.
It is important to note that many of the principles and concepts in previous addressed discussions in this chapter also apply to crystalline ceramic and polymeric systems. For example, crystal structures are most often described in terms of unit cells, which are normally complex than those for FCC, BCC, and HCP. In addition, for these other more systems, we are often interested in determining atomic packing factors and densities, using modified forms of Equations 2.2 and density computation. Furthermore, according to unit cell geometry, crystal structures of these other material types are grouped within the seven crystal systems.

2.4. SINGLE  CRYSTALS
[image: image40.jpg]For a crystalline solid, when the periodic and repeated arrangement of atoms is perfect or extends throughout the entirety of the specimen without interruption, the result is a single crystal. All unit cells interlock in the same way and have the same orientation. Single crystals exist in nature, but they may also be produced artificially. They are ordinarily difficult to grow, because the environment must be carefully controlled.

If the extremities of a single crystal are permitted to grow without any external constraint, the crystal will assume a regular geometric shape having flat faces, as with some of the gem stones; the shape is indicative of the crystal structure. A photograph of several single crystals is shown in Figure 2.5. Within the past few years, single crystals have become extremely important in many of our modern technologies, in particular electronic microcircuits, which employ single crystals of silicon and other semiconductors.

2.5. POLYCRYSTALLINE  MATERIALS
Most crystalline solids are composed of a collection of many small crystals or grains; such materials are termed polycrystalline. Various stages in the solidification of a polycrystalline specimen are represented schematically in Figure 2.6. Initially, small crystals or nuclei form at various positions. These have random crystallographic orientations, as indicated by the square grids. The small grains grow by the successive addition from the surrounding liquid of atoms to the structure of each. The extremities of adjacent grains impinge on one another as the solidification process approaches completion. As indicated in Figure 2.7, the crystallographic orientation varies from grain to grain. Also, there exists some atomic mismatch within the region where two grains meet; this area is called a grain [image: image41.png]boundary.

Figure 2.6 Scheme showing solidification of a polycrystalline material.

Upon completion of solidification, grains of irregular shapes have formed

[image: image42.png]
Figure 2.7 The grain structure and fracture as they appear under the microscope;
dark lines are the grain boundaries

2.6. ANISOTROPY
The physical properties of single crystals of some substances depend on the crystallographic direction in which measurements are taken. For example, the elastic modulus, the electrical conductivity, and the index of refraction may have different values in the [100] and [111] directions. This directionality of properties is termed anisotropy and it is associated with the variance of atomic or ionic spacing with crystallographic direction. Substances in which measured properties are independent of the direction of measurement are isotropic. The extent and magnitude of anisotropic effects in crystalline materials are functions of the symmetry of the crystal structure; the degree of anisotropy increases with decreasing structural symmetry – triclinic structures are normally highly anisotropic. The modulus of elasticity values at [100], [110], and [111] orientations for several materials are presented in Table 2.3.

For many polycrystalline materials, the crystallographic orientations of the individual grains are totally random. Under these circumstances, even though each grain may be anisotropic, a specimen composed of the grain aggregate behaves isotropically. Also, the magnitude of a measured property represents some average of the directional values. Sometimes the grains in polycrystalline materials have a preferential crystallographic orientation, in this case the material is said to have a “texture”.

Table 2.3 Modulus of Elasticity Values for Several Metals
at Various Crystallographic Orientations
	Metal
	Modulus of Elasticity (GPa)

	
	[100]
	[110]
	[111]

	Aluminum
	63.7
	72.6
	76.1

	Copper 
	66.7
	130.3
	191.1

	Iron
	125.0
	210.5
	272.7

	Tungsten
	384.6
	384.6
	384.6


2.7. NONCRYSTALLINE  SOLIDS
It has been mentioned that noncrystalline solids lack a systematic and regular arrangement of atoms over relatively large atomic distances. Sometimes such materials are also called amorphous (meaning literal – without form), or supercooled liquids, inasmuch as their atomic structure resembles that of a liquid.

An amorphous condition may be illustrated by comparison of the crystalline and noncrystalline structures of the ceramic compound silicon dioxide (SiO2), which may exist in both states. Figures 2.8, a and 2.8, b present two-dimensional schematic diagrams for both structures of SiO2, even though each silicon ion bonds to three oxygen ions for both states. Beyond this, the structure is much more disordered and irregular for the noncrystalline structure.

Whether a crystalline or amorphous solid form depends on the ease with which a random atomic structure in the liquid can transform to an ordered state during solidification. Amorphous materials, therefore, are characterized by atomic or molecular structures that are relatively complex and become ordered only with some difficulty. Furthermore, rapidly cooling through the freezing temperature favors the formation of a noncrystalline solid, since little time is allowed for the ordering process.

[image: image43.jpg]
Figure 2.8 Two-dimensional schemes of the structure:

a – of crystalline silicon dioxide; b – of noncrystalline silicon dioxide

Metals normally form crystalline solids; but some ceramic materials are crystalline, whereas others, the inorganic glasses, are amorphous. Polymers may be completely crystalline, entirely noncrystalline, or a mixture of the two.

Questions and problems

1. Why is a unit cell chosen for the analysis of crystal structures?
2. What does the unit cell define?
3. What kind of unit cell do we usually use, drawing a scheme of crystal structure?

4. How can be solids classified?
5. What do the properties of crystalline solids depend on?

6. Describe BCC, FCC, and HCP crystal structures.

7. What is the result when the repeated arrangement is perfect?

8. How should crystal structures be divided?
9. Which cubic system has the best symmetry?
10. What are the parts of the conventional hexagonal unit cell?
11. Using data of Table 2.3 explain the notion “anisotropy”.
12. What are linear (a, b, c) and angle (α, β, γ) parameters for seven crystal system? Use the Table 2.2.
13. Why polycrystalline materials are not anisotropic?
3. IMPERFECTIONS  IN  SOLIDS
In previous chapter it has been assumed that perfect order exists throughout crystalline materials on an atomic scale. However, such an idealized solid does not exist; all contain large numbers of various defects or imperfections. As a matter of fact, many of the properties of materials are profoundly sensitive to deviations from crystalline perfection; the influence is not always adverse, and often specific characteristics are deliberately fashioned by the introduction of controlled amounts or numbers of particular defects, as detailed in succeeding chapters.
By “crystalline defect” is meant a lattice irregularity having one or more of its dimensions on the order of an atomic diameter. Classification of crystalline imperfections is frequently made according to geometry or dimensionality of the defect. Several different imperfections are discussed in this chapter, including point defects (those associated with one or two atomic positions), linear (or one-dimensional) defects, as well as interfacial defects, or boundaries, which are two-dimensional. Impurities in solids are also discussed, since impurity atoms may exist as point defects. Finally, techniques for the microscopic examination of defects and the structure of materials are briefly described.
3.1. POINT  DEFECTS

Vacancies and self-interstitials
[image: image44.png]The simplest of the point defects is a vacancy, or vacant lattice site, one normally occupied from which an atom is missing (Figure 3.1). All crystalline solids contain vacancies and, in fact, it is not possible to create such a material that is free of these defects. The necessity of the existence of vacancies is explained using principles of thermodynamics; in essence, the presence of vacancies increases the entropy (i. e., the randomness) of the crystal.

A self-interstitial is an atom from the crystal that is crowded into an interstitial site, a small void space that under ordinary circumstances is not occupied. This kind of defect is also represented in Figure 3.1. In metals, a self-interstitial introduces relatively large distortions in the surrounding lattice because the atom is substantially larger than the interstitial position in which it is situated. Consequently, the formation of this defect is not highly probable, and it exists in very small concentrations, which are significantly lower than for vacancies.
Impurities in solids

A pure metal consisting of only one type of atom just isn't possible; impurity or foreign atoms will always be present, and some will exist as crystalline point defects. In fact, even with relatively sophisticated techniques, it is difficult to refine metals to purity in excess of 99.9999 %. At this level, on the order of 1022 to 1023 impurity atoms will be present in one cubic meter of material. Most familiar metals are not highly pure; rather, they are alloys, in which impurity atoms have been added intentionally to impart specific characteristics to the material. Ordinarily alloying is used in metals to improve mechanical strength and corrosion resistance. For example, sterling silver is a 92.5 % silver–7.5 % copper alloy. In normal ambient environments, pure silver is highly corrosion resistant, but also very soft. Alloying with copper enhances the mechanical strength significantly, without depreciating the corrosion resistance appreciably.
The addition of impurity atoms to a metal will result in the formation of a solid solution and/or a new second phase, depending on the kinds of impurity, their concentrations, and the temperature of the alloy. The present discussion is concerned with the notion of a solid solution.
Several terms relating to impurities and solid solutions deserve mention. With regard to alloys, solute and solvent are terms that are commonly employed. “Solvent” represents the element or compound that is present in the greatest amount; on occasion, solvent atoms are also called host atoms. “Solute” is used to denote an element or compound present in a minor concentration.
A solid solution forms when, as the solute atoms are added to the host material, the crystal structure is maintained, and no new structures are formed. Perhaps it is useful to draw an analogy with a liquid solution. If two liquids, soluble in each other (such as water and alcohol) are combined, a liquid solution is produced as the molecules intermix, and its composition is homogeneous throughout. A solid solution is also compositionally homogeneous; the impurity atoms are randomly and uniformly dispersed within the solid.
Impurity point defects are found in solid solutions, of which there are two types: substitutional and interstitial. For substitutional, solute or impurity atoms replace or substitute for the host atoms (Figure 3.2). There are several features of the solute and solvent atoms that determine the degree to which the former dissolves in the latter; these are as follows:
1. Atomic size factor. Appreciable quantities of a solute may be accommodated in this type of solid solution only when the difference in atomic radii between the two atom types is less than about ±15 %. Otherwise the solute atoms will create substantial lattice distortions and a new phase will form.
2. Crystal structure. For appreciable solid solubility the crystal structures for metals of both atom types must be the same.
3. Electronegativity. The more electropositive one element and the more electronegative the other, the greater is the likelihood that they will form an intermetallic compound instead of a substitutional solid solution.
4. Valences. Other factors being equal, a metal will have more of a tendency to dissolve another metal of higher valency than one of a lower valency.
An example of a substitutional solid solution is found for copper and nickel. These two elements are completely soluble in one another at all proportions. With regard to the aforementioned rules that govern degree of solubility, the atomic radii for copper and nickel are 0.128 and 0.125 nm, respectively, both have the FCC crystal structure, and their electronegativities are 1.9 and 1.8; finally, the most common valences are +1 for copper (although it sometimes can be +2) and +2 for nickel.
[image: image45.png]
Figure 3.2 Two-dimensional representations of substitutional
and interstitial impurity atoms

For interstitial solid solutions, impurity atoms fill the voids or interstices among the host atoms (Figure 3.2). For metallic materials that have relatively high atomic packing factors, these interstitial positions are relatively small. Consequently, the atomic diameter of an interstitial impurity must be substantially smaller than that of the host atoms. Normally, the maximum allowable concentration of interstitial impurity atoms is low (less than 10 %). Even very small impurity atoms are ordinarily larger than the interstitial sites, and as a consequence they introduce some lattice strains on the adjacent host atoms.
Carbon forms an interstitial solid solution when 'added to iron; the maximum concentration of carbon is about 2 %. The atomic radius of the carbon atom is much less than that for iron: 0.071 nm versus 0.124 nm. Solid solutions are also possible for ceramic materials.
3.2. DISLOCATIONS – LINEAR  DEFECTS
[image: image46.jpg]A dislocation is a linear or one-dimensional defect around which some of the atoms are misaligned. One type of dislocation is represented in Figure 3.3: an extra portion of a plane of atoms, or half-plane, the edge of which terminates within the crystal. This is termed an edge dislocation; it is a linear defect that centers around the line that is defined along the end of the extra half-plane of atoms. This is sometimes termed the dislocation line, which, for the edge dislocation in Figure 3.3, is perpendicular to the plane of the page. Within the region around the dislocation line there is some localized lattice distortion. The atoms above the dislocation line in Figure 3.3 are squeezed together, and those below are pulled apart; this is reflected in the slight curvature for the vertical planes of atoms as they bend around this extra half-plane. The magnitude of this distortion decreases with distance away from the dislocation line; at positions far removed, the crystal lattice is virtually perfect. Sometimes the edge dislocation in Figure 3.3 is represented by the symbol ┴, which also indicates the position of the dislocation line. An edge dislocation may also be formed by an extra half-plane of atoms that is included in the bottom portion of the crystal; its designation is a ┬.
Another type of dislocation, called a screw dislocation, exists, which may be thought of as being formed by a shear stress that is applied to produce the distortion shown in Figure 3.4: the upper front region of the crystal is shifted one atomic distance to the right relative to the bottom portion. The atomic distortion associated with a screw dislocation is also linear and along a dislocation line (the line goes through point A perpendicular to the face plane in Figure 3.4). The screw dislocation derives its name from the spiral or helical path or ramp that is traced around the dislocation line by the atomic planes of atoms. Sometimes the symbol С is used to designate a screw dislocation.
[image: image47.png]Most dislocations found in crystalline materials are probably neither pure edge nor pure screw, but exhibit components of both types; these are termed mixed dislocations. Mixed dislocation is represented schematically in Figure 3.5; the lattice distortion that is produced away from the two faces is mixed, having varying degrees of screw and edge character.
[image: image48.png]The magnitude and direction of the lattice distortion associated with a dislocation is expressed in terms of a Burgers vector, denoted by a b. Burgers vectors are indicated in Figures 3.3 and 3.4 for edge and screw dislocations, respectively. Furthermore, the nature of a dislocation (i. e., edge, screw, or mixed) is defined by the relative orientations of dislocation line and Burgers vector. For an edge, they are perpendicular (Fig. 3.3), whereas for a screw, they are parallel (Fig. 3.4); they are neither perpendicular nor parallel for a mixed dislocation. Also, even though a dislocation changes direction and nature within a crystal (e. g., from edge to mixed to screw), the Burgers vector will be the same at all points along its line. For example, all positions of the curved dislocation in Figure 3.5 will have the Burgers vector shown. For metallic materials, the Burgers vector for a dislocation will point in a close-packed crystallographic direction and will be of magnitude equal to the interatomic spacing.
Dislocations can be observed in crystalline materials using electron-microscopic techniques. In Figure 3.6, a high-magnification transmission electron micrograph, the dark lines are the dislocations.
[image: image49.jpg]
Figure 3.6 A transmission electron micrograph of a titanium alloy

in which the dark lines are dislocations
Virtually all crystalline materials contain some dislocations that were introduced during solidification, during plastic deformation, and as a consequence of thermal stresses that result from rapid cooling. Dislocations are involved in the plastic deformation of crystalline materials.
3.3. INTERFACIAL  DEFECTS

Interfacial defects are boundaries that have two dimensions and normally separate regions of the materials that have different crystal structures and/or crystallographic orientations. These imperfections include external surfaces, grain boundaries, twin boundaries, stacking faults, and phase boundaries.
One of the most obvious boundaries is the external surface, along which the crystal structure terminates. Surface atoms are not bonded to the maximum number of nearest neighbors, and are therefore in a higher energy state than the atoms at interior positions. The bonds of these surface atoms that are not satisfied give rise to a surface energy, expressed in units of energy per unit area (J/m2 or erg/cm2). To reduce this energy, materials tend to minimize, if at all possible, the total surface area. For example, liquids assume a shape having a minimum area – the droplets become spherical. Of course, this is not possible with solids, which are mechanically rigid.
Another interfacial defect is the grain boundary separating two small grains or crystals having different crystallographic orientations in polycrystalline materials. A grain boundary is represented schematically from an atomic perspective in Figure 3.7. Within the boundary region, which is probably just several atom distances wide, there is some atomic mismatch in a transition from the crystalline orientation of one grain to that of an adjacent one. Various degrees of crystallographic misalignment between adjacent grains are possible (Fig. 3.7). When this orientation mismatch is slight, on the order of a few degrees, then the term small-angle grain boundary is used. These boundaries can be described in terms of dislocation arrays. One simple small-angle grain boundary is formed when edge dislocations are aligned in the manner of Figure 3.8. This type is called a tilt boundary. When the angle of misorientation is parallel to the boundary, a twist boundary results, which can be described by an array of screw dislocations.
[image: image50.png]The atoms are bonded less regularly along a grain boundary (e. g., bond angles are longer), and consequently, there is an interfacial or grain boundary energy similar to the surface energy described above. The magnitude of this energy is a function of the degree of misorientation, being larger for high-angle boundaries. Grain boundaries are more chemically reactive than the grains themselves as a consequence of this boundary energy. Furthermore, impurity atoms often preferentially segregate along these boundaries because of their higher energy state. The total interfacial energy is lower in large or coarse-grained materials than in fine-grained ones, since there is less total boundary area in the former. Grains grow at elevated temperatures to reduce the total boundary energy.
[image: image51.jpg]In spite of this disordered arrangement of atoms and lack of regular bonding along grain boundaries, a polycrystalline material is still very strong; cohesive forces within and across the boundary are present. Furthermore, the density of a polycrystalline specimen is virtually identical to that of a single crystal of the same material.
3.4. BULK  OR  VOLUME  DEFECTS

Other defects exist in all solid materials that are much larger than those heretofore discussed. These include pores, cracks, foreign inclusions, and other phases. They are normally introduced during processing and fabrication steps.
[image: image52.jpg]
Figure 3.9 Photomicrograph shows non-metallic inclusion in steel,

which is a place of crack origin
Questions and problems

1. What principle underlies of classification of crystalline structure defects?
2. Point defects. Concept of vacancy, self-interstitial and impurity.

3. Linear defects. What are the edge and screw dislocations?
4. How the number of dislocations in metal is characterized? What units is dislocation density measured in?
5. Which defects are surface defects?

6. Which defects are bulk defects?

4. MECHANICAL  PROPERTIES  OF  METALS

Many materials, when in service, are subjected to forces or loads. So, it is necessary to know the characteristics of the material and to design the parts of the machine such that any resulting deformation will not be excessive and fracture will not occur. The mechanical behavior of a material reflects its response to an applied load. Important mechanical properties are strength, hardness, ductility, stiffness, and toughness.

The mechanical tests are conducted using standardized testing techniques.

This chapter is devoted to the stress–strain behavior of metals and the related mechanical properties, and also examines other important mechanical characteristics.

4.1. TENSILE  TESTS

[image: image53.png]A simple stress–strain test is most commonly conducted for metals at room temperature. A specimen is deformed to fracture with a gradually increasing tensile load that is applied along its long axis. A standard tensile specimen is shown in Figure 4.1. Normally, the cross section is circular, but rectangular specimens are also used. The specimen is mounted by its ends into the holding grips of the testing apparatus. The tensile testing machine is designed to elongate the specimen at a constant rate, and continuously measure the applied load and the resulting elongations. A stress–strain test typically takes several minutes to perform and is destructive; that is, the test specimen is permanently deformed and fractured.

The output of such a test is recorded by a computer as load versus elongation. To minimize the geometrical factors, load and elongation are normalized to the respective parameters of engineering stress and engineering strain. Engineering stress σ is defined by the relationship

σ = F/A0
(4.1)
in which F is the load applied perpendicular to the specimen cross section, in units of newtons (N), and A0 is the original cross-sectional area before the test (m2). The units of engineering stress are megapascals, MPa.

Engineering strain ε is defined according to

ε = (lf – l0)/l0

(4.2)
in which l0 is the original length before the test and lf is the instantaneous length. Strain is unitless, but sometimes it is also expressed as a percentage.

4.1. ELASTIC  DEFORMATION.  STRESS–STRAIN  BEHAVIOR
The degree to which a structure deforms or strains depends on the magnitude of an imposed stress. For most metals that are stressed in tension and at relatively low levels, stress and strain are proportional to each other through the relationship

σ = Е·ε.
(4.3)
This is known as Hooke’s law, and the constant of proportionality E (GPa or psi) is the modulus of elasticity, or Young’s modulus. For most typical metals the magnitude of this modulus ranges between 45 GPa, for magnesium, and 407 GPa, for tungsten. Modulus of elasticity values for several metals at room temperature are presented in Table 4.1.

Table 4.1 Room-Temperature Elastic and Shear Moduli,
and Poisson's Ratio for Various Metal Alloys

	Metal Alloy
	Modulus of elasticity, GPa


	Shear Modulus, GPa
	Poisson’s Ratio

	Aluminum


	69


	25


	0.33



	Brass


	97


	37


	0.34



	Copper


	110


	46


	0.34



	Magnesium


	45


	17


	0.29



	Nickel


	207


	76


	0.31



	Steel


	207


	83


	0.30



	Titanium

	107


	45


	0.34



	Tungsten

	407


	160


	0.24


Deformation in which stress and strain are proportional is called elastic deformation; a plot of stress (ordinate) versus strain (abscissa) results in a linear relationship, as shown in Figure 4.2, before point a.

The slope of this linear segment corresponds to the modulus of elasticity E. This modulus may be thought of as stiffness, or a material’s resistance to elastic deformation. The greater the modulus, the stiffer the material, or the smaller the elastic strain that results from the application of a given stress. The modulus is an important design parameter used for computing elastic deflections.

Elastic deformation is recoverable, which means that when the applied load is released, the piece returns to its original shape.
There are some materials (e. g., gray cast iron, concrete, and many polymers) for which this initial elastic portion of the stress-strain curve is not linear.

[image: image54.png]
Figure 4.2 A stress–strain diagram
On an atomic scale, macroscopic elastic strain is manifested as small changes in the interatomic spacing and the stretching of interatomic bonds. As a consequence, the magnitude of the modulus of elasticity is a measure of the interatomic bonding forces.
4.2. PLASTIC  DEFORMATION
For most metallic materials, elastic deformation persists only to strains of about 0.005. As the material is deformed beyond this point, the stress is no longer proportional to strain (Hooke’s law, Equation 4.3, ceases to be valid), and permanent, non recoverable or plastic deformation occurs. Figure 4.2 plots schematically the tensile stress-strain behavior into the plastic region for a typical metal. The transition from elastic to plastic is a gradual one for most metals.
From an atomic perspective, plastic deformation corresponds to the breaking of bonds with original atom neighbors and then reforming bonds with new neighbors as large numbers of atoms move relativly to one another; upon removal of the stress they do not return to their original positions. The mechanism of this deformation is different for crystalline and amorphous materials. For crystalline solids, deformation is accomplished by means of a process called slip, which involves the motion of dislocations. Plastic deformation in noncrystalline solids (as well as liquids) occurs by a viscous flow mechanism.
4.3. YIELDING  AND  YIELD  STRENGTH
Most structures are designed to ensure that only elastic deformation will result when a stress is applied. It is therefore desirable to know the stress level at which plastic deformation begins, or where the phenomenon of yielding occurs. For metals that experience this gradual elastic-plastic transition, the point of yielding may be determined as the initial departure from linearity of the stress-strain curve; this is sometimes called the proportional limit, as indicated by point a in Figure 4.2. In such cases the position of this point may not be determined precisely. As a consequence, a convention has been established wherein a straight line is constructed parallel to the elastic portion of the stress–strain curve at some specified strain offset, usually 0.002. The stress corresponding to the intersection of this line and the stress-strain curve as it bends over in the plastic region is defined as the yield strength σY. This is demonstrated in Figure 4.2, point b. Of course, the units of yield strength are MPa or psi.

Some steels and other materials exhibit the tensile stress–strain behavior where the elastic-plastic transition is very well defined. At the upper yield point, plastic deformation is initiated with an actual decrease in stress. Continued deformation fluctuates slightly about some constant stress value; stress subsequently rises with increasing strain. For metals that display this effect, the yield strength is taken as the average stress that is associated with the lower yield point, since it is well defined and relatively insensitive to the testing procedure. Thus, it is not necessary to employ the strain offset method for these materials.

The magnitude of the yield strength for a metal is a measure of its resistance to plastic deformation. Yield strengths may range from 35 MPa for a low-strength aluminum to over 1400 MPa for high-strength steels.
4.4. TENSILE  STRENGTH
After yielding, the stress necessary to continue plastic deformation in metals increases tо а maximum, point c in Figure 4.2, and then decreases to the eventual fracture, point d. The tensile strength TS, or σT (MPa or psi) is the stress at the maximum on the engineering stress–strain curve (Fig. 4.2). This corresponds to the maximum stress that can be sustained by a structure in tension; if this stress is applied and maintained, fracture will result. All deformation up to this point is uniform throughout the narrow region of the tensile specimen. However, at this maximum stress, a small constriction or neck begins to form at some point, and all subsequent deformation is confined at this neck. This phenomenon is termed “necking,” and fracture ultimately occurs at the neck. The fracture strength corresponds to the stress at fracture.

Tensile strengths may vary anywhere from 50 MPa for an aluminum to as high as 3000 MPa for the high-strength steels. Ordinarily, when the strength of a metal is cited for design purposes, the yield strength is used. This is because by the time a stress corresponding to the tensile strength has been applied, often a structure has experienced so much plastic deformation that it is useless. Furthermore, fracture strengths are not normally specified for engineering design purposes.
4.5. DUCTILITY
Ductility is another important mechanical property. It is a measure of the degree of plastic deformation that has been sustained at fracture. A material that experiences very little or no plastic deformation upon fracture is termed brittle. The tensile stress–strain behaviors for both ductile and brittle materials are schematically illustrated in Figure 4.3.
Ductility may be expressed quantitatively as either percent elongation or percent reduction in area. The percent elongation %EL is the percentage of plastic strain at fracture, or

%EL = ((lf – l0)/l0) × 100,
(4.4)

where lf is the fracture length, and l0 is the original gauge length as above. Inasmuch as a significant proportion of the plastic deformation at fracture is confined to the neck region, the magnitude of %EL will depend on specimen gauge length. The shorter l0, the greater is the fraction of total elongation from the neck and, consequently, the higher the value of %EL. Therefore, l0 should be specified when percent elongation values are cited; it is commonly 50 mm (2 in). Percent reduction in area %RA is defined as

%RA= ((Аf – А0)/А0) × 100,
(4.5)

where А0 is the original cross-sectional area and Аf is the cross-sectional area at the point of fracture. Percent reduction in area values is independent of both l0 and A0. Furthermore, for a given material the magnitudes of %EL and %RA will, in general, be different. Most metals possess at least a moderate degree of ductility at room temperature; however, some become brittle as the temperature is lowered.

A knowledge of the ductility of materials is important for at least two reasons. First, it indicates to a designer the degree to which a structure will deform plastically before fracture. Second, it specifies the degree of allowable deformation during fabrication operations.
Brittle materials are approximately considered to be those having a fracture strain of less than about 5 %.

[image: image55.png]Thus, several important mechanical properties of metals may be determined from tensile stress-strain tests. Table 4.2 presents some typical room-temperature values of yield strength, tensile strength, and ductility for several of the common metals. These properties are sensitive to any prior deformation, the presence of impurities, and/or any heat treatment to which the metal has been subjected. The modulus of elasticity is one mechanical parameter that is insensitive to these treatments. As with modulus of elasticity, the magnitudes of both yield and tensile strengths decline with increasing temperature just the reverse holds for ductility; it usually increases with temperature.
Table 4.2 Typical Mechanical Properties of Several Metals and Alloys

in an Annealed State

	Metal Alloy
	Yield Strength,

MPa
	Tensile Strength,

MPa
	Ductility, %EL

[in 50 mm]

	Aluminum
	35
	90
	40

	Copper
	69
	200
	45

	Brass (70%Cu–30%Zn)
	75
	300
	68

	Iron
	130
	262
	45

	Nickel
	138
	480
	40

	Steel (1020)
	180
	380
	25

	Titanium
	450
	520
	25

	Molybdenum
	565
	655
	35


4.6. TOUGHNESS
Toughness is an ability of a material to resist fracture under impact loads, or dynamic loads.
The toughness characteristic is defined at blow-bending test. It is a dynamic test, unlike all previous, at which the loading is applied to the specimen with major speed, for one thousandth of a second.
The test is carried out at impact pendulum-type testing machine (Fig. 4.4).
[image: image56.png]The heavy pendulum is lifted at a fixed angle α, and released. A specimen is situated across the pendulum path of motion. Blow of a pendulum’s knife destroys it (Fig. 4.5). The pendulum continues its swing, rising to an angle α1, which is less than α. The fracture energy is defined as a difference between a potential energy of pendulum before test and after it.

[image: image57.png]Impact strength (resilience) is the fracture energy of a specimen, referred to its cross-sectional area:
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where Ef is a fracture energy,

A is cross-sectional area of the specimen.

The specimen should have a notch, which plays a role of stress concentrator. The impact strength value depends on a type of a notch (Fig. 4.6).
For the same material KCU> KCV> KCT, i. e. the more acute the notch, the easier the material fractures.

Impact strength is a criterion of material’s reliability, in other words, an assurance, that it will not be destroyed suddenly, in brittle manner.

Strictly speaking, impact strength is a complex characteristic which includes specific energy of a crack origin ao and specific energy of its propagation ap. For more valid estimate of a material reliability an extrapolation method is used (Fig. 4.7). It defines impact strength for vanishing concentrator radius r. It is the energy of crack propagation ap, which allows to estimate reliability (crack nucleus almost always are present in a material; a question is, whether they will grow).
[image: image58.png]
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Questions and problems

7. Which properties of metals are called mechanical?
8. What is an engineering stress? What units is it measured in?
9. Strength. Definition; characteristics and dimensions of their quantity.

10. Tension test. A scheme and purpose.

11. Stress-strain diagram for ductile and brittle metal.

12. Ductility. Definition; characteristics and dimensions of their quantity.

13. Hardness. Definition; characteristics, hardness testers. (Study laboratory instructions.)

14. Toughness. Definition; characteristics and dimensions of their quantity.

15. Impact fracture testing. A scheme and purpose.

16. What parameters make it possible to estimate the material reliability?

17. What is a metal fatigue? How is it exerted? Fatigue failure.

18. Endurance. Definition; characteristics, fatigue testing.

19. Cold shortness. Definition; characteristics, testing.

5. DISLOCATIONS  AND  PLASTIC  DEFORMATION

With a knowledge of the nature of dislocations and the role they play in the plastic deformation process, we are able to understand the underlying mechanisms of the techniques that are used to strengthen and harden metals and their alloys; thus, it becomes possible to design and tailor the mechanical properties of materials – for example, the strength or toughness of a metal-matrix composite.

Materials may experience two kinds of deformation: elastic and plastic. Plastic deformation is permanent, and strength and hardness are measures of a material resistance to this deformation. On a microscopic scale, plastic deformation corresponds to the net movement of large numbers of atoms in response to an applied stress. During the process, interatomic bonds must be ruptured and then reformed. In crystalline solids, plastic deformation most often involves the motion of dislocations, linear crystalline defects.
[image: image60.jpg]Early materials studies led to the computation of the theoretical strength of perfect crystals, which were many times greater than those actually measured. During the 1930s it was theorized that this discrepancy in mechanical strength could be explained by a type of linear crystalline defects that has since to be known as dislocations. It was not until the 1950s, however, that the existence of such dislocation defects was established by direct observation with the electron microscope. Since then, a theory of dislocations has evolved that explains many of the physical and mechanical phenomena in crystalline materials, primarily metals and ceramics.

Edge and screw are the two fundamental dislocation types. In an edge dislocation, localized lattice exists along the end of an extra half-plane of atoms, which also defines the dislocation line (Fig. 5.1). A screw dislocation may be thought of as resulting from shear distortion; its dislocation line passes through the center of a spiral, atomic plane ramp (see Fig. 3.4).
Many dislocations in crystalline materials have both edge and screw components; these are mixed dislocations (see Fig. 3.5).

Plastic deformation corresponds to the motion of large numbers of dislocations. An edge dislocation moves in response to a shear stress applied in a direction perpendicular to its line; the mechanics of dislocation motion are represented in Figure 5.2.

Let the initial extra half-plane of atoms be plane A. When the shear stress is applied as indicated (Fig. 5.2, a), plane A is forced to the right; this in its turn pushes the top halves of planes B, C, D, and so on, in the same direction. If the applied shear stress is of sufficient magnitude, the interatomic bonds of plane B are severed along the shear plane, and the upper half of plane B becomes the extra half-plane as plane A links up with the bottom half of plane B (Fig. 5.2, b). This process is subsequently repeated for the other planes, such that the extra half-plane, by discrete steps, moves from left to right by successive and repeated breaking of bonds and shifting by interatomic distances of upper half-planes. Before and after the movement of a dislocation through some particular region of the crystal, the atomic arrangement is ordered and perfect; it is only during the passage of the extra half-plane that the lattice structure is disrupted. Ultimately this extra half-plane may emerge from the right surface of the crystal, forming an edge that is one atomic distance wide; this is shown in Figure 5.2, c.

[image: image61.png]
Figure 5.2 The mechanism of dislocation motion

The process by which plastic deformation is produced by dislocation motion is termed slip; the crystallographic plane along which the dislocation line traverses is the slip plane, as indicated in Figure 5.2. Macroscopic plastic deformation simply corresponds to permanent deformation that results from the movement of dislocations, or slip, in response to an applied shear stress, as represented in Figure 5.3, a.

Dislocation motion is analogous to the mode of locomotion employed by a caterpillar (Fig. 5.4). The caterpillar forms a hump near its posterior end by pulling in its last pair of legs a unit leg distance. The hump is propelled forward by repeated lifting and shifting of legs pair. When the hump reaches the anterior and, the entire caterpillar has moved forward by the leg separation distance. The caterpillar hump and its motion correspond to the extra half-plane of atoms in the dislocation model of plastic deformation.

[image: image62.png]
Figure 5.3 The formation of a step on the crystal surface by the motion
of (a) an edge dislocation and (b) a screw dislocation

The motion of a screw dislocation in response to the applied shear stress is shown in Figure 5.3, b; the direction of movement is perpendicular to the stress direction. For an edge, motion is parallel to the shear stress. However, the net plastic deformation for the motion of both dislocation types is the same (Fig. 5.3). The direction of motion of the mixed dislocation line is neither perpendicular nor parallel to the applied stress, but lies somewhere in between.

Virtually all crystalline materials contain some dislocations that were introduced during solidification, during plastic deformation, and as a consequence of thermal stresses that result from rapid cooling. The number of dislocations, or dislocation density in a material, is expressed as a total dislocation length per unit volume, or, equivalently, the number of dislocations that intersect a unit area of a random section. The units of dislocation density are millimeters of dislocation per cubic millimeter or just per square millimeter. Dislocation densities as low as 103 mm-2 are typically found in carefully solidified metal crystals. For heavily deformed metals, the density may run as high as 109 to 1010 mm-2. Heat treating of a deformed metal specimen can diminish the density to the order of 105 to 106 mm-2.

[image: image63.png]Figure 5.4 Representation of the analogy between caterpillar
and dislocation motion

Strain fields exist around dislocations, they are influential in determining the mobility of the dislocations, as well as their ability to multiply. When metals are plastically deformed, some fraction of the deformation energy (approximately 5 %) is retained internally; the remainder is dissipated as heat. This stored energy is a strain energy associated with dislocations. Some atomic distortion exists around the dislocation line because of the presence of the extra half-plane of atoms (see Fig. 5.1). As a consequence, there are regions in which compressive, tensile, and shear lattice strains are imposed on the neighboring atoms. Atoms immediately above and adjacent to the dislocation line are squeezed together. It can be said that these atoms experience a compressive strain relative to atoms positioned in a perfect crystal and far removed from the dislocation. Directly below the half-plane, the effect is just the opposite; lattice atoms sustain an imposed strain. For a screw dislocation, lattice strains are pure shear only. The strain fields can interact. Between two dislocations having the same sign and the identical slip plane a mutual repulsive force exists and tends to move them apart.
During plastic deformation, the number of dislocations increases dramatically. One important source of these new dislocations is existing dislocations, which multiply; grain boundaries, as well as internal defects may serve as dislocation formation sites during deformation.

Dislocations do not move with the same degree of ease on all crystallographic planes of atoms and in all crystallographic directions. Ordinarily there is a preferred plane called a slip plane, and in that plane there are specific slip directions along which dislocation motion occurs. This combination of the slip plane and the slip directions is termed the slip system. Usually the slip plane is that plane having the densest atomic packing. The slip direction corresponds to the direction, in this plane, that is most closely packed with atoms. Metals with FCC or BCC crystal structures have a relatively large number of slip systems (at least 12). These metals are quite ductile because extensive plastic deformation is normally possible along the various systems. Conversely, HCP metals, having few active slip systems, are normally quite brittle.

[image: image64.jpg]For a single-crystal specimen that is stressed in tension, slip deformation forms small steps on the surface. Each step results from the movement of a large number of dislocations along the same slip plane. On the surface of a polished single crystal specimen, these steps appear as lines, which are called slip lines. A zinc single crystal, that has been plastically deformed to the degree that these slip markings are discernible, is shown in Figure 5.5.

[image: image65.png]Deformation and slip in polycrystalline materials is somewhat more complex. Because of the random crystallographic orientations of the numerous grains, the direction of slip varies from one grain to another. For each, dislocation motion occurs along the slip system that has the most favorable orientation, as defined above. This is exemplified by a photomicrograph of a polycrystalline copper polished specimen that has been plastically deformed (Fig. 5.6).

Figure 5.6 Slip lines on the polished surface

of a polycrystalline copper specimen after deformation
In the photo slip lines are visible, and it appears that two slip systems operated for the most of the grains, as evidenced by two sets of parallel yet intersecting sets of lines. Furthermore, variation in grain orientation is indicated by the difference in alignment of the slip lines for the several grains.

Gross plastic deformation of a polycrystalline specimen corresponds to the comparable distortion of the individual grains by means of slip. Each individual grain is constrained, to some degree, in the shape it may assume by its neighboring grains. The manner in which grains distort as a result of gross plastic deformation is indicated in Figure 5.7. Before deformation the grains are equiaxed, or have approximately the same dimension in all directions. For this particular deformation, the grains become elongated along the direction in which the specimen was elongated.

[image: image66.jpg]
Figure 5.7 Alteration of the grain structure of a polycrystalline metal

as a result of plastic deformation

Questions and problems

1. Give the definition of dislocation density.
2. What a confirmation of dislocation slip is visible on the surface of crystal?
3. Describe the mechanism of plastic deformation.
4. Give the reason of difference in theoretical and practically measured strength of metals.
5. Compare plastic deformation of a single crystal and polycrystalline material.

6. In what planes a dislocation slip in crystals occurs?

7. How to distinguish, whether metal was plastically deformed, or not?
6. MECHANISMS  OF  STRENGTHENING  IN  METALS

Important to the understanding of strengthening mechanisms is the relation between dislocation motion and mechanical behavior of metals. Because macroscopic plastic deformation corresponds to the motion of large numbers of dislocations, the ability of a metal to plastically deform depends on the ability of dislocation to move. Since hardness and strength (both yield and tensile) are related to the ease with which plastic deformation can be made to occur, by reducing the mobility of dislocations, the mechanical strength may be enhanced; that is, greater mechanical forces will be required to initiate plastic deformation. In contrast, the more unconstrained the dislocation motion, the greater the facility with which a metal may deform, and the softer and weaker it becomes. Virtually all strengthening techniques rely on this simple principle: restricting or hindering dislocation motion renders a material harder and stronger.

Strengthening mechanisms for single-phase metals are the follows:

· strengthening by grain size reduction;

· solid-solution strengthening;

· strain hardening.
As for binary alloys, they, except ways listed above, have possibility of strengthening at the expense of small particles precipitation upon decomposition of a solid solution.
6.1. STRENGTHENING  BY  GRAIN  SIZE  REDUCTION
[image: image67.jpg]The size of the grains, or average grain diameter, in a polycrystalline metal influences the mechanical properties. Adjacent grains normally have different crystallographic orientations and, of course, a common grain boundary, as indicated in Figure 6.1. During plastic deformation, slip or dislocation motion must take place across this common boundary, say, from grain A to grain B. The grain boundary acts as a barrier to dislocation motion for two reasons:
1. Since the two grains are of different orientations, a dislocation passing into grain B will have to change its direction; this becomes more difficult as the crystallographic misorientation increases.

2. The atomic disorder within a grain boundary region will result in a discontinuity of slip planes from one grain into the other.
It should be mentioned that, for high-angle grain boundaries, dislocations do not traverse grain boundaries during deformation; rather, a stress concentration ahead of a slip plane in one grain may activate sources of new dislocations in an adjacent grain.
A fine-grained material (one that has small grains) is harder and stronger that one that is coarse grained, since the former has a greater total grain boundary area to impede dislocation motion. For many materials, the yield strength σY varies with grain size according to

σY= σ0 + kY·d-1/2.
This expression is termed the Hall-Petch equation; d is the average grain diameter, and σ0 and kY are constant for a particular material.

6.2. SOLID-SOLUTION  STRENGTHENING
Another technique to strengthen and harden metals is alloying with impurity atoms that go into either substitutional or interstitial solid solution. It is solid-solution strengthening. High-purity metals are almost always softer and weaker than alloys composed of the same base metal. Increasing in concentration of the impurity results in an attendant increase in tensile and yield strength.
Alloys are stronger than pure metals because impurity atoms that go into solid solution ordinarily impose lattice strains on the surrounding host atoms. Lattice strain field interactions between dislocations and these impurity atoms result, and consequently, dislocation movement is restricted. For example, an impurity atom that is smaller than a host atom which it substitutes, exerts tensile strains in the surrounding crystalline lattice as illustrated in Figure 6.2, a.

[image: image68.jpg]
Figure 6.2 Tensile lattice strains imposed on host atoms (a) and possible location of smaller impurity atoms relative to an edge dislocation (b)
Conversely, a larger substitutional atom imposes compressive strains in its vicinity (Fig. 6.3, a). The solute atoms tend to diffuse to dislocations and segregate around them in a way so as to reduce the overall strain energy, that is, to cancel some of the strain in the lattice surrounding a dislocation. A smaller impurity atom is located adjacent to the dislocation line and above the slip plane (Fig. 6.2, b); a larger impurity atom would be situated below the slip plane (Fig. 6.3, b).
[image: image69.png]
Figure 6.3 Compressive strains imposed on host atoms (a) and possible location

of larger impurity atoms relative to an edge dislocation (b)
The resistance to slip is greater when impurity atoms are present because the overall lattice strain must increase if a dislocation is torn away from them. Thus, a greater applied stress is necessary to first initiate and then continue plastic deformation for solid-solution alloys, as opposed to pure metals.
6.3. STRAIN  HARDENING
Strain hardening is the phenomenon whereby a ductile metal becomes harder and stronger as it is plastically deformed. Sometimes it is also called work hardening, or, because the temperature at which deformation takes place is “cold” relative to the absolute melting temperature of the metal, cold working. Most metals strain harden at room temperature. The price payed for this enhancement of hardness and strength is in the ductility of the metal. This is shown in Figure 6.4, in which the ductility, in percent elongation, experiences a reduction with increasing percent cold work.
The strain hardening phenomenon is explained on the basis of dislocation–dislocation strain field interactions. The dislocation density in a metal increases with deformation dramatically due to dislocation multiplication. Thus, the average distance of separation between dislocations decreases. The net result is that the motion of a dislocation is hindered by the presence of other dislocations. As the dislocation density increases, this resistance to dislocation motion by other dislocations becomes more pronounced. Metal becomes harder and more able to resist to deformation and fracture.

[image: image70.png]Figure 6.4 Increase in tensile strength and decrease in ductility
with percent cold work

Strain hardening is often utilized to enhance the mechanical properties of metals during fabrication procedures. The effect of strain hardening may be removed by an annealing heat treatment.
Questions and problems

1. What is the principle of all strengthening techniques?
2. List three strengthening mechanisms for single-phase metal.
3. Explain, how each of strengthening mechanisms acts.
7. RECOVERY,  RECRYSTALLIZATION  AND  GRAIN  GROWTH

Some portion of the energy expended in deformation is stored in the metal as strain energy, which is associated with tensile, compressive, and shear zones around the newly created dislocations. From 5 to 10 % of the energy spent for deformation, turn to internal energy of a crystal.
For the majority of metals the cold-worked structure is stable at the room temperature However, heating creates conditions for redistribution of dislocations and reduction of their quantity as atoms receive additional energy and move easier between their equilibrium positions.
The properties and structures may be reverted back to the precold-worked states by appropriate heat treatment. Such a restoration results from two different processes that occur at elevated temperatures: recovery and recrystallization.

Recovery occurs at temperatures lower 0.3Tm; recrystallization requires heating to the temperatures above 0.3Tm.
7.1. RECOVERY
Recovery is a process of changes in dislocation structure and properties of the cold-worked metal under heating. The microstructure (the size and the shape of grains) remains the same in the process. During the recovery, some of the stored internal strain energy is relieved by virtue of dislocation motion, as a result of enhanced atomic diffusion at the elevated temperature. There is some reduction in the number of dislocations, and new dislocation configurations arise.
Recovery occurs in all metals subject to deformation with any strain degree. The number of vacancies and density of dislocations thus decreases. Hardness and strength decrease slightly (by 10-15 %); plasticity, on the contrary, increases.
Polygonization is developed not in all metals, after small degree of prior strain. In each grain, dislocations form “walls” or low-angle boundaries. The former grain becomes subdivided into subgrains, or polygons almost free of dislocations (Fig. 7.1). Low-angle boundaries are visible within the grains as a network of thin lines (see Figure 7.2).
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Figure 7.1 Dislocation arrangement in a single crystal:

before (a) and after (b) recovery
The poligonized structure is steady up to fusion temperature. This process is typical, for example, for iron, aluminum, molybdenum.
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Figure 7.2 Photomicrograph of high-speed steel, non-deformed (а)
and after small deformation degree followed by polygonization (b). (1200

7.2. RECRYSTALLIZATION
Recrystallization is the formation of a new set of strain-free equiaxial grains that have low dislocation densities. The driving force to produce this new grain structure is the difference in internal energy between the strained and unstrained material. The new grains are formed as very small nuclei and grow until they completely replace the parent material.

New grains, more perfect than strained ones, appear and grow upon heating above the recrystallization temperature Tr. This temperature is a fraction of the melting temperature Tm and can be defined by the formula:
Tr = aTm.
The factor a depends on the impurity concentration in metal:
for commercially pure metals a = 0.4;
for chemically pure metals a = 0.1-0.2;
for alloys a = 0.6-0.7.
Recrystallization temperature of commercially pure copper is 270 ºС, iron – 450 ºС, aluminum – 100 ºС.
When all the deformed grains are replaced with new, equiaxial ones, it means that primary recrystallization has come to the end. The new unstrained grains have very low density of dislocations (105-106 cm-2) in comparison to the deformed structure. When primary recrystallization terminated, new grains simultaneously have already grown up and their sizes are now almost the same. This process is called collective recrystallization; it influences structure and properties of metal favourably. But then secondary recrystallization can begin: growth of some grains at the expense of others. Thus the total surface of grains decreases, i. e. motive power of the process is the tendency to the minimum surface energy. The structure consisting of grains various in sizes leads to simultaneous drop in strength and plasticity. It is undesirable process.
Several stages in the recrystallization process are represented in Figure 7.3. Thus, recrystallization of cold-worked metals may be used to refine the grain structure.

[image: image73.png]Figure 7.3 Changes in microstructure upon the recrystallization and grain growth
Recrystallization removes strain hardening completely, the metal gets equilibrium structure with the least number of crystalline defects. Properties of metal after recrystallization are close to ones of annealed metal.
The changes in mechanical characteristics of metal after recrystallization processes are shown in Figure 7.4.
Figure 7.4 Influence of the recrystallization and grain growth
on tensile strength and percent elongation
7.3. HOT AND COLD PLASTIC DEFORMATION
Deformation of metal at the temperatures below the recrystallization temperature is called a cold plastic deformation. During the cold deformation metal becomes harder and acquires high strength and hardness. Examples of cold plastic deformation application: wire drawing accompanied by hardening, thread rolling, cold sheet-metal die forging.
Deformation of metals upon heating above recrystallization temperature is called a hot plastic deformation. Metal after the hot deformation remains ductile and is suitable for the further processing by pressure or cutting. The most part of metals and alloys is exposed to hot plastic deformation processing at rolling and forge shops of the metallurgical enterprises as well as then at machine-building plants.
Questions and problems

1. What is work hardening?

2. Change of structure and properties of metal upon plastic deformation.

3. Change of structure and properties of the deformed metal upon heating.

4. Recovery and polygonization.

5. Recrystallization. Recrystallization temperature. Primary, collective and secondary recrystallization.

6. Hot and cold plastic deformation.

8. ALLOYS
Application of pure metals is limited. Modern engineering is based on alloys which have much wider spectrum of mechanical and service properties. Alloys are the metal materials consisting of two or more elements including non-metals. It is accepted to name substances forming an alloy as components. Components can be simple (Fe, Cu) and complex (Fe3C, CuAl2). Alloy components interact and form various phases. A phase is a part of the alloy having homogeneous structure and properties, and separated by a well-defined boundary from other parts.

The term “alloy” means that originally these materials were obtained in practice by melting and mixing the components in a liquid state with the subsequent crystallisation. Today there are many other ways too:

· powder metallurgy (pressing of powders, then sintering them under high temperatures),

· diffusion saturation of the surface of one component by another one,

· electrolysis of melt,

· crystallisation of vapours in vacuum.

Nevertheless, the term remained. The components which form an alloy, can react differently. A manner of interaction affects the structure and properties of an alloy.

8.1. INTERACTION OF  COMPONENTS  IN ALLOYS
In the fused condition the majority of metals are dissolved in each other without any limits thus forming a liquid solution. Upon crystallisation they can form similar structure – a solid solution of one component in a lattice of another. Sometimes components enter into chemical interaction and form a chemical compound. Sometimes there is no interaction between components in a solid, and then they crystallise separately, each component forms its own crystallites; in this case alloy represents a mechanical mixture of crystals of initial components.

Let's consider all these cases in more details.

1) Solid solutions is formed when atoms of one component can penetrate into a crystal lattice of another component.

The component which has the highest content and retains its lattice, is called a solvent. The component of lower content takes any suitable positions in a lattice of a solvent and is called a dissolved substance.

Solid solutions can be formed in two ways:
1) Substitutional solid solutions forms when atoms of one component replace atoms of another component in its lattice (see Figure 8.1).

Here component A is a solvent, and component B is a dissolved substance.
If nuclear radii of two metals are close (a difference in the sizes of atoms should not exceed 15 %), they are usually dissolved in each other. Unlimited solubility is possible for metals when atoms of component B replace atoms of component A in any proportion, from 0 to 100 %. For this purpose, except the close size of nuclear radiuses, they should have one type of a lattice and an identical structure of valence electron shells. For example, Cu and Ni, Fe( and Cr give unlimited solubility.

Much more often a limited solubility is observed when replacement of atoms of solvent by atoms of the dissolved component occurs up to any certain concentration named a limit of solubility. For example, zinc or tin are dissolved in copper in this way. The limit of solubility of zinc in copper is 39 %.
Interstitial solid solutions arise, if atoms of one component (B) occupy pores in crystalline lattice of other component (A).

Nonmetals with the small sizes of atoms are dissolved in metals as shown in Figure 8.2. Interstitial solid solutions are always limited as the quantity of pores in a lattice is limited. Examples of interstitial solid solutions: carbon in iron, silicon in aluminum.

Under a microscope solid solutions look like pure metals: only boundaries of grains are visible (Fig. 8.3). Solid solution is a single phase, therefore X-ray analysis shows only a metal-solvent lattice, but its parameters are bigger or smaller than of pure metal ones, because of the distortions caused by dissolved substance atoms.

Properties of the alloys representing solid solutions may differ strongly from properties of initial components. Solid solutions are a basis of the majority of modern industrial alloys because they give the greatest possibilities for getting necessary service characteristics.

Solid solutions are designated by the Greek letters: … , (, (, (, or A (B), where A is a solvent, B is a solute component.
2) Mechanical mixture of crystals arises, if components cannot be dissolved in each other and do not enter chemical reaction.

Such alloys represent a mixture of initial components crystals grown together. Under microscope magnification, grains of two different kinds are visible: grains A and grains B (Fig. 8.4). It is two-phase structure, therefore X-ray analysis shows two types of lattices: metal A and metal B.

Properties of an alloy linearly depend on quantity of crystals of that and other component; values of mechanical and physical characteristics are intermediate between properties of pure initial substances. Therefore possibilities of a choice of an alloy with the necessary properties are limited.

The mechanical mix is designated as the sum of two components: A + B.

3) Chemical compound arises, if components can enter chemical reaction with each other and form a stable complex substance with a strictly certain atomic concentration ratio between the components.

It is possible to express a chemical compound concentration by simple formula AmBn, where m and n – natural numbers.

Chemical compounds are formed by components of different crystal lattices or different structures of valence electron shells.

Example: copper and aluminum have identical type of a crystal lattice (FCC), but a different structure of external electron shells. They form chemical compound CuAl2 with its own crystal lattice (Fig. 8.5).

Such compounds are called intermetallic. Their crystal lattice, the melting temperature, all physical, chemical and mechanical properties sharply differ from properties of initial components. As a rule, intermetallic compounds have less compact and more complex crystalline lattices than metals. Therefore they are harder and stronger than parent metals, but they have low plasticity.

Alloys may include compounds of metals with nonmetals: carbides MexCy, nitrides MexNy, etc.

Chemical compounds may serve for reinforcing the alloys but alloys consisting of a chemical compound only are applied rarely. In this case the chemical compound becomes an alloy component since it interacts with pure metals.

Under a microscope chemical compounds usually look like small particles inside the grains of pure metal or solid solution (Fig. 8.6). The X-ray analysis, of course, shows new type of a lattice along with the matrix.

So, the components which formed a new material such an alloy are indiscernible with naked eyes, but various methods of the analysis allow both finding out them and defining their amount (Table 8.1).
Table 8.1 Phase Analysis of Alloys

	Type of Alloy 
	Analysis technique show:

	
	Metallography
	X-ray analysis
	Chemical analysis

	Solid solution
	1 kind of crystals: A(B)
	1 lattice: A; parametre of lattice ( parametre A
	2 elements: A and B

	Mechanical mixture
	2 kinds of crystals:

A and B
	2 lattices: A and B
	2 elements: A and B

	Chemical compound
	1 kind of crystals: AmBn
	1 lattice: AmBn
	2 elements: A and B


Mechanical tests, too, show the properties different from properties of initial components.

8.2. PHASE  DIAGRAMS  OF  BINARY  ALLOYS
Taking any couple of components, it is possible to make a set of alloys of different structure and properties. But it is an irrational way to search for the best combination for the concrete technical purpose. Thus, it is necessary to have the information allowing one to estimate preliminarily the possibility of processing of an alloy having the desired properties. Phase, or equilibrium, diagrams give us such information about alloys.

The phase diagram is a graphic representation of a phase structure of an alloy depending both on temperature and chemical composition.

The axes of diagram are “temperature” and “composition”. Phase diagram shows the equilibrium phases existing in alloys at various combinations of these factors.

Phase diagrams contain the huge information on alloys, their properties and behaviour in very laconic form. It is necessary only to be able to read them.

Plotting equilibrium diagrams

Phase diagrams are equilibrium, i.e. encompass the data obtained under very slow cooling from the melting to the room temperature. The phases obtained under such conditions, correspond to the minimum values of free energy.

Method of the thermal analysis is used, first of all, when cooling curves are taken for alloys of the various component contents. Microanalysis, X-ray analysis, electron microscopy, magnetic methods, physical and mechanical tests are used in addition to the thermal method.

All phase transformations are accompanied by thermal effects – heat release or heat absorption. These effects are reflected on a cooling curve by changes or steps. Physical and mechanical properties of an alloy change simultaneously. Measuring them, it is possible to specify temperature of phase transformation if the thermal effect is poorly expressed. Points of changes and steps on a cooling curve are called as critical points, or phase transformation temperatures for the given alloy.
The critical points are transferred from the set of cooling curves to the plot in co-ordinates “temperature – composition” (Fig. 8.7).
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Figure 8.7 Cooling curves (a) and phase diagram (b)
Phase diagram of alloys with unlimited solubility of components
If alloy components form unlimited solid solutions there are only two lines in the phase diagram: a line of the beginning of crystallisation and a line of the ending of crystallisation (see Fig. 8.8). Each of them is a set of critical points for all alloys of the given system.

Line of the beginning of crystallisation 1-2-3 is termed the liquidus line. Above this line all alloys of system are in a liquid state.
Line of the ending of crystallisation 1-4-3 is termed the solidus line. Below this line all alloys of system are in a solid state.
All alloys having such a diagram crystallize in the range of temperatures, unlike pure components A and B. Between the liquidus line and solidus line all alloys are two-phase and composed of a liquid and crystals of a solid solution. After crystallisation all alloys of system are single-phase and represent a solid solution of component B in the lattice of component A (or, on the contrary, a solid solution of component A in a lattice of component B). In the diagram, the solid solution is denoted by Greek letters, for example, (.
The alloys of the system have no phase transformations in a solid state and consequently cannot be exposed to strengthening heat treatment.

Mechanical and physical properties of the alloys having such a diagram strongly differ from those of pure components. In particular, hardness, strength, electrical resistance of alloys is higher that of pure metals; on the contrary, plasticity and magnetic conductivity is lower.
According to the physical chemistry laws, the first crystals formed in a liquid contain more refractory component B, than those crystallising later. As the first crystals arise in the vicinity of mould walls, and the last – in an ingot core, the ingot can appear chemically inhomogeneous. External layers will contain more refractory component B, and a core – more fusible component A. Such a phenomenon is called liquation.

Liquation may occur inside a single crystal: in the centre it is enriched by a refractory component, and at borders – by fusible. It is microliquation, or intracrystal liquation.

Liquation is an undesirable phenomenon. Microliquation appears after solidification at high cooling rate; at slow cooling the diffusion takes enough time to occur and homogenate the structure of an alloy in a grain. Microliquation can be eliminated by diffusion annealing. Alloy is heated up to the temperatures close to solidus for a long time. But liquation in a whole volume of ingot cannot be eliminated.

Examples of alloys with full mutual solubility of components: Cu – Ni, Ag – Au, Mo – W, Mo – V.
Phase diagram of alloys with a total absence of components solubility
If alloy components are not dissolved in each other, either crystals of pure component A are formed from liquid (in the left part of the diagram), or crystals of pure component B (in the right part of the diagram). Then liquidus line consists of two parts: a line 1-2 on which crystallisation of component A begins, and a line 2-3 on which crystallisation of component B begins (Fig. 8.9).

So, the liquidus in the diagram is shown as line 1-2-3. On this line crystallisation of alloys upon cooling begins (and fusion at heating finishes). Solidus of the diagram is straight line 4-2-5, parallel to concentration axes. On this line crystallisation of alloys comes to the end at cooling (and fusion begins at heating).

In the left field 1-2-4-1 component A crystallizes from the melt, hence, the concentration of component A in a liquid decreases, and the content of component B, on the contrary, grows. In the right field 2-3-5-2 crystallization of component B occurs; thus the concentration of component B in liquid decreases, and the part of component A, on the contrary, grows.
When the temperature achieves the solidus line 4-2-5, concentration of components in a liquid corresponds to a point 2 for any alloy.
The point 2 belongs to both branches of liquidus and to both fields of crystallisation. Besides, it is situated both on the liquidus line and the solidus one. It means that the alloy 2 begins and stops to crystallize at the same temperature. In this alloy crystals A and crystals B are formed simultaneously. They should be very small as temperature of the point 2 is considerably below than temperatures of crystallisation of both components, and overcooling degree is big. Such a mixture of very small crystals of two components, crystallizing at constant and lowest temperature for the given system, is called eutectic (eutectic means “easily melted”).

The alloy corresponding to 2' composition is called eutectic; alloys to the left from point 2' are called hypoeutectic, and to the right from point 2' – hypereutectic.

It is visible that crystallisation of all alloys of the given system ends with eutectics formation. Eutectics represent a fine-grain structural component of an alloy having fixed mechanical properties. It can be designated by the letter “E”. The structure of eutectic can be written down as E = A + B. It is important to remember that eutectic is a mixture of two phases (not a single phase).

The structure of alloys consists of eutectics and crystals of pure components which formed from melt in the beginning of crystallisation. Hypoeutectic alloys’ structure (alloy I in Figure 8.9) includes crystals A and eutectics (Fig. 8.10, a); hypereutectic alloys’ structure (alloy II in Figure 8.9) – crystals B and eutectics (Fig. 8.10, b).

These alloys have no phase transformations in a solid state; they always are two-phase and consequently cannot be exposed to strengthening heat treatment.
Castable alloys should have the structure close to eutectics because eutectics, crystallising at constant temperature, possesses the best foundry properties: small shrinkage and high castability. Eutectic alloys are good for solders, fuse links, protective devices; they are used in friction bearings as an antifriction layer.

Examples of alloys with total mutual insolubility of components: Pb – Sb, Pb – Pd, Ca – Mg.
Phase diagram of alloys with limited solubility of components
If alloy components form solid solutions with the limited concentration the phase diagram represents a combination of two previous diagrams (Fig. 8.11).

Let’s take an example when solubility of component B in component A is limited, and component A cannot dissolve in lattice B. Liquidus of the diagrams (the line 1-2-3) has two branches, as well as in previous case. Beneath curve 2-3 crystallisation of component B occurs. Beneath curve 1-2 crystals of solid solution of component B in a lattice A are formed (not pure component A). It is designated as (. The limit of solubility for component B in lattice A is equal to segment A-4', where 4' is a projection of a point 4 on the axis of concentration. In that case solidus 1-4 of a diagram represents a curve, as well as for the diagram with unlimited solubility. And beyond a solubility limit, more to the right of a point 4, solidus is a straight line, parallel to the axis of composition, as for the diagram with total insolubility of components. At the temperature 4-2-5, the eutectic crystallizes. It consists of the smallest crystals of a solid solution ( and component B: E = +  + B.
Below the solidus 1-4-2-5 all alloys of the given system are in a solid state, but phase transformations do not come to the end. All solids are compressed upon cooling; interatomic spaces in a crystal lattice decrease. It means that atoms of solute (component B) start to cause the increasing stress in a solvent lattice. Upon very slow, equilibrium cooling these atoms “are pushed out” from crystals of a solid solution as the system tends to a minimum of free energy, and pressure from “surplus” atoms augments the free energy. Atoms B, leaving a solid solution, form their own crystals. They are very small in comparison with the primary crystals ( grown directly from the melt (Fig. 8.12).
So, the solubility in cooling decreases; the equilibrium concentration of dissolved component B corresponds to each temperature. Therefore there is line 4-6 in the diagram. It is a line of phase transformation in a solid state termed a line of limited solubility of component B in lattice A, or solvus. Above this line the alloy corresponds a single-phase solid solution (, and below the line 4-6 it is a two-phase structure: +  + BII. The subscript “II” means in this case that these crystals of component B are secondary, i. e. they have appeared at decomposition of a solid solution, instead of melt.
If component A had limited solubility in component B there would be a solvus line in the right part of the diagram too.

The important feature of alloys with concentration of the second component from a point 6 to a point 4': it is possible to subject them to hardening thermal treatment as they have a phase transformation in a solid state. At higher cooling rates, atoms B have no time to separate themselves from solid solution. Therefore alloys with variable solubility of the second component may be subject to quenching (heating above the solvus line and fast cooling in order to prevent decomposition of a solid solution) followed by ageing (heating of supersaturated solid solution up to temperatures below critical so that the smallest particles of the second phase will precipitate). After such a heat treatment alloys become much stronger because of hardening by disperse particles of the second phase.
The most alloys have the limited mutual solubility of the components. Examples of alloys with the limited mutual solubility: Al – Cu, Al – Si, Ag – Cu, Pb – Sn.
Phase diagram of alloys with chemical compound of components
If components of alloy A and B are able to react with each other forming a chemical compound AmBn, the phase diagram is regarded as two separate diagrams; for both of them the chemical compound is one of the components.

The chemical compound is a new complex substance having its own crystal lattice, temperature of fusion and properties. Upon crystallisation of an alloy the chemical compound forms the crystals which can mix up with crystals of original components or dissolve them.

Phase diagrams of such alloys look more difficult than ones considered above, but if to divide mentally the diagram along the line corresponding to a chemical compound the left and right parts of it will appear as well-known simple diagrams.

Figure 8.13 Phase diagram with a chemical compound

In the Figure 8.13 the left part of the diagram (up to chemical compound AmBn) represents a diagram with the limited solubility of components, and the right one – the diagram with a total absence of solubility. The eutectic E1 consists of crystals of a solid solution and  and chemical compound AmBn. is a  is a solid solution of component B in the lattice A. Below the solvus line crystals of chemical compound evolve from a solid solution. In the right part of the diagram, eutectics E2 is formed by crystals of component B and chemical compound AmBn.
Properties of alloys and type of the diagram
If properties of pure components and a type of phase diagram are known it is possible then to predict properties of any alloy of the given system.

In the Figure 8.14 the basic types of diagrams and alteration of properties are shown (hardness of Brinell HB and percent elongation δ).
Unlimited solid solutions have curvilinear property dependence on concentration (Fig. 8.14, а). They can have, for example, higher values of strength as compared to pure components. Curvilinear dependence of electrical resistance is especially pronounced.
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Figure 8.14 Changes of alloys’ properties depending on concentration
of components

If alloy is a mechanical mix of components, then its properties change linearly and proportionally to concentration (Fig. 8.14, b). In other words, value of any characteristic of alloys will change only within properties of pure components.
In system of alloys with the limited solubility, properties change on curvilinear dependence within the field of a solid solution, and within the field where eutectic is present, the dependence is linear (Figure 8.14, c).

If the chemical compound is formed, then the dependence of alloy properties on composition changes sharply at transition through this point (Fig. 8.14, d).
Questions and problems

1. What is an alloy?

2. What is an alloy component?

3. What are the types of components interaction in alloys?
4. What are the substitutional solid solutions and interstitial solid solutions?
5. Conditions of solid solutions formation with limited and complete solubility.

6. How do solid solutions look like under the microscope?

7. What is mechanical mixture of crystals? When do they form? How does such an alloy look like under the microscope?
8. When do chemical compounds form in alloys? What do they differ from initial components with?

9. What is a phase equilibrium diagram?

10. What is the method of phase diagrams plotting?

11. What are a phase and a component?

12. What is critical temperature?

13. What are liquidus and solidus?

14. Phase diagram with a total absence of solubility. What are eutectic, hypoeutectic and hypereutectic alloys?

15. Phase diagram with complete solubility. What is liquation and microliquation?
16. Phase diagram with limited solubility. Notion of solubility limit. How does solubility limit change when the temperature changes?

17. How to regard a phase diagram with chemical compound?

18. How do alloys properties depend on phase diagram types?
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Figure 3.1 Two-dimensional representations of a vacancy and

a self-interstitial



Figure 4.6 Types of specimens for the impact test



Figure 3.3 The atom positions around an edge dislocation; extra half-plane of atoms shown in perspective



Figure 5.1 An edge dislocation



Percent cold work
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Figure 4.5 Specimen placements upon the impact test



Figure 4.1 

A standard tensile specimen of circular cross section
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Mechanical characteristics



σT – tensile strength,

δ – percent elongation
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Figure 8.1 Substitutional solid solution



Figure 8.2 Interstitial

solid solution



Figure 8.3 Microstructure of solid solution



Figure 8.5 Chemical compound (fluorite CaF2)



Figure 8.6 Microstructure

of alloy with chemical compound





Figure 8.8 Phase diagram with unlimited solubility of components



Figure 8.9 Phase diagram

with a total absence of solubility
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Figure 8.10 Microstructure of alloys:

a – hypoeutectic; b – hypereutectic



Figure 8.11 Phase diagram

with the limited solubility





Figure 8.12 Microstructure

of alloy below solvus line



Figure 3.5 A mixed dislocation: at point A,

the dislocation is pure screw, while at point B, it is pure edge







Figure 2.5 Single crystals of fluorite, CaF2



Figure 2.4 A unit cell:

x, y, z – coordinate axes, a, b, c – axial lengths, α, β, γ– interaxial angles











































































Figure 3.4 A screw dislocation within a crystal



Figure 3.7 Low- and high-angle grain boundaries



Figure 3.8 A tilt boundary results from an alignment of edge dislocations



Figure 4.3 A stress–strain diagram

for ductile and brittle materials



Figure 4.4 Impact test



Figure 4.7 Definition of ap value



Figure 5.5 Slip in a zinc single crystal



b



Figure 6.1 The boundary acts as a barrier

to continued slip of a dislocation



Figure 8.4 Microstructure of mechanical mix
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