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INTRODUCTION

Often a materials problem is really one of selecting the material that has the right 

combination of characteristics for a specific application. 

Therefore, the people who are involved in the decision making should have some 

knowledge of the available options. 

Materials selection decisions may also be influenced by the ease with which metal alloys 

may be formed or manufactured into useful components. 

Alloy properties are altered by fabrication processes, and, in addition, further property 

alterations may be induced by the employment of appropriate heat treatments. 
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METAL ALLOYS

Metal alloys, by virtue 

of composition, are 

often grouped into two 

classes—ferrous and 

nonferrous. Ferrous 

alloys, those in which 

iron is the principal 

constituent, include 

steels and cast irons.
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STEELS
Steels are iron–carbon alloys that 

may contain appreciable 

concentrations of other alloying 

elements; there are thousands of 

alloys that have different 

compositions and/or heat treatments. 

The mechanical properties are 

sensitive to the content of carbon, 

which is normally less than 1.0 wt%. 

Some of the more common steels are 

classified according to carbon 

concentration into low-, medium-, 

and high-carbon types. 
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STEELS
Subclasses also exist within each 

group according to the concentration 

of other alloying elements. 

Plain carbon steels contain only 

residual concentrations of impurities 

other than carbon and

a little manganese. For alloy steels, 

more alloying elements are 

intentionally added in

specific concentrations.
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STEELS
Low-Carbon Steels
Of the different steels, those produced in the greatest quantities fall 

within the low- carbon classification. 

These generally contain less than about 0.25 wt% C and are 

unresponsive to heat treatments intended to form martensite; 

strengthening is accomplished by cold work. 

Microstructures consist of ferrite and pearlite constituents. As a 

consequence, these alloys are relatively soft and weak but have 

outstanding ductility and toughness; in addition, they are machinable, 

weldable, and, of all steels, are the least expensive to produce. 

Typical applications include automobile body components, structural 

shapes (e.g., I-beams, channel and angle iron), and sheets that are used 

in pipelines, buildings, bridges, and tin cans. 
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STEELS
They typically have a yield strength of 275 MPa (40,000 psi), tensile strengths between 415 

and 550 MPa (60,000 and 80,000 psi), and a ductility of 25%EL.

Another group of low-carbon alloys are the high-strength, low-alloy (HSLA) steels.

They contain other alloying elements such as copper, vanadium, nickel, and molybdenum in 

combined concentrations as high as 10 wt%, and they possess higher strengths than the 

plain low-carbon steels. 

Most may be strengthened by heat treatment, giving tensile strengths in excess of 480 MPa 

(70,000 psi); in addition, they are ductile, formable, and machinable.

HSLA steels are more resistant to corrosion than the plain carbon steels, which they have 

replaced in many applications where structural strength is critical (e.g., bridges, towers, 

support columns in high-rise buildings, pressure vessels).
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STEELS
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STEELS
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STEELS
Medium-Carbon Steels
The medium-carbon steels have carbon concentrations between about 0.25 and 0.60 wt%. 

These alloys may be heat-treated by austenitizing, quenching, and then tempering to 

improve their mechanical properties. They are most often utilized in the tempered condition, 

having microstructures of tempered martensite. 

The plain medium-carbon steels have low hardenabilities and can be successfully heat-

treated only in very thin sections and with very rapid quenching rates.  Additions of 

chromium, nickel, and molybdenum improve the capacity of these alloys to be heat-treated, 

giving rise to a variety of strength–ductility combinations. 

These heat-treated alloys are stronger than the low-carbon steels, but at a sacrifice of 

ductility and toughness. Applications include railway wheels and tracks, gears, crankshafts, 

and other machine parts and high-strength structural components calling for a combination 

of high strength, wear resistance, and toughness.
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STEELS
High-Carbon Steels
The high-carbon steels, normally having carbon contents between 0.60 and 1.4 wt%, are the 

hardest, strongest, and yet least ductile of the carbon steels. 

They are almost always used in a hardened and tempered condition and, as such, are 

especially wear resistant and capable of holding a sharp cutting edge. 

The tool and die steels are high-carbon alloys, usually containing chromium, vanadium, 

tungsten, and molybdenum. 

These alloying elements combine with carbon to form very hard and wear-resistant carbide 

compounds (e.g., Cr23C6, V4C3, and WC). 
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STEELS
Stainless Steels
The stainless steels are highly resistant to corrosion (rusting) in a variety of environments,

especially the ambient atmosphere. 

Their predominant alloying element is chromium; a concentration of at least 11 wt% Cr is 

required. 

Corrosion resistance may also be enhanced by nickel and molybdenum additions.

Stainless steels are divided into three classes on the basis of the predominant phase

constituent of the microstructure—martensitic, ferritic, or austenitic. 

A wide range of mechanical properties combined with excellent resistance to corrosion 

make stainless steels very versatile in their applicability.
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STEELS
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CAST IRON
Generically, cast irons are a 

class of ferrous alloys with 

carbon contents above 2.14 wt%;

in practice, however, most cast 

irons contain between 3.0 and 

4.5 wt% C and, in addition,

other alloying elements. 

Alloys within this composition 

range become completely liquid 

at temperatures between 

approximately 1150°C and 

1300°C (2100°F and 2350°F), 

which is considerably lower than 

for steels. Thus, they are easily 

melted and amenable to casting.
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CAST IRON
Gray Iron
The carbon and silicon contents of gray cast irons vary between 

2.5 and 4.0 wt% and 1.0 and 3.0 wt%, respectively. 

For most of these cast irons, the graphite exists in the form of 

flakes (similar to corn flakes), which are normally surrounded by 

an 𝛼-ferrite or pearlite matrix. Because of these graphite flakes, a 

fractured surface takes on a gray appearance—hence its name.

Mechanically, gray iron is comparatively weak and brittle in 

tension as a consequence

of its microstructure; the tips of the graphite flakes are sharp and 

pointed and may serve as points of stress concentration when an 

external tensile stress is applied.

Strength and ductility are much higher under compressive loads.
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CAST IRON
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CAST IRON
Gray irons have some desirable characteristics and are used 

extensively. 

They are very effective in damping vibrational energy. Base 

structures for machines and heavy equipment that are exposed to 

vibrations are frequently constructed of this material. 

In addition, gray irons exhibit a high resistance to wear. 

Furthermore, in the molten state they have a high fluidity at 

casting temperature, which permits casting pieces that have 

intricate shapes; also, casting shrinkage is low. 

Finally, and perhaps most important, gray cast irons are among 

the least expensive of all metallic materials.
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CAST IRON
Ductile (or Nodular) Iron
Adding a small amount of magnesium and/or cerium to the gray 

iron before casting produces a distinctly different microstructure 

and set of mechanical properties. 

Graphite still forms, but as nodules or spherelike particles 

instead of flakes. The resulting alloy is called ductile or nodular 

iron, and a typical microstructure is shown. 

The matrix phase surrounding these particles is either pearlite or 

ferrite, depending on heat treatment; it is normally pearlite for an 

as-cast piece. 

However, a heat treatment for several hours at about 700°C 

(1300°F) yields a ferrite matrix.
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CAST IRON
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CAST IRON
Castings are stronger and much more ductile than gray iron. In 

fact, ductile iron has mechanical characteristics approaching 

those of steel. 

For example, ferritic ductile irons have tensile

strengths between 380 and 480 MPa (55,000 and 70,000 psi) and 

ductilities (as percent elongation) from 10% to 20%. 

Typical applications for this material include valves, pump 

bodies, crankshafts, gears, and other automotive and machine 

components.
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CAST IRON
As with the other types of cast irons, the mechanical properties of CGIs are related to

microstructure: graphite particle shape, as well as the matrix phase/microconstituent. 

An increase in degree of nodularity of the graphite particles leads to enhancements of both

strength and ductility. 

Furthermore, CGIs with ferritic matrices have lower strengths and higher ductilities than 

those with pearlitic matrices. 

Tensile and yield strengths for compacted graphite irons are comparable to values for 

ductile and malleable irons, yet are greater than those observed for the higher-strength gray 

irons.

In addition, ductilities for CGIs are intermediate between values for gray and ductile irons; 

moduli of elasticity range between 140 and 165 GPa (20 × 106 and 24 × 106 psi).
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CAST IRON
Compared to the other cast iron types, desirable characteristics of CGIs include the 

following:

• Higher thermal conductivity

• Better resistance to thermal shock (i.e., fracture resulting from rapid temperature changes)

• Lower oxidation at elevated temperatures

Compacted graphite irons are now being used in a number of important applications, 

including diesel engine blocks, exhaust manifolds, gearbox housings, brake discs for high-

speed trains, and flywheels.
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NONFERROUS ALLOYS
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NONFERROUS ALLOYS

Copper Alloys
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NONFERROUS ALLOYS
Aluminum and Its Alloys
Aluminum and its alloys are characterized by a relatively low density (2.7 g/cm3 as 

compared to 7.9 g/cm3 for steel), high electrical and thermal conductivities, and a

resistance to corrosion in some common environments, including the ambient atmosphere.

Many of these alloys are easily formed by virtue of high ductility; this is evidenced by the 

thin aluminum foil sheet into which the relatively pure material may be rolled. 

Because aluminum has an FCC crystal structure, its ductility is retained even at very low 

temperatures. The chief limitation of aluminum is its low melting temperature [660°C 

(1220°F)], which restricts the maximum temperature at which it can be used.
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NONFERROUS ALLOYS
Recent attention has been given to alloys of aluminum and other low-density metals (e.g., 

Mg and Ti) as engineering materials for transportation, to effect reductions in fuel 

consumption. 

An important characteristic of these materials is specific strength, which is quantified by 

the tensile strength–specific gravity ratio. 

Even though an alloy of one of these metals may have a tensile strength that is inferior to 

that of a denser material (such as steel), on a weight basis it will be able to sustain a larger 

load.

A generation of new aluminum–lithium alloys has been developed recently for use by the 

aircraft and aerospace industries. 

These materials have relatively low densities (between about 2.5 and 2.6 g/cm3), high 

specific moduli (elastic modulus– specific gravity ratios), and excellent fatigue and low-

temperature toughness properties.
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NONFERROUS ALLOYS
Furthermore, some of them 

may be precipitation 

hardened. 

However, these materials are 

more costly to manufacture 

than the conventional 

aluminum alloys because 

special processing techniques 

are required as a result of 

lithium’s chemical reactivity.
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NONFERROUS ALLOYS
Magnesium and Its Alloys
Perhaps the most outstanding characteristic of magnesium is its density, 1.7 g/cm3, which

is the lowest of all the structural metals; therefore, its alloys are used where light weight

is an important consideration (e.g., in aircraft components). 

Magnesium has an HCP crystal structure, is relatively soft, and has a low elastic modulus: 

45 GPa (6.5 × 106 psi).

At room temperature, magnesium and its alloys are difficult to deform; in fact, only small 

degrees of cold work may be imposed without annealing. Consequently, most fabrication

is by casting or hot working at temperatures between 200°C and 350°C (400°F and 650°F). 

Magnesium, like aluminum, has a moderately low melting temperature [651°C (1204°F)]. 

Chemically, magnesium alloys are relatively unstable and especially susceptible to 

corrosion in marine environments. 
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NONFERROUS ALLOYS
However, corrosion or 

oxidation resistance is 

reasonably good in the normal 

atmosphere; it is believed that 

this behavior is due to 

impurities rather than being an 

inherent characteristic of Mg 

alloys. 

Fine magnesium powder 

ignites easily when heated in 

air; consequently, care should 

be exercised when handling it 

in this state.
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NONFERROUS ALLOYS
Titanium and Its Alloys
Titanium and its alloys are relatively new engineering materials that possess an 

extraordinary combination of properties. 

The pure metal has a relatively low density (4.5 g/cm3), a high melting point [1668°C 

(3035°F)], and an elastic modulus of 107 GPa (15.5 × 106 psi). 

Titanium alloys are extremely strong: Room-temperature tensile strengths as high as 1400 

MPa (200,000 psi) are attainable, yielding remarkable specific strengths. 

Furthermore, the alloys are highly ductile and easily forged and machined.

Unalloyed (i.e., commercially pure) titanium has a hexagonal close-packed crystal 

structure, sometimes denoted as the 𝛼 phase at room temperature. 

At 883°C (1621°F), the HCP material transforms into a body-centered cubic (or 𝛽) phase. 
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NONFERROUS ALLOYS
This transformation temperature is strongly influenced by the presence of alloying 

elements. For example, vanadium, niobium, and molybdenum decrease the 𝛼-to-𝛽 
transformation temperature and promote the formation of the 𝛽 phase (i.e., are 𝛽-phase 

stabilizers), which may exist at room temperature. 

In addition, for some compositions, both 𝛼 and 𝛽 phases coexist. On the basis of which 

phase(s) is (are) present after processing, titanium alloys fall into four classifications: 𝛼, 𝛽, 

𝛼 + 𝛽, and near 𝛼.
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NONFERROUS ALLOYS
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NONFERROUS ALLOYS
The Superalloys
The superalloys have superlative combinations of properties. Most are used in aircraft 

turbine components, which must withstand exposure to severely oxidizing environments 

and high temperatures for reasonable time periods. 

Mechanical integrity under these conditions is critical; in this regard, density is an 

important consideration because centrifugal stresses are diminished in rotating members 

when the density is reduced.

These materials are classified according to the predominant metal(s) in the alloy, of which 

there are three groups: iron–nickel, nickel, and cobalt. 

Other alloying elements include the refractory metals (Nb, Mo, W, Ta), chromium, and 

titanium. Furthermore, these alloys are also categorized as wrought or cast.  In addition to 

turbine applications, superalloys are used in nuclear reactors and petrochemical equipment.
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NONFERROUS ALLOYS
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NONFERROUS ALLOYS
The Noble Metals
The noble or precious metals are a group of eight elements that have some physical 

characteristics in common. 

They are expensive (precious) and are superior or notable (noble) in properties—

characteristically soft, ductile, and oxidation resistant. 

The noble metals are silver, gold, platinum, palladium, rhodium, ruthenium, iridium, and 

osmium; the first three are most common and are used extensively in jewelry. 

Silver and gold may be strengthened by solid-solution alloying with copper; sterling silver 

is a silver– copper alloy containing approximately 7.5 wt% Cu. Alloys of both silver and 

gold are employed as dental restoration materials. 

Some integrated circuit electrical contacts are of gold. Platinum is used for chemical 

laboratory equipment, as a catalyst (especially in the manufacture of gasoline), and in 

thermocouples to measure elevated temperatures.



36

FABRICATION OF METALS
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FABRICATION OF METALS
Forming operations are those in which the shape of a metal piece is changed by plastic 

deformation; for example, forging, rolling, extrusion, and drawing are common forming 

techniques. 

The deformation must be induced by an external force or stress, the magnitude of which 

must exceed the yield strength of the material.

Most metallic materials are especially amenable to these procedures, being at least 

moderately ductile and capable of some permanent deformation without cracking or 

fracturing.

When deformation is achieved at a temperature above that at which recrystallization occurs, 

the process is termed hot working; otherwise, it is cold working. 

With most of the forming techniques, both hot- and cold-working procedures are possible. 



38

FABRICATION OF METALS
For hot-working operations, large deformations are possible, which may be successively 

repeated because the metal remains soft and ductile. 

Also, deformation energy requirements are less than for cold working. However, most 

metals experience some surface oxidation, which results in material loss and a poor final 

surface finish.

Cold working produces an increase in strength with the attendant decrease in ductility 

because the metal strain hardens; advantages over hot working include a higher quality 

surface finish, better mechanical properties and a greater variety of them, and closer 

dimensional control of the finished piece. 
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FABRICATION OF METALS

Metal deformation during (a) forging, (b) rolling, (c) extrusion, and (d) drawing
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THERMAL PROCESSING OF METALS 
ANNEALING PROCESSES
The term annealing refers to a heat treatment in which a material is exposed to an elevated 

temperature for an extended time period and then slowly cooled. 

Typically, annealing is carried out to (1) relieve stresses; (2) increase softness, ductility, and 

toughness; and/or (3) produce a specific microstructure. 

A variety of annealing heat treatments are possible; they are characterized by the changes 

that are induced, which often are microstructural and are responsible for the alteration of 

the mechanical properties.

Any annealing process consists of three stages: (1) heating to the desired temperature,

(2) holding or “soaking” at that temperature, and (3) cooling, usually to room temperature. 

Time is an important parameter in these procedures. 
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THERMAL PROCESSING OF METALS 
During heating and cooling, temperature gradients exist between the outside and interior 

portions of the piece; their magnitudes depend on the size and geometry of the piece. 

If the rate of temperature change is too great, temperature gradients and internal stresses 

may be induced that may lead to warping or even cracking. 

Also, the actual annealing time must be long enough to allow for any necessary 

transformation reactions. Annealing temperature is also an important consideration; 

annealing may be accelerated by increasing the temperature because diffusional processes 

are normally involved.
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THERMAL PROCESSING OF METALS 
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