INTRODUCTION

THE TERM MATERIALS refers to the substances from which things are made. Materials are the lifeblood of both the natural and built worlds. Whether in living organisms or in manufactured projects; whether in the smallest living cells or in the most massive constructions, atoms combine to form materials with special properties that define the characteristics of the matter they make up. If the bonds between atoms are very strong, the material is probably a metal. Because of the strength of the atomic bonds, metals tend to have high melting points, since it takes a great amount of heat energy to break down those strong bonds. In most metals, the electrons in the outermost atomic orbits are loosely held by the nucleus. In that case, the electrons can become dislodged by a force (like an electrical voltage). Hence, those metals are good conductors of electricity. In the human-made world, we choose materials carefully based on their properties, which determine how products and systems function and behave.
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The study of materials is fascinating, taking you from the ordinary to the extraordinary. Some materials are quite familiar. Wood and some types of metal are used to build furniture for homes and offices. Plastic is formed into automobile parts, and clay is used for stoneware and porcelain dishware. Other materials are probably less familiar to you. For example, graphite, fiberglass, and even titanium are used to produce very strong tennis rackets. Even more extraordinary are nanoscale materials that are made from molecular components that are as small as one billionth of a meter (10–9 meters) in size and that assemble themselves chemically. Carbon nanotubes are single molecules of carbon that have a diameter of one to three atoms. A material made from carbon nanotubes is about 100 times stronger than steel, but weighs about six times less. This chapter will introduce you to the types and properties of materials, how they are processed, and how people decide to select materials for a particular application.

[[Insert Figure 4.1 here]]

[[Insert Figure 4.2 here]]

SECTION 1: Types of Materials

[[Start Key Ideas > Box here]]

KEY IDEAS >

· Materials have different origins and may be classified as natural, synthetic, or mixed.
· The most common materials from which products are made are wood, metal, plastics, ceramics, and composites.
· Recyclable materials allow what otherwise would be considered waste to be reprocessed into useable products.

[[End Key Ideas > Box here]]

Materials have different origins and may be classified as natural, synthetic, or mixed. Natural materials are those that occur in nature. Some natural materials are organic materials that originate from a living organism and have carbon-based structures. These are capable of decay. Organic materials include wood and natural fibers (like cotton, hemp, and wool). Some natural materials are inorganic. These substances are minerals and are not characterized by carbon-based structures. Inorganic materials include stone, clay, and metals.

Synthetic materials are human-made. Many substances that occur naturally can be produced synthetically. This is often the case with pharmaceutical products, which might have exactly the same chemistry as the natural materials they replace. For example, most synthetically made vitamins are identical to those extracted from natural sources. The advantage of synthetic vitamins is that they are less expensive to produce. Some other common synthetic materials are rubber, plastics, Teflon, Nylon, and Kevlar.

Some synthetic materials are designed to have entirely new physical properties. Nylon was a breakthrough product that revolutionized the clothing industry because it is strong, light-weight, easy to wash, and quick to dry. Kevlar is one of a number of aramids (aromatic polyamide fibers) that are very strong and heat-resistant. (You’ll learn more about aramids in the Engineering Quick Take later in this chapter.) Aramids are used in applications as wide-ranging as bicycle frames, tennis rackets, and bulletproof vests.

Mixed materials are a combination of natural and synthetic materials. Examples of mixed materials are plywood, paper, and wool-polyester blends of fabrics. Plywood is an engineered wood that is created by cutting thin sheets of wood (called plies) to precise specifications, and then laying them on top of one another (laminating them) at alternating 90° angles. The plies are glued together using synthetic adhesives.

Paper fibers are typically composed of wood fibers (also called cellulose) but synthetic plastic fibers are often added to improve the paper quality. Fabrics are often made from a blend of cotton or wool and synthetic materials. The mix of materials gives the fabric the beauty of the natural material but adds strength, plus shrinkage and stain resistance.

The most common materials from which products are made are wood, metal, plastics, ceramics, and composites (combinations of materials). In the remainder of this section, we’ll examine these materials in more detail.

[[Start Engineering Quick Take here]]

ENGINEERING QUICK TAKE
Synthetic Aramid Fibers

The name “aramid” comes from the term aromatic polyamide. Amides are members of a group of chemical compounds containing carbon-oxygen bonds and nitrogen (see Figure 4.3). The term polyamide refers to many amide molecules connected into a single unit.

[[Insert Figure 4.3 here]]

If something is aromatic, it generally means that the substance has an odor. Originally, materials such as wintergreen leaves, vanilla beans, cinnamon bark, and anise seeds were called aromatic because of their pleasant aromas. In engineering terms, aromatic refers to substances that have a very stable atomic structure, often containing six carbon atoms (see Figure 4.4).

[[Insert Figure 4.4 here]]

Aramid fibers are synthetic materials with very strong atomic bonds that are used in aerospace and military application. They are often used as substitutes for asbestos, which has proven to be carcinogenic (cancer-producing). Kevlar is an example of an aramid fiber (see Figure 4.5).

Aramids have a unique set of properties. These include:

· High strength-to-weight properties

· Good impact resistance

· High stiffness

· Resistant to chemicals
· Nonconductive
· Flame- and heat-resistant

Some applications include:

· Flame- and heat-resistant clothing
· Protective clothing like gloves and chaps

· Body armor

· Sports equipment

· Brake pads

· Rope

· Boat sails and hulls

· Reinforced concrete

[[Insert Figure 4.5 here]]

[[End Engineering Quick Take here]]

Wood

Since before recorded history, wood has played an important role in human technological activity. Historians tell us that there is evidence that early humans (hominids) used wood for cooking and heating some 1.5 million years ago. Wooden boats replaced boats made from papyrus in Egypt about 4000 b.c.e. Egyptian tombs give a wealth of information about the sophisticated woodworking technology that was used during the period of 3300–3000 b.c.e. Wooden objects using mortise and tenon joints were found. A tenon is made by shaping the end of a piece of wood so that it fits into a hole cut into a second piece. This type of wood joinery does not require fasteners (see Figure 4.6). For many centuries, wood has been used as a primary construction and manufacturing material to build structures, tools, furniture, and weapons.

Today, wood is used in tools, paper, buildings, bridges, guardrails, railroad ties, posts, poles, mulches, furniture, packaging, and thousands of other products. Different types of trees produce wood with different properties.

Wood is a renewable material, since it comes from trees that can be replanted once harvested. Wood is recyclable and biodegradable, therefore it is an environmentally friendly resource. Recyclable materials allow what otherwise would be considered waste to be reprocessed into useable products. Recycling includes collecting recyclable materials, sorting and processing them, and using them to produce new products.

Types of Wood Wood is categorized as hardwood or softwood. These are terms that refer to the cells that carry water in the living tree. They do not refer to the actual hardness or softness of the wood itself. Some hardwoods are softer than some softwoods. For example, basswood and poplar are soft hardwoods, while fir and yew are hard softwoods. Balsa is one of the lightest, least dense woods, but it is considered a hardwood.
Most softwood trees are conifers (or evergreens), although there are exceptions, such as cypress trees. Softwood trees have needlelike leaves, and they produce conifer cones (such as pine cones). In softwoods, the wood is made up of long, narrow cells, called tracheids, with hollow centers (see Figure 4.7).
Hardwood trees are broad-leaved trees, such as oak, ash, beech, teak, and mahogany. Hardwoods have tubular cells that are shorter in length (normally about one millimeter long) than softwood cells and have thicker walls (see Figure 4.8). Hardwood trees are deciduous trees; that is, they shed their leaves each year.

[[Insert Figure 4.6 here]]

Structure of Wood Wood (and the timber that is made from it) is primarily made up of cells. Most of the cells in the woody part of a tree are dead. However, some living cells, called xylem (pronounced zy-lem) conduct water and nutrients through the wood to the leaves of the tree. The outside of a tree is composed of bark that has an inner portion and an outer portion. The outer portion of the bark is composed of nonliving cork material that protects the tree from damage by weather and insects. Only the inner portion of the bark is alive. This inner layer is called the phloem and is made up of cells that form thin tubes. The walls of the tubes are made of cellulose. These tubes carry the sugars and other materials made in the leaves to the other living parts of the tree (see Figure 4.9).

The oldest portion of the tree is the heartwood. It is the nonliving center of the tree. It is the hardest and most dense part of the tree. The outer portion, just under the bark, is called the sapwood. This living, younger wood is softer than the heartwood.
If you cut a tree horizontally, so that you see a cross section of the trunk, you will notice that a series of rings called growth rings or annual rings can be seen. Each ring shows one year of age of the tree. The newest rings (representing the newest growth) are closest to the bark. The rings are formed because a tree grows at different rates during the year and the density of the wood changes during each growing cycle.

[[Insert Figure 4.7 here]]

[[Insert Figure 4.8 here]]

[[Insert Figure 4.9 here]]

Uses of Wood When trees are processed into industrial materials, they are cut into planks called timber or lumber. Depending upon the wood, these are further processed into planks and boards (used for boat building, flooring, furniture, and shelving); sheets (used as veneers and for making plywood); and dimensional lumber (such as the 2 ( 4s and 2 ( 6s used in framing buildings).
Engineered woods are made by combining particles and fibers of wood with adhesives. These human-made composites can be designed (engineered) to meet specific requirements. Wood chips are used to produce a variety of engineered woods, such as chipboard and hardboard. Other engineered woods include plywood (made from thin sheets of wood that are laminated and glued together in a hot press); waferboard (sometimes referred to as oriented strand board, or OSB) that is made from wood ground into thin strands, mixed with wax and glue, layered, and pressed in a hot press; and microlam (similar to plywood, but using many layers of thin wood glued together, strong enough to be used for beams). These engineered woods are not only strong, but cost effective. They are made of low-value wood resources (such as wood chips), but they are used to produce high-value products, such as furniture and building materials.

[[Insert Figure 4.10 here]]

[[Insert Figure 4.11here]]

Properties of Wood The thickness of a wood’s cell walls determines its density. Cells with thin walls and a large hollow center (such as balsa wood) are lighter. Wood with thick-walled cells and a narrower, hollow center are denser. The strength of a particular type of wood is related to its density. Thus, balsa, with a density of 170 kg/m3, is very light and suitable for building model airplanes, but it isn’t strong enough to be used in furniture making. By contrast, mahogany, a wood with medium density, is suitable for all types of furniture. Rosewood, because of its high density (about 750 kg/m3) and beautiful color, is used to build expensive furniture and high-end musical instruments. The hardest wood is lignum vitae. It is so dense (over 1,200 kg/m3) that it will sink in water (water has a density of 1,000 kg/m3). Lignum vitae is used to make mortars and pestles that are used for grinding medicines and spices.
Table 4.1 shows the densities of common woods. Water has a density of 1,000 kg/m3 or 62.4 lbs/cu.ft. (pounds per cubic foot). Can you tell from reading the table which of these woods will sink?

[[Start Table 4.1 here]]

Table 4.1 | Wood Densities

	TYPE OF WOOD
	DENSITY (kg/m3)
	TYPE OF WOOD
	DENSITY (kg/m3)

	Apple
	660–830
	Larch
	590

	Ash, black
	540
	Lignum vitae
	1280–1370

	Ash, white
	670
	Mahogany–Honduras
	545

	Aspen
	420
	Mahogany–African
	495–850

	Balsa
	170
	Maple
	755

	Bamboo
	300–400
	Oak
	700

	British birch
	670
	Pine–Oregon
	530

	Cedar, red
	380
	Pine–Red
	370–660

	Cypress
	510
	Redwood–American
	450

	Douglas fir
	530
	Rosewood–East Indian
	750

	Ebony
	960–1120
	Spruce–Sitka
	450

	Elm–English
	600
	Teak
	630–720

	Elm–Rock
	815
	Willow
	420


[[End Table 4.1 here]]
A wood’s color is a function of the chemicals in its cell walls. Heartwood is generally darker than sapwood. The term grain refers to the way the wood fibers grow. Sometimes, the grain is very straight, a product of a straight-growing tree. When the tree trunk twists as it grows, the grain sometimes looks as though it swirls or spirals. Wood grain adds great beauty to wood products, and wood is very often chosen for its grain. For example, the tops of fine guitars are often made of carefully selected, close-grained spruce. When woodworkers cut or shape wood, they always take the grain direction into consideration (see Figure 4.13).

[[Insert Figure 4.12 here]]

[[Insert Figure 4.13 here]]

Because wood cells contain water, before wood is processed into products, it first is dried to make it dimensionally stable and to eliminate shrinkage, checking, and warping. This is especially important when wood is to be made into furniture and musical instruments. Wood can be dried in air or in a kiln (a drying oven) (see Figures 4.14 and 4.15).

[[Insert Figure 4.14 here]]

[[Insert Figure 4.15 here]]

Metal

Metals are categorized as either ferrous or nonferrous. Ferrous metals contain iron. (In Latin, the word ferrum means “containing iron.”) Some examples of ferrous metals are cast iron and steel. Nonferrous metals do not contain iron. Examples of nonferrous metals include aluminum (the most abundant metal in the earth), cobalt, copper, lead, tin, tungsten, and zinc. The precious metals (gold, silver, and platinum) are also nonferrous.

Magnetic properties are important; for example, titanium is used to make screws that hold body parts together because titanium is not magnetic and therefore does not interfere with MRI (magnetic resonance imaging) the way steel parts would. As an interesting note, when titanium is deformed under stress, it acts in a similar way to bone, so that it works well in bone and joint repair (see Figure 4.16).
Ferrous metals are usually, but not always, magnetic. For example, certain types of steel that are made with an alloy (a mixture of two or more metals) of manganese and nickel or chromium are ferrous metals, but they are not magnetic.

Nonferrous metals are usually nonmagnetic, but there are exceptions. (For example cobalt and nickel are nonferrous and magnetic.)

Many steels are alloys that include iron and a small percentage of carbon. As the carbon percentage increases, so does the strength of the steel. Carbon steels are categorized as low-carbon steel (less than 0.3% carbon), medium carbon steel (0.3 to 0.6% carbon), and high carbon steel (more than 0.6% carbon). Low carbon steel is generally used for inexpensive products such as nuts and bolts, sheets, and tubes. Medium carbon steel is used for automotive applications. High carbon steel is used for cutting tools, springs, and cutlery.

Specialty steels are steels that are alloyed with metals such as nickel and cobalt, titanium, and tungsten. They are used in conditions under which other metals would corrode or degrade in response to high temperature.

[[Insert Figure 4.16 here]]

Structure of Metal As with all materials, the atomic structure of metals determines their properties. Metals are crystalline structures (see Figure 4.17). Their atoms are packed tightly together in rows with repeating, orderly patterns. They therefore have high densities. Table 4.2 shows the densities of common metals.

Metals are actually formed from many small crystals that arrange themselves in different orientations. Thus, metals are truly polycrystals, materials made from many crystals (see Figure 4.18). The crystalline structure of metals gives rise to the way the material behaves.
Because the atoms in metals are packed tightly together, it takes a great deal of energy to break the bonds. Metals, therefore, are strong. In most metals, the electrons in the outermost shell of the atom are loosely bound to the nucleus. They can become free electrons easily and can travel from atom to atom.

[[Insert Figure 4.17 here]]

[[Start Table 4.2 here]]
Table 4.2 | Metal Densities

	METAL OR ALLOY DENSITY (kg/m3)

	Aluminum
	2,643
	Nickel silver
	8,400–8,900

	Brass
	8,550
	Platinum
	21,400

	Bronze (8–14% Tin)
	7,400–8,900
	Silver
	10,490

	Cast iron
	6,800–7,800
	Solder 50/50 (lead and tin)
	8,885

	Cobalt
	8,746
	Stainless Steel
	7,480–8,000

	Copper
	8,930
	Steel
	7,850

	Gold
	19,320
	Tin
	7,280

	Iron
	7,850
	Titanium
	4,500

	Lead
	11,340
	Tungsten
	19,600

	Magnesium
	1,738
	Uranium
	18,900

	Mercury
	13,593
	Zinc
	7,135

	Nickel
	8,800
	
	


[[End Table 4.2 here]]
[[Insert Figure 4.18 here]]

Uses of Metal Because of the atomic structure of metal, particularly the loosely bound electrons in the outermost atomic shell, metals are good conductors of electricity and heat. Therefore, metals are used to make pots and pans and electrical cables and wires. Since metals have high densities, they are used where strength is important, such as in the construction of bridges and building structures. Some metals (such as aluminum) are lighter and are used where weight must be reduced, such as in airplanes and fuel-efficient automobiles.

Types and Uses of Common Metals
( Iron is the most common and least expensive metal to produce. In steel making, it is alloyed with carbon. Iron products include bridges, cars, steel beams, rails, and cutlery. Aluminium is soft and lightweight and is the most commonly used metal after iron. It is used in vehicles, packaging, building construction (aluminum siding), and for pots and pans. Cobalt is a tough, lustrous, silvery-gray element. It is actually harder than iron and is used to make steel alloys used for magnets, razor blades, metal cutting, and surgical steel. It is also used to make paints and provides the blue color in glass and enamels. Copper is used to make electrical wires because of its high conductivity. It is a reddish, metallic element that is often used to make inexpensive metal jewelry.

Gold is a precious metal, much of which is kept by countries in reserve as a form of wealth. Coins and jewelry are made from gold. Gold is so dense (19,300 kg/m³) that U.S. $10M dollars worth of gold takes up less than one cubic foot of volume. Jewelry and dishes made from less expensive metals are often plated in gold to add to their appeal. Gold is also used to plate electronic parts because it is a very good conductor of electricity and does not oxidize as easily as silver or copper. Because it is such an inactive metal and doesn’t have any taste, it is used in dentistry and for plating the inner surfaces of expensive drinking goblets and wine glasses.
Lead is the heaviest and softest of the common metals. Lead resists corrosion and is used in storage batteries, paint, glass, solder, and explosives. Silver is a white, metallic element that has the highest thermal and electric conductivity of any substance. Silver is used to make high melting point solder, jewelry, coins, silverware, hollowware (cups, chalices, and bowls), and electronic components. Internationally, about 70% of silver produced is used for coins. Nickel is a hard silvery-white metal. It is used in magnets, coins, and stainless steel. It produces a green color in glass. It is also widely used to make many other alloys, such as nickel brasses and bronzes, and alloys with copper, chromium, aluminum, lead, cobalt, silver, and gold. Zinc is a lustrous, bluish-white metallic element used in many alloys like brass (copper and zinc) and solder (zinc and tin) and is used for coating (galvanizing) iron and steel to protect them from rusting, electrical fuses, and casting metal parts. Small quantities are also used in some medicines and chemicals.
Properties of Metal The most important properties of metals include density, toughness, impact resistance, high strength, and the ability to be deformed without breaking. Metals generally conduct heat and electricity well. Metals are opaque, solid (except mercury, which only becomes solid at about (38 degrees F), dense, and have a luster. Many are very strong, yet they can be formed into a variety of shapes. As mentioned earlier, some metals are magnetic. At a temperature of absolute zero (273.15° C and –459.67° F), certain metals and metallic compounds become superconductors (where their electrical resistance drops to zero).

Plastic

Plastic has become one of the industrial world’s most commonly used materials. The United States produces over 100 billion pounds of plastics yearly. It is an extremely versatile product that can be made into films, fibers, and solids and inexpensively molded into a huge variety of products and shapes. The term “plastic” comes from the fact that the material has high plasticity—that is, it can be formed into shapes without breaking. Because it does not degrade and decompose naturally, plastic disposal raises environmental concerns. One third of all plastics is used in packaging. Since packages are used for only a short period of time before they are discarded, plastic packaging comprises a large amount of environmental waste.

Structure of Plastics Plastics are polymers. The word polymer comes from the Greek word polumeres and means “many parts.” Polymers are chemical compounds that include long chains of monomers. A monomer is a small molecule (one part) that can become part of a larger molecule.

There are naturally occurring and synthetic polymers. Naturally occurring polymers include lignum in wood, proteins, starches, and cellulose. Plastics are synthetic polymers.

Polymers are built from carbon atoms bonded to each other and to atoms of other elements, primarily hydrogen. Polymers are light, resist corrosion, and can be economically made into a wide variety of products. They resist the flow of electricity and heat and are therefore good insulators. Although most polymers do not have high strength if bent, they can be made stronger by adding other materials, such as glass fibers.

As an example of how a polymer is formed, consider the plastic polyethylene. Polyethylene is made up of many ethylene molecules. The chemical formula for ethylene is C2H4 (see Figure 4.19). The formula means that two carbon atoms are bonded to four hydrogen atoms. Polyethylene is a long chain of ethylene molecules (see Figure 4.20).

[[Insert Figure 4.19 here]]

[[Insert Figure 4.20 here]]

Most plastic is made from petroleum. About 10% of the oil produced in the United States, or about two million barrels of oil per day, is used to produce plastic.
When crude oil comes out of the ground it must be processed (refined) to make it useable (see Figure 4.21). The processing is done in huge oil refineries which remove non-hydrocarbon substances from the oil and separate the crude oil into oils of different viscosities (thicknesses). The lighter oils are used for gasoline and kerosene; the heavier oils are used to make waxes and lubricating oils.

Refinery by-products of oil (and natural gas) are processed into ethane and propane, which are used as industrial feedstocks (raw materials) for plastic production. The complex molecules of ethane and propane are broken (cracked) into simpler ethylene and propylene molecules. In a process called polymerization, thousands of ethylene and propylene molecules join together with oxygen under heat and pressure to make plastics like polyethylene (which is what plastic cling wrap is made from) and polypropylene (used to make plastic containers and rope).

[[Insert Figure 4.21 here]]

TECHNOLOGY AND PEOPLE:
Cassandra Fraser

Dr. Cassandra Fraser is a chemist at the University of Virginia who specializes in building polymers, large molecules consisting of repeated chemical units that are strung together in a line or that radiate from a central core (see Figure 4.22). Polymers are the stuff of everyday life—plastic bags, compact disks, and Frisbees are all made of polymers—but they are also the basis of human life. Proteins, the building blocks of living organisms, are essentially polymerized amino acids, and DNA is the macromolecule containing our genetic code.
Fraser is conducting pioneering research on advanced biomaterials that use metals as the hub of polymer chains. “Metals offer many different possibilities for molecular structure and bonding,” Fraser notes. “You can, for instance, design a metal-centered polymer in which particular segments come off in response to events in the environment.” Using a library of polymeric chains and the metals found in the periodic table, Fraser has devised a method for producing macromolecules that can glow (fluoresce) or alter their structure and color in response to changes in their surroundings. These qualities make them valuable as vehicles for targeted delivery and triggered release of drugs, and as probes in biological research, as well.

[[Insert Figure 4.22 here]]

Types of Plastic Plastic materials are categorized as thermoplastic or thermoset. A thermoplastic material can be softened by heat, and then hardened again by cooling. Thermoplastic materials can thus be repeatedly heated, softened, and shaped. This gives them the important advantage of being recyclable. Thermoset plastics include bakelite and polyurethane. Once they are heated and molded, they cannot revert back to their original form. The most common plastics are thermoplastics and include polyethylene, polypropylene, polyvinyl chloride (PVC), polystyrene, and polymethyl methacrylate (acrylic plastic, often called Plexiglas). Nylon is a common polymer that is used both as a fiber and as a solid thermoplastic.

Uses of Plastics Plastics play an increasingly important role in our lives. Plastics are economical, easy to maintain, lightweight, stand up to hard use over time, resist corrosion, and can be made to look very attractive. The material has an enormous number of uses in such applications as automobiles, consumer electronics and computers, household appliances, furniture, industrial parts, packaging, and toys. Plastic is used in the construction industry as insulation and vinyl siding.

Polyethylene is used to make soft drink bottles, plastic bags, cellophane wrap, and squeeze bottles (see Figure 4.23). Polypropylene has a higher melting point than polyethylene and is therefore often used for dishwasher-safe food containers (see Figure 4.24). PVC is used to make water pipes for residential and commercial construction (see Figure 4.25). Polystyrene, in its solid form, is a colorless hard plastic used for producing small plastic parts like cutlery, CD cases, and models; but it is more often mixed with a gas to form expanded polystyrene, known by its trade name, Styrofoam® (see Figure 4.26). Styrofoam® is polystyrene that is injected with a blowing agent (typically a gas), causing gas-filled pockets to occur within the plastic. Gasses, like air, do not transfer heat very well because the molecules are loosely packed. Therefore, Styrofoam® is an excellent insulation material and is used extensively in the building trades. Polyurethane is available in different hardnesses and can be used in products as diverse as pencil erasers and bowling balls. As a liquid resin, polyurethane is used as a hard, tough wood finish (see Figure 4.27).

[[Insert Figure 4.23 here]]

[[Insert Figure 4.24 here]]

[[Insert Figure 4.25 here]]

[[Insert Figure 4.26 here]]

Properties of Plastic Plastics are generally good heat and electrical insulators; they are strong, lighter than many materials of comparable strength, and can be formed and shaped easily. Some plastics (like low density polyethylene) are extremely strong, yet are very flexible. Under load or heat, all plastics will creep (deform).

Plastics have densities that are less than metals, greater than most woods, and similar to crude oil. Polyethylene, for example has a density of 920 kg/m3 and polyurethane has a density of 1,000 kg/m3. Pine wood has a density of 650 kg/m3, and aluminum has a density of 2643 kg/m3. Crude oil has a density of about 900 kg/m3.

[[Insert Figure 4.27 here]]

Plastic can be made transparent, translucent, or opaque; some plastics have very high resistance to chemicals, and one, polytetrafluoroethylene (better known as Teflon®), is virtually insoluble in all known solvents.
Ceramics

Ceramic materials are made from clay and other nonmetallic inorganic materials such as sand. Inorganic materials come from nonliving substances (minerals). The word ceramics comes from the Greek word keramos, which means pottery. The global production of ceramic products is about 150 million tons yearly. China is the world’s largest producer, contributing about two thirds of the global supply.
Structure of Ceramics Ceramic materials are normally crystalline substances, which means they have an atomic structure that forms a 3-D geometric shape like a cubic, rectangular, or hexagonal prism. They are compounds formed by combinations of metallic and nonmetallic elements such silicon and oxygen (silicon dioxide, the principal component of sand); aluminum and oxygen (alumina); and calcium and oxygen (quicklime).
Silicon is an example of a crystalline ceramic material (see Figure 4.28). One silicon atom bonds to four other silicon atoms forming a regular pattern. Integrated circuit chips are made primarily of silicon.

Glass, on the other hand is a noncrystalline ceramic. When it cools from a molten state, it cools so quickly that it becomes solid before crystals can form. The atoms are also not as closely packed as they would be in a crystalline substance, meaning that glass is less dense than a comparable ceramic crystal (see Figure 4.29).

[[Insert Figure 4.28 here]]

It is generally accepted that the longest word listed in major English language dictionaries is the word pneumonoultramicroscopicsilicovolcanokoniosis. It is a 45-letter word that refers to the black lung disease that affects miners when they breathe in fine particles of silicon.

[[Insert Figure 4.29 here]]

Uses of Ceramic Materials Ceramic materials are used to make bricks, dishes, bathroom and kitchen fixtures, electrical insulators, glass, sandpaper and other abrasives, and concrete. Glass can be produced in many varieties from inexpensive machine-blown glass used in soda bottles, to sheet glass used for plate glass windows, to high quality ground glass used for optical lenses. A class of ceramics called advanced ceramics can withstand very high temperatures and resists corrosion. These ceramics are used to make automobile engine parts and catalytic converters, cutting tools, and special magnets.
Properties of Ceramic Materials Ceramic materials have high melting points; high strength and hardness; are resistant to wear and corrosion; are very brittle; can be transparent, translucent, or opaque; and have fairly low densities. Clay has a density of about 1,300 kg/m3 as compared to steel, which has a density of 7,850 kg/m3.

[[Insert Figure 4.30 here]]

[[Insert Figure 4.31 here]]

Interestingly, ceramic materials can be produced with special properties. Although most ceramics are excellent electrical insulators, some can be electrically polarized and are used to make random access memory (RAM) chips for computer memory. Ceramics can even be magnetic—special ceramics are used as ferrite cores in electronic circuit coils. Some ceramic materials generate an electrical voltage when subjected to mechanical pressure. Called piezoelectric, these materials are commonly used as fire lighters that generate the sparks necessary to ignite gas barbecue grills.

[[Insert Figure 4.32 here]]

Composite Materials Composite materials are made from a combination of two or more materials with different properties. The materials making up the composite do not fully blend as they do in an alloy; materials in a composite retain their separate identities. The advantage of producing and using composites is that the combination of materials produces a new material with improved properties. They are often stronger, stiffer, and lighter than the materials they replace. Composites can be more expensive to produce, however, and their cost is a factor in determining their use.

Composite materials are currently being engineered on a large scale, although some examples of composite materials are found in nature. Our bones and teeth are composites; they contain mineral crystals and organic molecules. Wood is also a composite material; it is made of cellulose fibers held together by a lignin, an organic polymer. Early examples of engineered composites are bricks made of mud and straw. A brick made of mud can break if it is under tension (pulled upon), but it is fairly strong when it is under compression. Adding straw, which is strong when pulled upon, makes a composite brick that has reasonably good compressive strength and tensile strength.

Fiberglass was the first modern composite, developed in the late 1930s. Fiberglass uses a polymer material that in reinforced with extremely fine glass fibers. It is a very commonly used composite material used to strengthen molded plastic parts in airplanes, cars, and boats. It is also used to make surfboards, and it is widely used as insulation in buildings.

[[Insert Figure 4.33 here]]

[[Insert Figure 4.34 here]]

[[Insert Figure 4.35 here]]

An example of effective composite use can be seen in the new Boeing 787 Dreamliner, an airplane that can carry up to 300 people (see Figure 4.34). Safety, production costs, and fuel savings outweigh the cost of using composites, and more than 50% of the airframe is comprised of carbon fiber composites (see Figure 4.35). The composite material is lightweight, flexible, and is stronger than the aluminum it replaces. Typically, about 50,000 rivets and fasteners would be needed for an aircraft like the 787. Using composites allows the frame sections that used to be connected together by fasteners to be joined together end-to-end. This reduces the number of fasteners by 80%.

Composites are formed by using materials of two types: one type is called the matrix material; the other type is called the reinforcement material. The matrix material is a binder that envelops the stronger reinforcement material. In a mud brick, the mud is the matrix material and the straw is the reinforcement material. In concrete (made of cement and stones), the cement is the matrix, the stones are the reinforcement. In wood, the cellulose is the matrix and the lignin is the reinforcement. In fiberglass, the matrix is a polymer and the glass fibers are the reinforcement.

Materials engineers can design composites with enhanced properties by selecting the reinforcement and matrix materials with those new properties in mind. For example, when thermosetting plastics are used as a matrix, they contribute high durability and chemical resistance. When ceramic materials are used as the matrix, the new composite material can withstand high temperatures. Since carbon fibers are very strong, they are used as reinforcement materials in airplanes, tennis rackets, and golf clubs.
Composites are categorized into three matrix types: Polymer matrix composites, metallic matrix composites, and ceramic matrix composites. Polymer matrix composites consist of strong fibers embedded in a resilient plastic that holds them in place. These are used in lightweight bicycles and boats that need to resist corrosion from salt water. Metallic matrix composites have very high temperature limits and are tough and strong. They are used on the skin of hypersonic aircraft that fly at up to five times the speed of sound (Mach 5, or 3,000 mph). Ceramic matrix composites are used in advanced engines and allow the engines to operate at a higher temperature so that cooling fluids can eventually be eliminated. The major difficulties associated with this promising composite material are that it is both brittle and expensive to produce.
Over recent decades, many new composites have been developed, some with very valuable properties. By carefully choosing the reinforcement, the matrix, and the manufacturing process that brings them together, engineers can tailor the properties to meet specific requirements. They can, for example, make the composite sheet very strong in one direction by aligning the fibers that way, but weaker in another direction where strength is not so important. They can also select properties such as resistance to heat, chemicals, and weathering by choosing an appropriate matrix material.

[[Insert Figure 4.36 here]]

[[Start Section one Feedback > here]]

SECTION ONE FEEDBACK >
1.
Explain the difference between organic and inorganic materials and give two examples of each type.

2.
How would you typically distinguish between hardwood and softwood trees in a forest?
3.
Describe the molecular structure of a polymer.

4.
What is the difference between thermoplastics and thermoset 
plastics?

5.
Give an example of an application in which a ceramic material is preferred to metal. Next, explain why the ceramic metal is a better choice.

[[End Section one Feedback > here]]

SECTION 2: Properties of Materials

[[Start Key Ideas > Box here]]

KEY IDEAS >
· Materials are chosen based on properties that make them appropriate for particular applications.

· The properties of solid materials can be grouped into the following categories: Physical, mechanical, electrical, magnetic, thermal, optical, and acoustic.
· Mechanical properties include a material’s strength and other properties, such as its hardness, ductility, elasticity, plasticity, brittleness, toughness, and malleability.

[[End Key Ideas > Box here]]

Materials are chosen based on their properties, which make them appropriate for particular applications. For example, copper, which conducts electricity easily, might be appropriate for electrical wires, but not for making twist drills, because it is so soft. A spring that reverts to its original length after being stretched would not be made from the same material as a metal rod that would be stretched into wire.

Natural materials, those found in nature, have been used for millennia for tools and building materials based upon their inherent properties and availability. As life became more technologically based and materials were needed for more complex products, synthetic materials with improved properties were developed. These were engineered to meet specific needs.

The properties of materials can be changed by treating them in various ways. For example, adding carbon to steel can increase its strength, and heating metal can soften it. In this section, you’ll learn how the properties of materials influence their appropriateness for specific technological applications.

[[Insert Figure 4.37 here]]

Categorizing Properties of Materials

The properties of solid materials can be grouped into the following categories: Physical, mechanical, electrical, magnetic, thermal, optical, and acoustic. The following discussion describes these properties in detail.

Physical Properties Physical properties refer to the density and to the freezing, melting, and boiling points of materials. Density is a measure of how tightly the atoms of the material are packed together. Metals are generally more dense than polymers; polymers are generally more dense than ceramics; ceramics are generally more dense than woods.
Density is a measure of how compact a substance is and relates to how much of the mass of the material can be packed into a particular volume. The symbol used to express density is the Greek letter Rho (ρ). The formula for density looks like this:

density = mass/volume (ρ = m/v)

TECHNOLOGY IN THE REAL WORLD:
Freezing, Melting, and Boiling Points

All materials’ freezing, melting, and boiling points exist on a temperature continuum (see Figure 4.38). When most solids (with the exception of polymers) are heated to their melting points, the change from solid to liquid is abrupt and rapid. When solder (an alloy that is used to join metal parts) reaches its melting point, for example, it flows suddenly. Likewise, when molten solder is allowed to cool, it suddenly solidifies upon reaching its freezing point. If the liquid is allowed to cool, it becomes solid again (it reaches its freezing point).

Freezing results in a release of heat known as the heat of fusion. For most materials, the melting point temperature and the freezing point temperatures are the same. At that point, an increase in temperature will cause the material to melt; a decrease will cause it to freeze. For example, if water is at its freezing point (at that point it will be ice) and gets warmer, it becomes liquid water. If ice is at its melting point (at that point it will be water) and gets cooler, it becomes solid ice. When a liquid is heated to its boiling point, it turns to a gas.
Polymers don’t transition abruptly from solid to liquid when they are heated. When a polymer melts, there is usually a sizeable temperature range over which its viscosity changes from high to low as it changes from solid to liquid.
Glass behaves in a different manner than do most solids. When glass is heated to high temperatures, it gradually becomes softer, achieving an increasingly lower viscosity (thickness), but there is no abrupt change of state from solid to liquid. When molten glass is cooled, it gradually becomes more viscous until it appears solid.

Upon reaching the solid state, glass continues to become more viscous, but at a much slower rate. When glass has been cooled below its set point, it still remains theoretically “liquid.” For this reason, glass is often referred to as an undercooled or supercooled liquid.

In addition, most liquids form crystalline structures when cooled. That is, their molecules align in predictable, rigid networks. Glass molecules, however, form random networks and do not crystallize. The fact that molten glass cools into a noncrystalline solid is a distinguishing characteristic of the material.

[[Insert Figure 4.38 here]]

Mechanical Properties Mechanical properties are those that influence a material’s ability to endure and withstand applied forces. These properties define the strength of a material, and govern how easily it can be formed into a shape. These properties include a material’s strength, as well as other properties such as its hardness, ductility, elasticity, plasticity, brittleness, toughness, and malleability.
Strength of Materials When we talk about the strength of a material, we are referring to the amount of stress it can withstand. The compressive strength of a material is the maximum stress a material can withstand when a load is placed upon it. Compressive strength is found by dividing the load by the cross sectional area of the material. An example of a compressive force is when a column that holds up a bridge is subjected to the heavy load of the bridge and the traffic. Compressive forces tend to shorten an object.

Tensile forces tend to lengthen an object. They stretch a material (as when you stretch a piece of rubber). The tensile strength of a material is the maximum amount of tension (stretching) that the material can withstand before it fails. We can measure tensile strength in two ways: tensile yield strength and the ultimate tensile strength. The tensile yield strength is a measure of the stress at which the material becomes permanently deformed. The ultimate tensile strength is a measure of the stress at which the material will fail.

Measuring Tensile and Compressive Strength

( Tensile and compressive strength are measured in pounds/square inch (psi) in the English system, and in newtons/square meter in the SI system. One newton/square meter is called one pascal, after the seventeenth century French scientist, Blaise Pascal, who contributed a great deal to the understanding of pressure and vacuum. A more common measure of strength is the megapascal (MPa) which is 106 pascals or about 145 pounds/square inch. Ceramic materials like concrete can have large compressive strength but often have low tensile strength. Steels and certain synthetic polymers have very high tensile strengths. Table 4.3 compares the densities, tensile and compressive strength, and stiffness (Young’s modulus) of many common materials.

The shear strength of a material is the maximum stress (measured in psi or MPa) required to shear a piece of material so that sheared parts are totally separated from one another. Shear forces tend to cause one part of the sheared object to slide over the other part (as when you shear a bolt or rivet with a cold chisel, as shown in Figure 4.39); if shear forces are applied to a rectangular block, they generally cause the block to deform into a parallelogram.

Flexural strength refers to the amount of stress it takes to bend a material to the point of failure. The flexural strength, also measured in psi or Mpa, actually refers to the stress on the outermost surface of the material being flexed. Flexural forces occur when a material (like a sheet of plastic) is bent. For materials that bend but do not break, the flexural strength, in engineering terms, is reached when the outermost surface is 5% deformed.

A material that won’t break easily but will bend has a lower flexural strength than a material that is strong but brittle. When a material is bent, tensile stress occurs on one surface, and compressive stress occurs on the other. Polymers have low flexural strengths, steels have high flexural strengths.

[[Insert Figure 4.39 here]]

[[Start Table 4.3 here]]

Table 4.3 | Tensile and Compressive Strength Table

	MATERIAL
	DENSITY (g/cm3)
	TENSILE YIELD STRENGTH (MPa)
	ULTIMATE TENSILE STRENGTH (MPa)
	COMPRESSIVE YIELD STRENGTH (MPa)
	YOUNG’S MODULUS (ELASTICITY) GPa

	METALS
	
	
	
	
	

	Aluminum (pure, annealed)
	2.7
	N/A
	50
	N/A
	70

	Aluminum Alloy 2014-T6
	2.8
	414
	483
	470
	72.4

	Brass
	8.498
	217
	403
	N/A
	96–110

	Bronze
	8.3
	195
	490
	245
	96–120

	Copper 99% Alloy
	8.92
	33
	210
	35
	110

	Iron, cast (ASTM 20)
	7.75
	151
	270
	572
	152.3

	Iron, wrought
	7.75
	355
	400
	200
	190

	High carbon steel (SAE/AISI 1095)
	8.03
	455
	827
	
	195

	AISI Type S20910 Stainless Steel, high strength, typical
	7.89
	1000
	1105
	1000
	200

	Titanium, pure
	4.5
	140
	220
	145
	116

	Titanium, iron and aluminum alloy
	4.65
	1240
	1430
	1280
	110

	Tungsten
	19.3
	750
	980
	1100
	406

	CERAMICS
	
	
	
	
	

	Aluminum Oxide
	3.96
	N/A
	300
	3000
	390

	Concrete
	2.24–2.48
	N/A
	1.4–7
	14–70
	18–30

	Fiberglass (E-glass)
	2.6
	N/A
	3400
	N/A
	22–80

	Glass
	2.53
	N/A
	50
	50
	70

	Marble
	2.8
	N/A
	14
	155
	50–100

	Quartz
	2.5–2.7
	N/A
	48
	1100
	75

	POLYMERS
	
	
	
	
	

	Acrylic (Plexiglas)
	1.19
	124
	80
	110
	3.1

	Kevlar 49
	1.44
	3000
	3600
	36
	60

	Nylon
	2–4
	45
	75
	50
	2–4

	Polypropylene
	0.91
	12–43
	19.7–80
	40
	1.5–2

	Polystyrene
	1.05
	37
	42
	70
	3.0–3.4

	WOODS
	
	
	
	
	

	Balsa
	.16
	N/A
	1
	1
	4.1

	Oak
	.56
	N/A
	4.5
	8.6
	11

	Walnut
	.55
	N/A
	4.8
	7
	9.8

	White Pine
	.35
	N/A
	2.1
	3.5
	8.2

	OTHER SELECTED MATERIALS
	
	
	
	
	

	Carbon Fiber
	1.75–2
	3,500
	5,650
	N/A
	230–525

	Carbon Nanotube
	1.34
	~150,000
	~200,000
	~150,000
	~1,000

	Diamond
	3.5
	N/A
	N/A
	8,680–16,530
	1,100

	Natural Rubber (high-quality plantation (Hevea) rubber)
	.93
	20
	27
	N/A
	.01–0.1

	Spider silk
	1.3
	1150
	1200
	N/A
	1–10


[[End Table 4.3 here]]
Torsional strength is the stress that a material can withstand when twisted (like when you twist a piece of licorice). Torsional forces are applied on a cross section of a material.

[[Insert Figure 4.40 here]]

[[Insert Figure 4.41 here]]

Other Mechanical Properties of Materials The physical and mechanical properties of materials determine how they behave under stress, and, therefore, how they can be formed into various shapes. For example, some materials (like rubber) will yield under even a small tensile stress and will stretch a great deal. Others (like glass) won’t stretch very much at all and will break when stressed.

Hardness determines the ability of a material to withstand scratching or penetration. A tool used for cutting must always be harder than the material to be cut. Some very hard materials are diamond and silicon carbide. Steel cutting tools are sometimes fitted with diamond or carbide tips to make them more effective.
Ductility is a measure of how much a material will yield before breaking. Metals such as copper and brass can be stretched (drawn) into wires because they are ductile. Ductility is often expressed as a percentage of elongation. A ductile material, like a piece of soft clay, can be stretched without having to apply high tensile forces. A material with high tensile strength requires a large tensile stress to stretch it; therefore materials with high tensile strength are not as ductile as materials with low tensile strength.
A property of materials closely related to ductility is the material’s elasticity. As ductility refers to how a material can be stretched without breaking, its elasticity refers to how much it can be stretched without being permanently deformed. Elasticity is the ability a material has to stretch under load but then return to its original shape and length. A rubber band is very elastic, as it can stretch up to 500% of its original length, but the deformation is temporary, because the rubber band returns to its original length when the load is removed. Elastic materials can be stretched only so much before they reach a point where they won’t go back to their original length; at that point they stay stretched. This point is called the elastic limit. The elastic limit is the maximum stress to which a material could be subjected and still be able to return to its original shape when the load is released. Different materials have different elasticities and therefore are stiffer or less stiff. For example, steel is elastic, but not as elastic as nylon.
Young’s Modulus

( A simple measure of elastic strength (the stiffness of a material) is Young’s modulus (E). It can be found by dividing the stress applied to a material by the amount the material moves (called the strain) when subjected to that stress. Stress is the force that is applied over a particular cross sectional area of the material; the strain is the fractional change in length that results. Therefore:

[image: image1.emf]
where

E is the Young’s modulus (modulus of elasticity) measured in pascals;
F is the force applied to the object;
A is the cross-sectional area through which the force is applied;
(L is the amount by which the length of the object changes;
L0 is the original length of the object.
[[Insert Figure 4.42 here]]

Once a ductile material has reached its elastic limit, it can continue to deform, however, because of the property called plasticity. Plasticity is the property in a material which permits permanent deformation to occur before it ruptures. Plasticity allows the material to continue to deform under load until it reaches the breaking point. Materials commonly called plastics (like Plexiglas) have the quality of plasticity. Putty and plasticine (modeling clay) have high plasticity.
Yield point is an engineering term that refers to the amount of stress applied to a material when it starts to deform plastically. Before the yield point is reached, the material will be in an elastic range and will not be permanently deformed. Once the yield point is reached, the deformation will be permanent (see Figure 4.42).

Brittleness determines how easily a material under stress will fracture without significant deformation. Glass, cast iron, and ceramic materials (like concrete) are brittle. Generally, brittle materials are high in compressive strength but low in tensile strength. For example, cast iron will elongate only slightly under tensile stress. Once the yield point is reached, cast iron can fail suddenly, demonstrating its brittleness.
Toughness is a measure of how a material can survive a sudden impact without fracturing. A material that is tough will require a lot of energy to break it. A material can be strong (can withstand a static load) but not tough (cannot withstand an impact). Ceramic materials are strong (in compression) but not tough. Rubber is tough, but not strong; stainless steel is strong and tough.

Malleability is the property that determines how well a material can be hammered and pressed into shape. Malleable materials behave oppositely to brittle materials. A malleable material, like copper, can be formed by using methods that are unsuitable for forming brittle materials. For example, U.S. pennies were once made of mostly copper but to reduce manufacturing costs, pennies minted in 1983 or later are made of 97.5% zinc, with a thin copper coating. Copper and zinc are both malleable metals. To manufacture the pennies, metal blanks are stamped with designs and inscriptions by presses that exert 35 tons of pressure on the coin. More brittle metals like cast iron must be melted and poured into a mold to be used to make products.

Electrical, Magnetic, Thermal, Optical, and Acoustic Properties of Materials

Besides mechanical properties, materials also have unique properties that cause them to react differently to electricity, magnetism, heat, light, and sound.
Electrical Properties Electrical properties include conductivity (signified by σ, the Greek letter sigma); and resistivity (signified by ρ, the Greek letter rho). Note that the symbol rho is used to represent both density and resistivity. This is a potential source of confusion, but the meaning of this symbol is usually clear because of the context within which the symbol is used.
Conductivity is a measure of how a particular material allows electrons to flow through it; resistivity is a measure of how a material restricts the flow of electrons. Conductivity and resistivity are inversely related, that is, the higher the conductivity, the lower the resistivity or: σ = 1/ρ. In practical terms, this means that materials with low resistivity are better conductors.
Resistivity is not exactly the same as electrical resistance. Resistivity is a function of the material from which something is made and the temperature of the material. Normally (but not always), if a material is heated, its resistivity increases. When we speak of resistivity, we must speak of it at a particular temperature. Copper is copper; a one-mile length of 18 gauge copper wire (0.0403 inches in diameter) has the same resistivity as a one-inch length provided they are both at the same temperature.
Resistance, on the other hand is a measure of the opposition to current flow of a specific piece of a material. Resistance is measured in ohms (Ω, the Greek letter Omega), after the German Physicist Georg Simon Ohm. One thousand feet of #18 gauge copper wire has a resistance of 6.385 ohms.
The relationship between resistivity and resistance is expressed by the equation:

[image: image2.emf]
where

( is the resistivity (measured in ohm metres, Ωm);
R is the resistance of the material (measured in ohms, Ω);
ℓ is the length of the specimen (measured in meters, m);
A is the cross-sectional area of the specimen (measured in square metres, m²).
Different materials have different resistivities. Materials with lower resistivities have less electrical resistance and are therefore better electrical conductors. The material with the lowest resistivity is silver. Since plastics and rubber have high resistivities, they are widely used as electrical insulators. Nichrome wire has high resistivity and its opposition to electron flow causes heat. That is why nichrome wire is used in toasters. Table 4.4 lists resistivity values for various materials at temperatures of 20° C.

[[Start Table 4.4 here]]

Table 4.4 | Table of Resistivities

	TYPE OF MATERIAL
	RESISTIVITY IN OHM-METERS

	Silver
	1.59 ( 10–8

	Copper
	1.7 ( 1028

	Gold
	2.4 ( 10–8

	Aluminum
	2.8 ( 10–8

	Tungsten
	4.6 ( 1028

	Nichrome
	150 ( 10–8

	Polystyrene
	107 – 1011

	Polyethylene
	108 –109

	Rubber
	1013


[[End Table 4.4 here]]
Magnetic Properties All materials exhibit some magnetic effects because the electrons in atoms of matter spin and create tiny magnetic fields. Magnetic properties are classified as diamagnetic, paramagnetic, or ferromagnetic. Diamagnetic materials exhibit extremely weak magnetism that exists only in the presence of a magnetic field. Most often in materials, electrons are paired and the individual electrons spin in opposite directions. In an electron pair, the spins cancel each other’s magnetic fields. Diamagnetic materials have unpaired electrons and therefore a weak magnetic field will exist. These materials will very slightly repel an external magnetic field. Practically, diamagnetic materials are so weak that we can regard them as non-magnetic. Examples are water, oil, and gold.

Paramagnetic materials (like aluminum, barium, calcium, sodium, and iron oxide) will become weakly magnetized in a magnetic field. However they do not retain their magnetism when the magnetic field is removed.

The materials that exhibit the strongest magnetic properties are ferromagnetic materials. In ferromagnetic materials, the unpaired electrons organize themselves into domains with strong magnetic fields. An external magnetic field causes the domains to align and create a magnetized material. Ferromagnetic materials include iron, nickel, and cobalt.

Advanced magnetic materials are being used in an innovative experimental way for cooling. All atoms vibrate and create some measure of heat, but an external magnetic field can align the atoms and reduce the heat buildup. The strong magnetic field cools an alloy of gadolinium, silicon, and germanium that show a very high response to a magnetic field. The material cools water flowing around it. The water replaces the fluorocarbons used in typical refrigerators making this new process one that may have positive environmental consequences.

All ferromagnetic materials will lose their magnetism when heated. The temperature at which a ferromagnetic material loses its magnetism is called the Curie point. For iron, the Curie point is about 1,400° F.

Magnetic materials that retain their magnetism have high retentivity. This is desirable for permanent magnets that are used for electric motors, loudspeakers, hard drives, magnetic recording tape, and for separation of magnetic minerals from nonmagnetic particles.

Electromagnets use soft iron for the core around which wire is coiled. Soft iron has very low retentivity; this means that, when the electric current (the electric field) is switched off, the device no longer acts as a magnet. Automobile salvage yards use this magnetic property in the large electromagnets on cranes used to pick up heavy autos. When the operator turns off the electric current, the automobile drops into the desired place. Good magnets are made from materials that easily conduct magnetic lines of force. This ability is called permeability and is similar to conductance in electrical circuits.

Thermal Properties Thermal properties refer to a material’s ability to conduct heat, and to expand when heated. The ability to conduct heat is referred to as thermal conductivity. The ability to expand is referred to as the material’s coefficient of thermal expansion. Most materials expand when heated; some, like water, expand when cooled (water turns to ice) and therefore have a negative temperature coefficient.
If you examine the thermal expansion coefficients in Table 4.5, you will find that steel expands more than glass. That is why if you have a steel lid on a jar and run it under hot water, the lid expands more than the jar, making it easier for you to loosen the top. Additionally, the thermal conductivity of the steel is much greater than that of glass, so the top gets warmer more quickly. In constructing systems with tightly fitted parts, it is important that the materials of each part are the same. Otherwise, the coefficients of thermal expansion would be different, and the parts would not fit together properly. In designing bridges, steel structures, and pipelines to be used in environments where temperatures vary considerably, the thermal properties of the materials are taken into account by engineers.
All materials have a temperature limit. The temperature limit (not to be confused with the melting point) is the highest or lowest temperatures at which the material would retain its properties. For example, most metals have upper temperature limits between 400° C and 800° C. The strength of these metals drops quickly as they approach the temperature limit.
[[Start Table 4.5 here]]

Table 4.5 | Thermal Properties of Some Common Materials

	MATERIAL
	THERMAL CONDUCTIVITY (W/m ( K) AT 25° C
	THERMAL EXPANSION COEFFICIENT (m/m ( K ( 10–6) 

	Air
	.024
	3.67

	Aluminum
	237
	23.0

	Brass
	109
	19.1–21.2

	Brick
	0.69
	4.00–7.00

	Concrete
	0.42
	7.00–14.0

	Copper
	410
	16.6–17.6

	Diamond
	900–2320
	1

	Glass
	1.05
	4.00

	Gold
	317
	14

	Iron (Cast)
	55
	9.90–12.0

	Magnesium
	156
	24.2

	Nickel ,
	90.7
	13.0

	Nylon
	0.25
	74.0–100

	Polyethylene
	0.42
	180–200

	Polypropylene
	0.1–0.22
	200

	Polystyrene (expanded)
	0.03
	50–70

	Polyvinylchloride (PVC)
	0.19
	70

	Platinum
	71.6
	9

	Rubber
	0.16
	77

	Silicon
	148
	3

	Silver
	429
	19.2

	Steel
	46
	10.0–18.0

	Tungsten
	174
	4.30

	Wood
	0.04 (balsa)–0.17 (oak)
	1.1

	Zinc
	116
	30.2


[[End Table 4.5 here]]
Materials have different thermal properties. Materials with higher thermal expansion coefficients expand most when heated. Materials with higher thermal conductivities are good conductors of heat. Those with low thermal conductivities are good heat insulators. From the table above, it is apparent that among the materials listed, air is the best insulator and expanded polystyrene is also very good because it is filled with air pockets. They are better insulators than glass or wood. It appears from Table 4.5 that most metals are good conductors of heat, but diamond is much better. The materials in Table 4.5 that expand the most with heat are plastics; the ones that expand the least are diamond and wood.

Optical Properties For some applications, materials are chosen on the basis of their optical properties, primarily their ability to reflect, absorb, refract, or transmit light. Some materials, like bright white glossy photography paper, can reflect 90% or more of the light that strikes it (incident light). Some materials, such as black rubber, reflect only a small percentage of incident light (about 2%).

Mirrors make use of the properties of reflectance of metals like aluminum or silver. Very thin coatings of these metals are deposited on another material, generally glass, with a uniform surface. Aluminum is a common coating because it is inexpensive and provides good reflectivity. Silver is even more reflective, but more expensive. In cases where the quality of the mirror must be exceptionally high, for example in high-powered telescopes, liquid metals are heated to the point where they vaporize. The vapor condenses on a sheet of glass, providing an extremely high reflective surface.

A material can absorb light of different wavelengths. In an absorbent material, light energy at a particular wavelength is absorbed (converted into heat energy) so that the amount of light reflected by the material is less than the light entering the material. The opposite of absorption is transmittance, which refers to the amount of light at a particular wavelength that can pass through a material.

Light is refracted (bent) as it travels from one medium to another. The refraction takes place at the boundary between the materials. The refraction occurs because light travels faster in some materials than in others. It travels fastest in a vacuum. The ratio of the speed of light (at a particular wavelength) in a vacuum to the speed of light in any other material is called the refractive index. If the refractive index is high, it means that the material refracts light more than if the index is low. Eyeglasses are a good example. You often have a choice of buying plastic (polycarbonate) lenses or glass lenses. Most glass lenses have a refractive index of about 1.5–1.6. Plastic lenses have a refractive index of about 1.74, meaning that they can be thinner and lighter in weight than glass lenses.
Acoustic Properties Acoustic properties relate to how the velocity of sound changes through various materials. Sound absorption, like light absorption, relates to the sound energy lost as a particular sound wave moves through a material.
The speed at which sound can travel through a material depends upon the material’s stiffness and density. Sound travels through stiff materials, like aluminum and glass, faster than it travels through flexible materials like cork or rubber. Materials that slow the speed of sound are used as insulating materials. Engineers calculate the speed of sound in a solid material by using this formula:
[image: image3.emf]
where v is the velocity of sound in the material, E is Young’s Modulus for the material and ρ is its density. Some examples of the speed of sound in some common materials are shown in Table 4.6. Note that the speed of sound increases as the temperature of the material increases. The speeds listed in Table 4.6 presume the various materials are at 25° C.

[[Start Table 4.6 here]]

Table 4.6 | Speed of Sound in Some Common Materials

	MATERIAL AT 25° CENTIGRADE
	SPEED OF SOUND m/s

	Air
	330

	Cork
	500

	Water
	1,493

	Rubber
	1,600

	Polyethylene
	1,900

	Nylon
	2,300

	Oak Wood
	3,860

	Aluminum
	5,100

	Steel
	5,900

	Window Glass
	6,800

	Diamond
	12,000


[[End Table 4.6 here]]
Materials Science and Engineering

The fields of material science and engineering are bringing about advancements in virtually all areas of technology. In the field of transportation technology, for example, high-tech materials find applications in polymers for car parts and bodies, new hybrid power plants using fuel cells, and tires with improved characteristics.

The fields of material science and engineering are sometimes considered one field, which is referred to using the acronym MSE.

Materials Science

Materials science primarily investigates the properties of materials and how the atomic structure of a material causes it to behave in the way it does. Materials scientists work in areas that include biomaterials, composites, polymers, ceramics, electronics, metallurgy, photonics, and surface science.
Materials scientists engage in a process called synthesis, which can be thought of as the preparation of a new material. During synthesis, design criteria and specifications for the new material are set, basic materials are chosen, and the materials are combined chemically to form a microstructure that is carefully controlled. Once the materials are synthesized, the new material is characterized to accurately identify its properties. Characterization helps materials scientists to understand the way the atomic structure contributes to the material’s behavior, to suggest the best materials for a particular use, and to improve its performance under specified conditions. After a material has been synthesized and characterized, it is ready to be tested for ultimate use in manufactured products.

Materials Engineering

Materials engineering is concerned with how materials can be designed, put into use, and tested. Materials engineers ensure that engineering materials are fabricated to meet cost constraints, proper compositions and tolerances, and quality requirements.
Materials engineers oversee the processes involved in producing materials. These can be divided into two main categories: primary fabrication and secondary fabrication. Primary fabrication converts raw materials from their mineral or organic origins into industrial materials that would be further processed into products. It is during primary fabrication that most of the characteristics of the microstructure of the material are determined.

The process of converting iron ore into pig iron (raw iron) is an example of primary fabrication. The process of transforming the pig iron into finished products using processes such as rolling, casting, and forging is known as secondary fabrication. Secondary fabrication can have some effect on a material’s basic properties, but normally has less of an effect than primary fabrication does. For example, the process of rolling iron plates can harden the iron’s surface.

There is no clear line separating the work of materials scientists and materials engineers. In fact, in the high-technology worlds of new composites and nanoscale materials, interdisciplinary teams—often involving materials scientists, chemists, physicists, and engineers—collaborate to better understand microstructures of materials and develop applications for them. In the coming years, materials scientists and engineers will increasingly be relied upon to develop and find uses for materials hitherto unknown. New materials will have to be environmentally friendly, inexpensive to produce, and provide high performance and reliability.

[[Start Section two Feedback > here]]

SECTION TWO FEEDBACK >
1.
Give one example each of materials that would be used for a) electrical conductors, b) magnets, and c) acoustic insulation.
2.
Explain the difference between tensile yield strength and ultimate tensile strength.

3.
Are elastic materials always ductile? Explain your answer.
4.
Using the formula [image: image4.emf] determine the resistance of a 1 mile length of 12-gauge copper wire. Note: One mile = 1,609 meters; the diameter of 12-gauge wire = 0.2117 cm. Note: find the resistivity of copper from Table 4.5.

[[End Section two Feedback > here]]

SECTION 3: Processing Materials

[[Start Key Ideas > Box here]]

KEY IDEAS >
· The term “processing” means transforming basic (raw) materials into industrial materials, and then into finished products.

· We can categorize processing methods according to whether they produce a mass change, phase change, or structure change. We can also divide processing methods into those that cause deformation of the material (that is, change its shape) and those that consolidate (or combine) materials. New developments in materials processing will be driven by very highly technical processes and the use of hitherto unknown materials.

[[End Key Ideas > Boxhere]]

The term processing means transforming basic (raw) materials into industrial materials, and then into finished products. When processing materials, manufacturers must address a host of issues, such as cost, quality, and performance. They must also consider the environmental impact of each processing method. For example, they must consider the energy required to convert a material to a finished product, as well as the disposability of the product after it has fulfilled its intended life cycle.

[[Insert Figure 4.43 here]]

Material Processing Methods

Raw materials are the starting point. Examples of raw materials are metal ores, clay, natural rubber, and petroleum. These raw materials are processed into industrial material (such as iron and various types of plastics), which are then further processed into end products.
Materials can be processed while they are in solid, liquid, or gaseous states. In the solid state, materials are formed by using forces that place tensile, compressive, shear, flexural, or torsional stresses upon them.

Solid materials can be hard (for example, sheet metal); soft (for example, clay), or powders (for example, the powders from which pills are formed). In the liquid state, materials are poured into molds in a process known as casting. It is less common to process materials in their gaseous state; however, some processes, notably chemical vapor deposition, vaporize a substance into a gas and deposit a thin film of high purity material onto a surface. One example of the use of these thin films is in the electronics industry, where materials such as silicon are deposited onto semiconductor wafers and then etched to become integrated circuits (ICs).

[[Insert Figure 4.44 here]]

Categorizing Materials Processing Methods

Manufacturers make use of many different types of processing methods. These methods can be categorized in different ways. We can categorize processing methods according to whether they produce a mass change, phase change, or structure change. (You’ll learn what these terms mean shortly.) We can also divide processing methods into those that cause deformation of the material (that is, change in shape), and those that consolidate (or combine) materials.
Some materials processes fit into more than one category. For example, chemical vapor deposition is a phase change process and also a consolidation process. Electroplating is a mass change process and also a consolidation process.
Mass Change

Processes that change the mass of a material can either remove or add mass. Mass can be removed by using machine and hand tools to drill, saw, grind, turn, or mill materials; and by using techniques such as electrical discharge machining that use high electrical currents to melt away small particles of material.
Cladding and Electroplating Mass can be added by cladding processes (which bond different metals together by pressing them together under high pressure; and by electroplating, which is an electrochemical process that deposits a adds a thin layer of metal onto a substrate (underlying material) (see Figure 4.46). Soldering and brazing use heat to join metals by adding a melted filler material (made of a metal that has a lower melting point than the base metals, called solder or braze) that causes the base metals to bond. Welding is similar except that the workpieces themselves are melted at the weld point and the welding rod forms a molten pool of material that joins the parts.

[[Insert Figure 4.45 here]]

[[Insert Figure 4.46 here]]

[[Insert Figure 4.47 here]]

Drilling Drilling involves using a rotating bit, held in the chuck of a hand drill, portable electric drill, or drill press (see Figure 4.48). The drill bit has a tip made of hardened steel or silicon carbide. The flutes (or grooves) on the drill bit carry away the bits of material that are being cut. A jackhammer is a drill that operates pneumatically (uses compressed air) and is used to drill into rock or pavement. It works by hammering a chisel-like tip into the material that the operator wants to break into pieces.

Sawing Sawing is a mass-change process that uses a saw blade with sharp teeth. The blade removes material the size of the saw cut from a larger piece and thus separates material into parts and shapes. Sawing is done with hand saws using straight or curved blades; band saws using an endless steel band having a continuous series of teeth that runs over wheels or pulleys; and circular saws that are machines that use a steel blade that has teeth on its perimeter and is mounted on a rotating shaft.
Grinding Grinding uses abrasive materials embedded into a solid circular wheel or belt to remove small particles of material. Sanding is similar but uses abrasive materials bonded to a flat sheet of cloth or paper. Grinding and sanding are processes use to smooth the surface of a material. When very tiny abrasive particles are used, the effect is to smooth the surface so much that it becomes polished. Surface grinders are used for various grinding processes, including truing flat metal stock, squaring material within tenths, sharpening cutting tools, and for sharpening punch and die sets (see Figure 4.50).
[[Insert Figure 4.48 here]]

[[Insert Figure 4.49 here]]

[[Insert Figure 4.50 here]]

[[Insert Figure 4.51 here]]

Turning Turning is done on a lathe (see Figures 4.51 and 4.52). The workpiece is rotated so that its surface is cut by a stationary cutting tool. The tool can taper the workpiece, reduce its diameter uniformly, or cut grooves into it.

[[Insert Figure 4.52 here]]

Phase Change

Processes that change the phase of a material make solid parts from liquid or gaseous materials. Some examples of phase-change processes are metal casting, injection molding, and blow molding of plastics. In another interesting phase change process, known as infiltration, liquid metal fills the microscopic pores in the surface of a mold and becomes part of the mold surface when it cools. This process is used in the production of automobile engine parts. Chemical vapor deposition, discussed earlier, is another phase-change process. A fascinating example of a phase change process is seen in Chapter 6 in the discussion of zero-energy houses. In this case, a wax (solid) is encapsulated in plastic and used as an energy storage device in a wall. When the temperature is warm (above 75° F) the wax changes phase (melts) and stores the heat energy. When the temperature outside falls, the material releases the stored heat energy and heats the house.

Casting

Molds for casting can be made from ceramic materials, polymers, metals, plaster, rubber, wood, or composites. The mold is an exact negative copy of the object that is to be cast. Often, solid materials (like iron or thermoplastics) must be melted before being cast. Sometimes, as in the case of plaster, slip (liquid clay), and concrete, the materials are mixed cold and poured into molds or forms, where they harden.
Some molds are designed to be used only once. These molds are called expendable molds and are often made of sand, plaster, wax, or clay. After the casting is made, the mold is broken apart to remove the finished product (some plaster molds used for casting clay objects from liquid clay can be used to make multiple castings).
Some molds can be reused many times. These molds are called “nonexpendable molds.” Some examples are steel molds used to make parts out of nonferrous metals; molds used for injection molding of plastic; and molds used for pressing and blowing glass (see Figures 4.53 and 4.54).

[[Insert Figure 4.53 here]]

[[Insert Figure 4.54 here]]

TECHNOLOGY IN THE REAL WORLD:
Developments in Material Processing

There are some very exciting new developments in material processing. One is to process materials into products that require very little finishing or post processing. An example is casting products with complex geometries into their final shape. Normally the surfaces of these castings are not finished to perfection and require further heating, smoothing, or machining. The method, referred to as net shaping, reduces the amount of materials used by up to 50% and saves energy needed in the production process because the casting is more perfect and does not require the need for further machining or heating.

Another emerging idea is to use microfactories to process materials. These are small, desktop factories that match the size of the production system to the size of the parts being made. They are linked to engineers, suppliers, and customers over the Internet. They can be easily reconfigured to produce different parts as needed. A fabber is a type of microfactory that builds objects by adding plastic materials, layer by layer, similar to the way a layer of ink is printed on paper. New developments in materials processing will be driven by very highly technical processes and the use of new materials.

[[Insert Figure 4.55 here]]

[[Insert Figure 4.56 here]]

[[Insert Figure 4.57 here]]

Pressing Pressing of molten materials is similar to casting, except that after the molten material is poured into a mold, a plunger with the shape of the inside of the object to be produced is lowered into the mold. The material squeezes around the plunger. It takes the form of the mold on the outside and the form of the plunger on the inside. Pressed glassware is made by pressing molten glass into a mold to create the shape and surface design desired.
Injection Molding Injection molding is a common industrial process used to manufacture plastic parts to a high degree of accuracy. Plastic pellets of many different colors and types (such as polystyrene, polypropylene, and polyethylene) can be used. The pellets are placed into a hopper and fed into a heated cylinder. A hydraulic plunger or a mechanical screw forces the softened plastic into a mold that is clamped under pressures that can be as high as 1,000 tons or more. Molds can have multiple cavities, allowing many parts to be cast at the same time. The advantage of using a mechanical screw is that it can be controlled to inject a very small amount of the melted plastic and therefore is suitable for making small parts (see Figure 4.58). The sections of the mold are separated once they cool and the plastic parts are then removed. Household items, plastic gears, toys, and LEGO parts are among those that are injection molded.

[[Insert Figure 4.58 here]]

[[Insert Figure 4.59 here]]

[[Insert Figure 4.60 here]]

Blow Molding and Vacuum Forming In blow molding, a gob of molten plastic (called a parison) is enclosed in a metal mold that clamps around it (see Figure 4.61). The parison is inflated by air pressure and takes the shape of the mold. Hollow plastic bottles and containers are made this way. Low air pressure of about 100 psi is used, and therefore the mold clamping pressures are much lower than in injection molding, making this a very cost-effective process.

Vacuum forming is a method of forming a sheet of plastic, usually polystyrene or acrylic, around a model or mold (see Figure 4.62). The plastic sheet is heated until it softens, draped over the model, and a vacuum system is used to pull the sheet tightly down. The process is used to make plastic “blister packaging” that hangs on hooks in retail displays, as well as plastic cups, trays, containers, and many consumer electronic packages. The process uses a vacuum forming machine and is an inexpensive way to make thin-walled plastic parts.

[[Insert Figure 4.61 here]]

Rotational Molding Rotational molding uses a mold that consists of a mold attached to a motor that rotates very quickly. Molten material is placed in the mold and centrifugal force due to the rapid spinning causes the molten material to be distributed uniformly on the inside of the mold, taking its shape. Hollow glass, metal, and plastic objects are sometimes cast using this process.

[[Insert Figure 4.62 here]]

Structure-Change Processes

Structure-change processes affect the atomic structure of a material. The change can be throughout its mass or just on the surface. Three processes that affect the material’s structure are hardening, tempering, and annealing.

Hardening In the process known as hardening, a material’s surface or internal structure is made physically harder. Hardening steel requires heating it to a high temperature and then cooling it rapidly. Heat treating a material changes its structure and tensile and fatigue properties. Essentially, when a material is heated, the heat energy causes the atoms of the substance to move around randomly. If the material is rapidly cooled, the atoms are “frozen” in a particular arrangement. Controlling the heating and cooling temperatures and rates determines the microstructure of the material.

When steel (with greater than 0.03% carbon) is heated to about 1,375° F (746° C), its structure resembles a cube with atoms at the corners and centers of each face. This face-centered cubic has open spaces that contain carbon atoms (see Figure 4.63). At this point, the steel is considered a solid solution known as austenite. The amount of carbon in steel determines the steel’s hardness. High-carbon steels (about 0.6% carbon) have higher yield strengths and can be made harder than low-carbon steels (about 0.03% carbon).

[[Insert Figure 4.63 here]]

When suddenly quenched, the carbon atoms in the steel rearrange themselves but do not have time to completely move out of their crystalline structure. The atomic structure changes to a state called martensite (see Figure 4.64). In that state, the steel becomes much harder than steel in the austenitic state. (It should be noted that when nonferrous metals, like copper, are heated to red heat and quenched quickly, they actually soften).
Steel and other metals, particularly nonferrous metals, can also be work-hardened by deforming the material plastically when working on it. The material can be rolled, pressed, hammered, or bent. The deformation causes irregularities to occur in the crystalline structure of the material. These cause stress to build up in the material, hardening it and reducing its ductility.

[[Insert Figure 4.64 here]]

Surface hardening (or case hardening) is a process where steel or iron is heated while its surface is in contact with a carbon-based material. The steel is put into a case and carbon-based materials are packed around it. It is then heated in a furnace until the carbon diffuses into the surface of the steel. Only the surface of the steel is hardened. The core is chemically unaffected. The surface is able to resist wear, while the interior can resist impact.

Tempering Martensite-phase steel (steel that is heated and suddenly quenched) is hard, but is extremely brittle and has low ductility. Little or no plastic deformation can take place before it fractures. Tempering can preserve the material’s toughness, increase its ductility, and reduce the brittleness. Tempering involves heating hardened steel to a temperature of between 420° to 650° F (216° to 343° C) and soaking it at that temperature for a short time. At the tempering temperature, the carbon particles turn into small carbide particles. The material is then cooled quickly, preserving that new microstructure, with the result that the material is much more able to withstand impact.
Annealing Annealing is a process undertaken to remove stresses in a material. Steel is annealed by heating it above the austenitic point (above 1,375° F or 746° C) and then cooling it slowly. The grain structure becomes more coarse (it turns into a steel called pearlite) and the material then becomes soft and ductile. In annealing, the annealing temperature and the rate of cooling are determined by the material being heat treated.

Annealed materials can be worked much more easily than hardened materials. In fact, steel that will be made into tools is annealed, then shaped, then hardened, then tempered.
To anneal nonferrous materials, such as copper, that have been work hardened, the material would be heated to a red color and then cooled quickly by quenching it in water or oil.
In addition to metals, glass is also heat treated. After glass is melted and formed, it must be heated again to an intermediate temperature (below its melting point) and annealed. It is cooled very slowly to relieve internal stresses. Without this annealing process, the glass could explode into tiny pieces.

Solid-state Phase Change

( Normally, the term phase change refers to a change in phase from solid to liquid or from liquid to gas. In a solid-state phase change, a material remains solid, but its atomic structure rearranges. A unique example and application of solid state phase change is with metals that are called shape memory alloys. A shape memory alloy can have one shape at a lower temperature (when it has a martensite cubic structure) and another shape at a higher temperature (when it has an austenitic structure). The shape memory alloy “remembers” the two different shapes that occurred at the two temperatures. By changing the temperature (very often by only a few degrees) the structure of the material, and thus the shape, changes. Using shape memory alloys, eyeglass frames can be totally misshapen and warmed to make them return to their original shape. Shape memory alloys can also be used as actuators. For example, when water reaches a scalding temperature in a bath or shower, a device using a shape memory alloy responds and shuts off the water. They are also used in medical applications as stents (which are small tubes made of wire mesh). These are used to expand arteries to increase the flow of blood. They are inserted when bent, and revert back to their original shape once they reach the body temperature.
Deformation Processes

Deformation processes change the shape of a material without changing its mass. Deformation processes include forging, rolling, machine pressing, and drawing.
Forging Forging is a method of changing a metal’s shape using hydraulic or pneumatic hammers or large presses (see Figure 4.65). Blacksmiths use forging to make products or parts of products out of iron. Forging makes use of the property of plasticity. Forging can be done while metal is hot or cold. Hot forging is desirable because when metals (primarily ferrous metals) are heated to a cherry red color, they become softer and are easier to shape. Cold forging involves feeding material (often thin bars or wires) into a die to shape the part, for example to form the head of a bolt or a rivet.
[[Insert Figure 4.65 here]]

Rolling Rolling is a process in which a material is passed through a set of rollers to either make it thinner or to shape it (see Figure 4.66). The rolling process can take industrial material such as ingots of metal and shape it into plate, sheet, or foil. Material can be hot rolled or cold rolled. Rolling is also classified according to the temperature of the metal rolled. In hot rolling, the metal can be deformed to a greater degree than with cold rolling, and hot rolled materials retain their microstructures. Cold rolling is done at lower temperatures. As a result, the metal is work-hardened and people must anneal it to form it into products. Not only metals, but also plastic products are produced by rolling. Cellophane tape is one example.

[[Insert Figure 4.66 here]]

[[Insert Figure 4.67 here]]

Machine Pressing Machine pressing uses hydraulic presses to stretch a material (often sheet metal) into a desired shape. Often, the press uses top and bottom dies that mate to give the material its final shape (see Figure 4.67).

Extrusion Extrusion is a process whereby a continuous stream of a product is made by squeezing softened material (just below its melting point) through a small opening called a die. The material can be either metal or plastic and the shape of the product takes the shape of the die’s inner portion. Extrusion occurs when you squeeze toothpaste out of a tube. Extruded products can be formed into “T” shapes or “L” shapes, and they can be made into a variety of geometric shapes (round, rectangular, octagonal) as cross sections. As the extrusion exits the die, it is carried by a conveyor to a cooling area. Tubing, channels, rods, and pipes are all made by extrusion (see Figure 4.68).

[[Insert Figure 4.68 here]]

Drawing Drawing involves pulling a material through a die. The material is always ductile, so that its structure allows plastic deformation. Metal wire and rod is produced by drawing metal through a die. Heated plastic (below the melting temperature) is pulled through a die to make products like drumsticks.
Consolidation Processes
Consolidation processes are used to combine materials. These processes can include fastening and joining techniques, making composite materials, and coating materials.

Fastening Techniques Fastening techniques involve using fasteners like nails, screws, nuts and bolts, rivets, and staples (see Figure 4.69).

Joining Techniques Joining techniques include using adhesives, soldering, brazing, and welding. Early adhesives were resins that came from plants. Animal hides and hooves were boiled and their connective tissues were used as glues. Modern adhesives are extremely strong and versatile. Some work by chemically bonding with the surfaces to be joined. Epoxy resins are an example. Other adhesives, such as contact cements, are pressure sensitive and work on the basis of forces causing intermolecular attraction. Some adhesives used in dental applications set up very quickly under ultraviolet light. Hot glues are thermoplastics that are melted and harden between two surfaces when they cool.

[[Insert Figure 4.69 here]]

Sintering Components can be produced from compacted metal powder, composites, and cements. Sintering is a process where powdered materials are combined with a binding material and pressed into shapes in a mold under heat and high pressure. Most sintered parts are small and weigh less than 5 pounds (2.27 kg).
Composite Materials Another example of a consolidation process is forming composite materials (as explained in Section 1 of this chapter). Composites are formed by combining a matrix material with a reinforcement material. The composite material has properties that are different from and more desirable than the individual materials that comprise it.

Coating Coating materials involves using paints, finishes, and chemical processes. Paints use a pigment (to provide color); a binder (a resin that binds the pigment and imparts the glossy or matte finish to the paint); and the vehicle (which is the solvent that carries the pigment and binder). The vehicle can be water, oil, or alcohol. Finishes (paint can also be considered a finish) include wood finishes, metal finishes, and ceramic coatings. Wood finishes include polyurethane resin, varnish, shellac, and stain.

Metal finishes include anodizing (an electrochemical process that thickens the oxide on the surface of nonferrous metals); galvanizing (coating ferrous metals with a thin layer of zinc to protect them from corrosion); and electroplating (an electrochemical process that deposits metal like silver, gold, and copper on another metallic surface). Ceramic finishing methods include glazing and enameling, in which powdered glassy materials are dissolved in a solution and painted onto a ceramic object. When heated to their flow point, glazes and enamels adhere to the object’s surface.

Summarizing Materials Processing Methods

	METHOD
	PURPOSE
	EXAMPLES

	Mass Change
	Removes or adds mass
	Cladding, Electroplating, Drilling, Sawing, Grinding, Turning

	Phase Change
	Makes solid parts from liquid or gaseous materials
	Chemical Vapor Deposition, Casting, Pressing, Injection Molding, Blow Molding, Vacuum Forming, Rotational Molding

	Structure-Change
	Affects the atomic structure of a material
	Hardening, Tempering, Annealing, Surface Hardening

	Deformation
	Changes the shape of a material without changing its mass
	Forging, Rolling, Machine Pressing, Extruding, Drawing

	Consolidation Processes 
	Used to combine materials
	Fastening, Joining, Sintering, Forming Composites, Coating (Painting, Finishing, Anodizing, Galvanizing, Electroplating, Glazing, Enameling)


[[Start Section three Feedback > here]]

SECTION THREE FEEDBACK >
1.
Give an example of each of the following processes: mass change, phase change, structure change; deformation; and consolidation.

2.
Compare grinding and sanding.
3.
Explain the process of casting.

4.
What is the difference between extruding and drawing material?

[[End Section three Feedback > here]]

SECTION 4: Factors in Selecting Materials

[[Start Key Ideas > Box here]]

KEY IDEAS >
· Materials are chosen based on their properties, but other factors, such as cost, safety, availability, disposability, and environmental impact, are also considered.
· The choice of material often reflects trading off competing benefits.

· True costs of materials extend beyond the cost of the raw material itself.

[[End Key Ideas > Box here]]

Materials are chosen based on their properties, but other factors, such as cost, safety, availability, disposability, and environmental impact, are also considered. The choice of material often reflects balancing competing benefits (see Figure 4.70).

Properties of materials determine their suitability for specific applications. Depending upon the product to be manufactured, certain properties become most important. Table 4.7 compares the properties of aramids, carbon, and glass. Aramids (like Kevlar) have high strength-to-weight properties, are reasonably stiff, are resistant to chemicals, and do not conduct electricity. Carbon-fiber products have high tensile and compressive strength, high stiffness, resist corrosion, but have low impact strength. Fiber glass has good compressive strength and stiffness, good tensile strength and relatively low cost. In choosing among these materials, engineers make trade-offs. Sometimes designers trade off one property at the expense of another. For example, in producing high-strength steel, engineers choose high strength at the expense of ductility. Sometimes people trade off benefits for costs; sometimes companies might trade off safety for cost.

[[Insert Figure 4.70 here]]

[[Start Table 4.7 here]]

Table 4.7 | Properties of Aramids, Carbon, and Glass

	PROPERTY
	ARAMIDS
	CARBON FIBER
	GLASS

	Tensile Strength
	GOOD
	EXC
	GOOD

	Stiffness
	GOOD
	EXC
	POOR

	Compressive Strength
	POOR
	EXC
	GOOD

	Flexural Strength
	POOR
	EXC
	GOOD

	Impact Strength
	EXC
	POOR
	GOOD

	Shear Strength
	GOOD
	EXC
	EXC

	Fatigue Resistance
	GOOD
	EXC
	POOR

	Fire Resistance
	EXC
	POOR
	EXC

	Thermal Insulation
	EXC
	POOR
	GOOD

	Electrical Insulation
	GOOD
	POOR
	EXC

	Low Thermal Expansion
	EXC
	EXC
	EXC

	Low Cost
	POOR
	POOR
	EXC


[[End Table 4.7 here]]
[[Insert Figure 4.71 here]]

[[Insert Figure 4.72 here]]

Availability of Materials

Availability of materials is a primary factor in the selection process. When there are only a limited number of producers of a certain material, or when that material is produced in a limited supply, engineers look for alternatives. During World War II, metal was in very short supply and other materials, primarily wood, were substituted.

An adequate supply of materials also depends upon governmental trade policies and international relations. A country may not, for political reasons, wish to engage in trade with another nation although that nation might be a good resource for a particular material.

Because of globalization, however, sources for many materials have increased. Nevertheless, if materials are available locally at comparable prices, they are preferred. Local materials can be transported less expensively than foreign-made materials, and local materials also make use of a resident workforce so that more jobs are available to local workers.

[[Insert Figure 4.73 here]]

Safety

Safety is an important concern when choosing materials. Prior to the 1980s, asbestos used to be a favored material in the production of automobile brake shoes and construction materials. Asbestos fibers are strong, durable, and resistant to heat and wear. Asbestos use is no longer widespread in the United States because the material has been shown to be a carcinogen (a cancer-causing agent). Other materials such as aramid and carbon fiber, fiberglass, vinyl siding, and wood siding, have been substituted. Brake pads, for example, now are made of Kevlar, or are semi-metallic using copper, brass, and steel-wool flecks held together by a resin.
Disposability and Environmental Impact

Disposability and environmental impact drive decisions about materials. People in many nations are becoming more environmentally conscious. Some materials can biodegrade; some, like plastics, virtually never biodegrade. New plastics are being developed, however, that come from renewable raw materials. These bioplastics are envisioned as being produced by converting plant sugars into plastic, growing plastic inside microorganisms, and in crops like corn. Table 4.8 shows the length of time it takes for materials to biodegrade.

When choosing materials and processes, engineers also take into account the energy it takes to process materials. These costs can vary widely depending on the current demand, and the political climate in the region in which a particular form of energy is produced. Table 4.9 shows the costs of a variety of energy types. Since these costs are listed in real (1984) dollars (before current inflation), they are most useful as a comparative ratio of the cost of one material to another. As you can see, the costs of using certain materials to provide energy are markedly cheaper than others.

[[Start Table 4.8 here]]

Table 4.8 | Time Required for Material to Biodegrade

	Cotton rags
	1–5 months

	Paper
	2–5 months

	Rope
	3–14 months

	Orange peels
	6 months

	Wool socks
	1–5 years

	Cigarette butts
	1–12 years

	Plastic-coated paper milk cartons
	5 years

	Leather shoes
	25–40 years

	Nylon fabric
	30–40 years

	Tin cans
	50–100 years

	Aluminum cans
	80–100 years

	Plastic 6-pack holder rings
	450 years

	Glass bottles
	1 million years

	Plastic bottles
	Forever


[[End Table 4.8 here]]
[[Start Table 4.9 here]]

Table 4.9 | Table of Energy Costs

	GASOLINE COST/GAL
	GAS, $/M BTU
	HEATING OIL COST/GAL
	HEATING OIL $/M BTU
	NATURAL GAS COST/1,000 Cu Ft.
	NATURAL GAS $/M BTU
	ELECTRICITY COST/KWH
	ELECTRICITY $ M BTU

	140.735
	11.328
	120.029
	8.654
	642.477
	6.238
	4.152
	14.101


[[End Table 4.9 here]]
True Cost of Materials

The true cost of a material includes more than just the cost of the raw material. It also includes the amount of energy and water (a scarce resource in some places) needed to produce it, the amount of pollution generated by the process, and the cost of human time and effort. For example, the energy costs for growing, harvesting, and processing the plants needed to make bioplastic could conceivably consume more fossil fuel than processing plastic in traditional ways.

[[Start Section four Feedback > here]]

SECTION FOUR FEEDBACK >
1.
Why might a designer or engineer not choose the strongest material to make into an automobile body?
2.
Give an example in which safety was traded for cost.

3.
How does globalization affect the choice of materials?

4.
Although bioplastics might be environmentally desirable, why might they not become commonplace?

[[End Section four Feedback > here]]

CAREERS IN TECHNOLOGY
Matching Your Interests and Abilities with Career Opportunities: Materials Engineering

Materials engineers are involved in the development, processing, and testing of materials used to create a range of products. They work with metals, ceramics, plastics, semiconductors, and composites to create new materials that meet certain mechanical, electrical, and chemical requirements. Materials engineers create and study materials at an atomic level. Most specialize in a particular material.

Significant Points

· Overall job opportunities in engineering are good, but vary by specialty.
· A bachelor’s degree is required for most entry-level jobs.
· Starting salaries are significantly higher than those of other college graduates.
· Continuing education is critical for engineers wishing to enhance their value to employers as technology evolves.

Nature of the Industry

Engineers precisely specify functional requirements; design and test materials and components; and evaluate the design’s overall effectiveness, cost, reliability, and safety. Most engineers specialize. Ceramic, metallurgical, and polymer engineering are subdivisions of materials engineering.
Working Conditions

Most engineers work in office buildings, laboratories, or industrial plants. Others may spend time outdoors at production sites, where they monitor or direct operations or solve on-site problems. Some engineers travel extensively to plants or work sites. Many engineers work a standard 40-hour week. At times, deadlines or design standards may bring extra pressure to a job, requiring engineers to work longer hours.

Training and Advancement

A bachelor’s degree is required for most entry-level jobs. Continuing education is critical for engineers wishing to enhance their value to employers as technology evolves. There are many two- and four-year colleges and universities in the United States that offer programs in materials engineering, materials science, and materials technology.
Outlook

The employment for materials engineers is expected grow about as fast as the average for all occupations through 2014. Although many of the manufacturing industries in which materials engineers are concentrated are expected to experience declining employment, materials engineers still will be needed to develop new materials for electronics, biotechnology, and plastics products. Growth should be particularly strong for materials engineers working on nanomaterials and biomaterials.
Earnings

As a group, engineers earn some of the highest average starting salaries among those holding bachelor’s degrees. Materials engineers’ starting salaries are among the highest in engineering.
[Bureau of Labor Statistics, U.S. Department of Labor, Occupational Outlook Handbook, 2008–09 Edition, visited January 2008, http://www.bls.gov/oco/]

Summary >
Materials have different qualities and may be classified as natural, synthetic, or mixed. The most common materials from which products are made are wood, metal, plastics, ceramics, and composites. Recyclable materials allow what otherwise would be considered waste to be reprocessed into useable products.
Materials are chosen on the basis of properties that make them appropriate for particular applications. Properties of solid materials can be grouped into the following categories: physical, mechanical, electrical, magnetic, thermal, optical, and acoustic. Mechanical properties include a material’s strength, as well as other properties such as its hardness, ductility, elasticity, plasticity, brittleness, toughness, and malleability.

Materials are processed using methods that change basic (raw) materials into industrial materials, and then into finished products. Typical methods of processing materials include mass change, phase change, or structure change; deformation processes; and consolidation processes. New developments in materials processing will be driven by highly technical processes and the use of new materials.

Materials are chosen on the basis of their properties, but also on the basis of other factors including cost, safety, availability, disposability, and environmental impact. Determining which material to choose often reflects trading off competing benefits. The true costs of materials extend beyond the cost of the raw material itself.

FEEDBACK
1.
Give an example of a natural, synthetic, and mixed material.
2.
What are the most common materials from which products are made?
3.
What is the purpose and value of recycling materials?

4.
What is the difference between physical and mechanical properties of material? Give an example of a physical property and an example of a mechanical property.
5.
On what basis can we judge the thermal properties of a material?
6.
What is the modulus of elasticity?

7.
Explain the relationship between elasticity and plasticity of a material.
8.
What are the five typical categories of material processing methods?

9.
Research two contemporary developments in material process and explain them briefly.
10.
On what basis are materials chosen for a particular application?

11.
Give an example of a trade-off you might make in selecting a material to build a product.

12.
Beside the cost of the raw material itself, what other factors influence the true cost of choosing a material for a particular application?

DESIGN CHALLENGE 1:
Glass Technology

· Problem Situation

Materials are processed using methods that change basic (raw) materials into industrial materials and then into finished products. Sand can be processed into glass (primary fabrication), which is then processed into useful products (secondary fabrication). In this activity, you will have the opportunity to engage in both primary and secondary fabrication. You will make glass from raw materials, and then process it into a useful and attractive object.
· Your Challenge

Given the necessary raw materials, you will mix (batch) materials, produce molds, and make a small glass object.
· Safety Considerations

1.
Use a great deal of care, as the materials are at extremely high temperatures.

2.
Wear eye protection at all times.

3.
Wear insulating gloves.

4.
Avoid taking crucibles in and out of the kiln. Rapid changes in temperature can cause cracking.

5.
If a crucible develops cracks, discontinue using it immediately, and call the instructor to assist you.

6.
Hot glass looks just like cold glass. Never leave newly formed pieces out in the open where an unsuspecting individual could touch them.
7.
Always use tongs to handle hot crucibles. Never reach into the kiln with your hands to insert or remove a crucible, even while wearing insulated gloves.
8.
Finished objects must be properly annealed, or they are liable to explode. Test for stress using a polariscope.

· Materials Needed

1.
Enameling kiln

2.
Porcelain or graphite crucibles

3.
Aluminum or graphite molds

4.
Glassmaking chemicals

5.
Scales

6.
Mortar and pestle

7.
Polariscope

8.
Drilling and boring tools

9.
Cement block or carbon block

10.
Tongs

11.
Heat-resistant gloves

· Clarify the Design Specifications and Constraints

Your design must be made from a low-melting point borosilicate glass, a glass that can be melted in a copper enameling kiln at a temperature of about 815° C or about 1,500° F. A formula for a suitable glass can be obtained from your instructor.

Molds can be made from graphite, which is easily machined. Dump molds can be formed in the top of a graphite block. A rotational mold made from graphite can be turned on a lathe to a cylinder measuring about 5 cm. (2 inches) outside diameter, and 10 cm. (4 inches) in length. You can use a boring tool to machine the inside to a shape, like a small bell or a salt shaker where the mold has a conical inside shape.
A polariscope can be made from two polarizing filters, or sheets of polarizing film, at 90 degrees to each other. The glass is placed between these two filters or sheets of film. The viewer inspects the glass by looking through the polarized film toward an incandescent light source. A box should be constructed to hold the light bulb and two sheets of film or filters, with enough space between the film sheets to inset and remove the formed glass. If bands of color or streaks of black are seen, the glass should be annealed again.
· Research and Investigate

To complete the design challenge, you first need to gather information to help you build a knowledge base.

1.
In your guide, complete the Knowledge and Skill Builder I: Safety considerations.

2.
In your guide, complete the Knowledge and Skill Builder II: Making a mold.

3.
In your guide, complete the Knowledge and Skill Builder III: Making a polariscope.

4.
In your guide, complete the Knowledge and Skill Builder IV: Batching glass.
5.
In your guide, complete the Knowledge and Skill Builder V: Melting the glass batch.

6.
In your guide, complete the Knowledge and Skill Builder VI: Forming a glass object.

7.
In your guide, complete the Knowledge and Skill Builder VII: Annealing the glass object.

· Generate Alternative Designs

Describe two of your possible alternative approaches to making a glass object. Discuss the decisions you made in a) batching the glass, b) designing the mold, and c) building the polariscope. Attach drawings if helpful and use additional sheets of paper if necessary.

· Choose and Justify the Optimal Solution
What decisions did you reach about the design of the glass batch, the mold, and the polariscope?

· Display your Prototypes

Produce your glass batch, mold, polariscope, and final glass object. Include either descriptions, formulas, photographs, or drawings of these in your guide.

· Test and Evaluate

Explain whether your designs met the specifications and constraints. What tests did you conduct to verify this?

· Redesign the Solution

What problems did you face that would cause you to redesign the a) glass batch, b) the mold, and/or c) the polariscope? What changes would you recommend in your new designs? What additional trade-offs would you have to make?
· Communicate Your Achievements

Describe the plan you will use to present your solution to your class. (Include a media-based presentation.)

DESIGN CHALLENGE 2:
Testing Materials

· Problem Situation

A wide variety of materials are available to choose from when designing products or systems. Some of these materials have properties that make them more desirable than others. For example, when NASA designs space suits, the materials from which they are to be made must be tested for their ability to withstand very specific stresses. Before they are made into products, materials are tested to determine how well they will survive operating conditions.
· Your Challenge

You will design, construct, and use a piece of materials-testing equipment to test a particular material property (a physical, mechanical, electrical, magnetic, thermal, optical, or acoustic property) of a material you choose to investigate.
· Materials Needed

Various pieces of hardware, such as:

1.
wood for frames

2.
center punch

3.
pulleys

4.
motors

5.
balances

6.
assorted hand tools
7.
machines
· Safety Considerations

In this activity, you will be using a variety of materials, hand tools, and machines. Make sure you fully understand all the safety precautions. Discuss these with your team members and your instructor. If you have any questions about procedural safety, make absolutely sure you discuss your concerns with your instructor.
1.
Only use tools and machines after you have had proper instruction.

2.
Wear eye protection when using tools, materials, machines, paints, and finishes.

3.
Make sure that all machines are used with all guards in place.

· Clarify the Design Specifications and Constraints

The apparatus you design must be safe to use. It should include a method of calibrating results. Your results should be consistent with known data about the material and the property you are investigating.
· Research and Investigate

To complete the design challenge, you need to first gather information to help you build a knowledge base.

1.
In your guide, complete the Knowledge and Skill Builder I: Properties of materials.

2.
In your guide, complete the Knowledge and Skill Builder II: Nondestructive and destructive testing.

3.
In your guide, complete the Knowledge and Skill Builder III: Finding known data about materials.

4.
In your guide, complete the Knowledge and Skill Builder IV: Testing procedures.

5.
In your guide, complete the Knowledge and Skill Builder V: Carrying out the test (Compare the data obtained from the materials tested to anticipated results.)

· Generate Alternative Designs

Determine what you want to test. With your group, brainstorm methods to perform a test to determine properties of the material. Describe two of your possible alternative approaches to making the piece of testing apparatus. Discuss the decisions you made in a) choosing the material to test, b) designing the testing apparatus, and c) collecting data about the material from your test. Attach drawings if helpful and use additional sheets of paper if necessary.

· Choose and Justify the Optimal Solution
What decisions did you reach about the choosing the material to test, b) designing the testing apparatus, and c) collecting data about the material from your test?

· Display Your Prototypes

Construct a functional model of your testing apparatus. Include drawings and sketches that helped you during the construction of the model. Explain how the model works and how you use it to conduct your test.
· Test and Evaluate

Explain whether your testing machine design met the specifications and constraints. How did you verify that it did?

· Redesign the Solution

What problems did you face that would cause you to redesign your apparatus? What changes would you recommend in your new designs? What additional trade-offs would you need to make?
· Communicate Your Achievements

Describe the plan you will use to present your solution to your class. (Include a media-based presentation). Demonstrate the use of your materials testing equipment and explain what you found out about the material under test.
Numbered Figure

Figure 4.1|Nanoscale wires of copper and nickel.

Figure 4.2|The Young Endeavor sailing ship.

Figure 4.3|Atomic structure of an amide.

Figure 4.4|An aromatic chemical bond.

Figure 4.5|Atomic structure of Kevlar.

Figure 4.6|A mortise and tenon joint.

Figure 4.7|Softwood structure.

Figure 4.8|Hardwood structure.

Figure 4.9|Tree layers.

Figure 4.10|Wood veneer.
Figure 4.11|Wood products.

Figure 4.12|Guitar top.

Figure 4.13|Wood grain images.

Figure 4.14|Air-drying lumber.

Figure 4.15|Kiln-drying lumber.

Figure 4.16|Titanium is commonly used in orthopedic implants such as joint replacements and bone pins, plates, and screws. The photo shows parts of a hip replacement made of a titanium alloy.

Figure 4.17|Crystalline structure.

Figure 4.18|Polycrystalline structure of metal.

Figure 4.19| An ethylene molecule.

Figure 4.20|Polyethylene.

Figure 4.21|Flowchart of crude oil to plastic.

Figure 4.22|Cassandra Fraser.

Figure 4.23|Polyethylene bags.

Figure 4.24|Polypropylene products.

Figure 4.25|PVC pipe.

Figure 4.26|Expanded polystyrene.
Figure 4.27|Polyurethane.

Figure 4.28|Silicon crystal.

Figure 4.29|Atomic structure of glass.

Figure 4.30|Examples of ceramics at a Chinese exposition.

Figure 4.31|Collage of ceramic products.

Figure 4.32|Chevrolet corvette.

Figure 4.33|Glass fibers are used with a wide variety of resins to make automotive body parts, pick-up truck caps, bathtub and shower units, boats, and swimming pools. Glass fiber composites have high strength to weight ratios and impact resistance, resist corrosion, and can have very smooth surfaces.

Figure 4.34|Boeing 787 Dreamline.

Figure 4.35|Composite materials are used extensively in the Boeing 787.

Figure 4.36|Mine hunter ship with composite hull.

Figure 4.37|Forging metal.

Figure 4.38|Solid to liquid to gas continuum.

Figure 4.39|Cold chisel shearing a bolt.
Figure 4.40|Flexural forces causing surfaces to be in compression and tension.

Figure 4.41|Full page of compressive, tensile, shear, torsional, and flexural strength diagrams.

Figure 4.42|Stress-strain curve for ductile materials.

Figure 4.43|Coils of steel.

Figure 4.44|A variety of materials testing machines.

Figure 4.45|Laser profile cutting.

Figure 4.46|Laser cladding.

Figure 4.47|Electrical discharge machining.

Figure 4.48|Drilling.

Figure 4.49|Bench grinder with pedestal.

Figure 4.50|Surface grinder.

Figure 4.51|Woodworking lathe.

Figure 4.52|Metalworking lathe.

Figure 4.53|Pouring iron into a mold to form an ingot.

Figure 4.54|Glass making.

Figure 4.55|Printing polymers.

Figure 4.56|This is an assembled Fab@Home Model 1 with a dual syringe deposition system. As of 2008, it sells for about US $3000. It is 18.5 inches wide, 16 inches deep and 18 inches tall. It can be used with a variety of materials that are soft or fluid enough to push through a syringe, yet solid enough to form layers. It can build objects up to 8” x 8” x 6” tall. Model 1 systems have been used by individuals all over the world to build products ranging from plastic parts to complete flashlights, and even 3D chocolate sculptures and cake decorations.

Figure 4.57|Flashlight “printed” with a fabber.

Figure 4.58|Injection molding using a mechanical screw.

Figure 4.59|Injection molding machine schematic.

Figure 4.60|LEGO parts are made using an injection molding process.

Figure 4.61|Blow molding.

Figure 4.62|Pills are packaged using a vacuum forming process.

Figure 4.63|Face-centered cubic.

Figure 4.64|Martensite structure.
Figure 4.65|Hand forging using a hammer and an anvil.

Figure 4.66|Rolling.
Figure 4.67|A machine press.

Figure 4.68|An extruded shape.

Figure 4.69|Examples of common fasteners.

Figure 4.70|Comparison of cost versus strength for structural materials.

Figure 4.71|Ford focus.

Figure 4.72|Ferrari enzo.
Figure 4.73|When metal was in short supply during World War II, manufacturers explored making bicycle frames out of wood. This photo shows a prototype made out of laminated wood. These bicycles never were produced in large quantities.
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