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Mechanical Engineering Design

The selection of a material for a machine part or a structural member is one of the most
important decisions the designer is called on to make. The decision is usually made
before the dimensions of the part are established. After choosing the process of creat-
ing the desired geometry and the material (the two cannot be divorced), the designer can
proportion the member so that loss of function can be avoided or the chance of loss of
function can be held to an acceptable risk.

In Chaps. 3 and 4, methods for estimating stresses and deflections of machine
members are presented. These estimates are based on the properties of the material
from which the member will be made. For deflections and stability evaluations, for
example, the elastic (stiffness) properties of the material are required, and evaluations
of stress at a critical location in a machine member require a comparison with the
strength of the material at that location in the geometry and condition of use. This
strength is a material property found by testing and is adjusted to the geometry and con-
dition of use as necessary.

As important as stress and deflection are in the design of mechanical parts, the
selection of a material is not always based on these factors. Many parts carry no loads
on them whatever. Parts may be designed merely to fill up space or for aesthetic quali-
ties. Members must frequently be designed to also resist corrosion. Sometimes temper-
ature effects are more important in design than stress and strain. So many other factors
besides stress and strain may govern the design of parts that the designer must have the
versatility that comes only with a broad background in materials and processes.

Material Strength and Stiffness

The standard tensile test is used to obtain a variety of material characteristics and
strengths that are used in design. Figure 21 illustrates a typical tension-test specimen
and its characteristic dimensions.! The original diameter dy and the gauge length o,
used to measure the deflections, are recorded before the test is begun. The specimen is
then mounted in the test machine and slowly loaded in tension while the load P and
deflection are observed. The load is converted to stress by the calculation

P

o =—
Ag

(2-1)

where Ay = indg is the original area of the specimen.

P<€=== :bLi 4»1 ——f===3p

Figure 2-1

A typical tension-test specimen. Some of the standard
dimensions used for dj are 2.5, 6.25, and 12.5 mm and
0.505 in, but other sections and sizes are in use. Common
gauge lengths [y used are 10, 25, and 50 mm and 1 and 2 in.

ISee ASTM standards E8 and E-8 m for standard dimensions.
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Figure 2-2

Stress-strain diagram obtained
from the standard tensile test
(a) Ductile material; () brittle
material.

pl marks the proportional limit;
el, the elastic limit; y, the
offset-yield strength as defined
by offset strain a; u, the
maximum or ultimate strength;
and f, the fracture strength.
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The deflection, or extension of the gauge length, is given by [ — [y where [ is the
gauge length corresponding to the load P. The normal strain is calculated from
I —1p
€ =
lo

(2-2)

The results are plotted as a stress-strain diagram. Figure 2-2 depicts typical stress-
strain diagrams for ductile and brittle materials. Ductile materials deform much more
than brittle materials.

Point pl in Fig. 2-2a is called the proportional limit. This is the point at which the
curve first begins to deviate from a straight line. No permanent set will be observable
in the specimen if the load is removed at this point. In the linear range, the uniaxial
stress-strain relation is given by Hooke’s law as

o= Ee (2-3)

where the constant of proportionality E, the slope of the linear part of the stress-
strain curve, is called Young’s modulus or the modulus of elasticity. E is a measure
of the stiffness of a material, and since strain is dimensionless, the units of E are the
same as stress. Steel, for example, has a modulus of elasticity of about 207 GPa
(30 Mpsi) regardless of heat treatment, carbon content, or alloying. Stainless steel is
about 190 GPa (27.5 Mpsi).

Point el in Fig. 2-2 is called the elastic limit. If the specimen is loaded beyond this
point, the deformation is said to be plastic and the material will take on a permanent set
when the load is removed. Between pl and el the diagram is not a perfectly straight
line, even though the specimen is elastic.

During the tension test, many materials reach a point at which the strain begins to
increase very rapidly without a corresponding increase in stress. This point is called the
yield point. Not all materials have an obvious yield point, especially for brittle
materials. For this reason, yield strength S, is often defined by an offset method as
shown in Fig. 2-2, where line ay is drawn at slope E. Point a corresponds to a definite
or stated amount of permanent set, usually 0.2 percent of the original gauge length
(e =0.002), although 0.01, 0.1, and 0.5 percent are sometimes used.

The ultimate, or tensile, strength S, or S,, corresponds to point u in Fig. 2-2 and
is the maximum stress reached on the stress-strain diagram.? As shown in Fig. 2-2a,

2Usage varies. For a long time engineers used the term ultimate strength, hence the subscript u in S, or Sy;.
However, in material science and metallurgy the term tensile strength is used.
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Figure 2-3

Tension specimen after
necking.

some materials exhibit a downward trend after the maximum stress is reached and frac-
ture at point f on the diagram. Others, such as some of the cast irons and high-strength
steels, fracture while the stress-strain trace is still rising, as shown in Fig. 2-2b, where
points u and f are identical.

As noted in Sec. 1-9, strength, as used in this book, is a built-in property of a mate-
rial, or of a mechanical element, because of the selection of a particular material or
process or both. The strength of a connecting rod at the critical location in the geome-
try and condition of use, for example, is the same no matter whether it is already an ele-
ment in an operating machine or whether it is lying on a workbench awaiting assembly
with other parts. On the other hand, stress is something that occurs in a part, usually as
a result of its being assembled into a machine and loaded. However, stresses may be
built into a part by processing or handling. For example, shot peening produces a com-
pressive stress in the outer surface of a part, and also improves the fatigue strength of
the part. Thus, in this book we will be very careful in distinguishing between strength,
designated by S, and stress, designated by o or t.

The diagrams in Fig. 2-2 are called engineering stress-strain diagrams because the
stresses and strains calculated in Eqgs. (2-1) and (2-2) are not frue values. The stress
calculated in Eq. (2-1) is based on the original area before the load is applied. In real-
ity, as the load is applied the area reduces so that the actual or true stress is larger than
the engineering stress. To obtain the true stress for the diagram the load and the cross-
sectional area must be measured simultaneously during the test. Figure 2—2a represents
a ductile material where the stress appears to decrease from points u to f. Typically,
beyond point u the specimen begins to “neck” at a location of weakness where the area
reduces dramatically, as shown in Fig. 2-3. For this reason, the true stress is much higher
than the engineering stress at the necked section.

The engineering strain given by Eq. (2-2) is based on net change in length from the
original length. In plotting the true stress-strain diagram, it is customary to use a term
called true strain or, sometimes, logarithmic strain. True strain is the sum of the incre-
mental elongations divided by the current gauge length at load P, or

Ldl l
e:/ — =1In— (2-4)
n 1 lo

where the symbol ¢ is used to represent true strain. The most important characteristic
of a true stress-strain diagram (Fig. 2—4) is that the true stress continually increases all
the way to fracture. Thus, as shown in Fig. 2—4, the true fracture stress oy is greater than
the true ultimate stress o,,. Contrast this with Fig. 2-2a, where the engineering fracture
strength Sy is less than the engineering ultimate strength S,,.

Compression tests are more difficult to conduct, and the geometry of the test spec-
imens differs from the geometry of those used in tension tests. The reason for this is that
the specimen may buckle during testing or it may be difficult to distribute the stresses
evenly. Other difficulties occur because ductile materials will bulge after yielding.
However, the results can be plotted on a stress-strain diagram also, and the same
strength definitions can be applied as used in tensile testing. For most ductile materials
the compressive strengths are about the same as the tensile strengths. When substantial
differences occur between tensile and compressive strengths, however, as is the case with

L
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Figure 2-4

True stress-strain diagram
plotted in Cartesian
coordinates.
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True stress
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True strain

the cast irons, the tensile and compressive strengths should be stated separately, S,
S.uc, where S, is reported as a positive quantity.

Torsional strengths are found by twisting solid circular bars and recording the torque
and the twist angle. The results are then plotted as a torque-twist diagram. The shear
stresses in the specimen are linear with respect to radial location, being zero at the cen-
ter of the specimen and maximum at the outer radius r (see Chap. 3). The maximum shear
stress Tpax 18 related to the angle of twist 6 by

T . =—=0 (2-5)

where 6 is in radians, r is the radius of the specimen, [ is the gauge length, and G is
the material stiffness property called the shear modulus or the modulus of rigidity. The
maximum shear stress is also related to the applied torque T as
Tr -6
Tnax = (2-6)
where J = %nr4 is the polar second moment of area of the cross section.

The torque-twist diagram will be similar to Fig. 2-2, and, using Eqs. (2-5) and
(2-6), the modulus of rigidity can be found as well as the elastic limit and the torsional
vield strength S;,. The maximum point on a torque-twist diagram, corresponding to
point u on Fig. 2-2, is T,,. The equation

Su = (2_7)

defines the modulus of rupture for the torsion test. Note that it is incorrect to call S,
the ultimate torsional strength, as the outermost region of the bar is in a plastic state at
the torque 7, and the stress distribution is no longer linear.

All of the stresses and strengths defined by the stress-strain diagram of Fig. 2-2 and
similar diagrams are specifically known as engineering stresses and strengths or nomi-
nal stresses and strengths. These are the values normally used in all engineering design
calculations. The adjectives engineering and nominal are used here to emphasize that
the stresses are computed by using the original or unstressed cross-sectional area of the
specimen. In this book we shall use these modifiers only when we specifically wish to
call attention to this distinction.

4
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2-2

In addition to providing strength values for a material, the stress-strain diagram
provides insight into the energy-absorbing characteristics of a material. This is because
the stress-strain diagram involves both loads and deflections, which are directly related
to energy. The capacity of a material to absorb energy within its elastic range is called
resilience. The modulus of resilience ug of a material is defined as the energy absorbed per
unit volume without permanent deformation, and is equal to the area under the stress-
strain curve up to the elastic limit. The elastic limit is often approximated by the yield
point, since it is more readily determined, giving

Up = f i ode (2-8)
0

where ¢, is the strain at the yield point. If the stress-strain is linear to the yield point,
then the area under the curve is simply a triangular area; thus
~ 1 Lis,)(5,/E) = 2 (2-9)
Up = —D€y, = — = — .
R 9 OYEy g NV E

This relationship indicates that for two materials with the same yield strength, the
less stiff material (lower E), will have a greater resilience, that is, an ability to absorb
more energy without yielding.

The capacity of a material to absorb energy without fracture is called foughness.
The modulus of toughness ur of a material is defined as the energy absorbed per unit
volume without fracture, which is equal to the total area under the stress-strain curve up
to the fracture point, or

€f
uT=/ ode (2-10)
0

where ¢ is the strain at the fracture point. This integration is often performed graphi-
cally from the stress-strain data, or a rough approximation can be obtained by using the
average of the yield and ultimate strengths and the strain at fracture to calculate an area;

that is,
S, + S,
ur = (%) ¢ (2-11)

The units of toughness and resilience are energy per unit volume (Ibf - in/in® or J/m?),
which are numerically equivalent to psi or Pa. These definitions of toughness and
resilience assume the low strain rates that are suitable for obtaining the stress-strain
diagram. For higher strain rates, see Sec. 2—5 for impact properties.

The Statistical Significance of Material Properties

There is some subtlety in the ideas presented in the previous section that should be pon-
dered carefully before continuing. Figure 2-2 depicts the result of a single tension test
(one specimen, now fractured). It is common for engineers to consider these important
stress values (at points pl, el, y, u, and f) as properties and to denote them as strengths
with a special notation, uppercase S, in lieu of lowercase sigma o, with subscripts
added: S,; for proportional limit, S, for yield strength, S, for ultimate tensile strength
(Sus or S, if tensile or compressive sense is important).

If there were 1000 nominally identical specimens, the values of strength obtained
would be distributed between some minimum and maximum values. It follows that the

4
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description of strength, a material property, is distributional and thus is statistical in
nature. Chapter 20 provides more detail on statistical considerations in design. Here
we will simply describe the results of one example, Ex. 20—4. Consider the following
table, which is a histographic report containing the maximum stresses of 1000 tensile
tests on a 1020 steel from a single heat. Here we are seeking the ultimate tensile strength
S,:. The class frequency is the number of occurrences within a 7 MPa range given by
the class midpoint. For example, 18 maximum stress values occurred in the range of 400
to 406 MPa.

23 31 83 109 138 151 139 130 82 49 28 11 4 2

Class Midpoint | 390 397
x;, MPa

Figure 2-5

Histogram for 1000 tensile
tests on a 1020 steel from a
single heat.

404 411 418 425 432 439 446 453 460 467 474 481 488 495

The probability density is defined as the number of occurrences divided by the total
sample number. The bar chart in Fig. 2-5 depicts the histogram of the probability den-
sity. If the data is in the form of a Gaussian or normal distribution, the probability
density function determined in Ex. 204 is

fore — L _l(x—445.4)2
T 1816v2r P72\ 1816

where the mean stress is 445.4 MPa and the standard deviation is 18.16 MPa. A plot
of f(x) is also included in Fig. 2-5. The description of the strength S,, is then
expressed in terms of its statistical parameters and its distribution type. In this case
S.: = N(445.4, 18.16) MPa, indicating a normal distribution with a mean stress of
445.4 MPa and a standard deviation of 18.16 MPa.

Note that the test program has described 1020 property S, for only one heat of
one supplier. Testing is an involved and expensive process. Tables of properties are
often prepared to be helpful to other persons. A statistical quantity is described by its

\/ﬂX)

i

Probability density

350 420 490
Ultimate tensile strength, MPa

4
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2-3

Figure 2-6

(a) Stress-strain diagram
showing unloading and
reloading at point 7 in the
plastic region; (b) analogous
load-deformation diagram.

mean, standard deviation, and distribution type. Many tables display a single number,
which is often the mean, minimum, or some percentile, such as the 99th percentile.
Always read the foonotes to the table. If no qualification is made in a single-entry table,
the table is subject to serious doubt.

Since it is no surprise that useful descriptions of a property are statistical in nature,
engineers, when ordering property tests, should couch the instructions so the data gen-
erated are enough for them to observe the statistical parameters and to identify the dis-
tributional characteristic. The tensile test program on 1000 specimens of 1020 steel is
a large one. If you were faced with putting something in a table of ultimate tensile
strengths and constrained to a single number, what would it be and just how would your
footnote read?

Strength and Cold Work

Cold working is the process of plastic straining below the recrystallization temperature
in the plastic region of the stress-strain diagram. Materials can be deformed plastically
by the application of heat, as in forging or hot rolling, but the resulting mechanical
properties are quite different from those obtained by cold working. The purpose of this
section is to explain what happens to the significant mechanical properties of a material
when that material is cold worked.

Consider the stress-strain diagram of Fig. 2—6a. Here a material has been stressed
beyond the yield strength at y to some point i, in the plastic region, and then the load
removed. At this point the material has a permanent plastic deformation €. If the load
corresponding to point i is now reapplied, the material will be elastically deformed by
the amount €,.. Thus at point i the total unit strain consists of the two components €, and
€. and is given by the equation

€=¢,+¢€ (a)

This material can be unloaded and reloaded any number of times from and to point i,
and it is found that the action always occurs along the straight line that is approximately
parallel to the initial elastic line Oy. Thus

Oi
€ = — (b)
E
u
S, F—-————— == . - P
O (i Pi ————————— ;
/ I /) T
| f J 5
| h | |
b | | |
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2 | g / | |
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The material now has a higher yield point, is less ductile as a result of a reduction in
strain capacity, and is said to be strain-hardened. If the process is continued, increasing
€p, the material can become brittle and exhibit sudden fracture.

It is possible to construct a similar diagram, as in Fig. 2—6b, where the abscissa is
the area deformation and the ordinate is the applied load. The reduction in area corre-
sponding to the load Py, at fracture, is defined as

_ A=A A
Ag Ao

R (2-12)

where Ay is the original area. The quantity R in Eq. (2-12) is usually expressed in per-
cent and tabulated in lists of mechanical properties as a measure of ductility. See
Appendix Table A-20, for example. Ductility is an important property because it mea-
sures the ability of a material to absorb overloads and to be cold-worked. Thus such
operations as bending, drawing, heading, and stretch forming are metal-processing
operations that require ductile materials.

Figure 2—6b can also be used to define the quantity of cold work. The cold-work
factor W is defined as

CAo— A Ag— A
A Ay

w

(2-13)

where A corresponds to the area after the load P; has been released. The approxima-
tion in Eq. (2-13) results because of the difficulty of measuring the small diametral
changes in the elastic region. If the amount of cold work is known, then Eq. (2—13) can
be solved for the area A}. The result is

Al =Ap(1—W) (2-14)

Cold working a material produces a new set of values for the strengths, as can
be seen from stress-strain diagrams. Datsko® describes the plastic region of the true
stress—true strain diagram by the equation

o = ope™ (2-15)

where 0 = true stress
oy = a strength coefficient, or strain-strengthening coefficient
& = true plastic strain

m = strain-strengthening exponent

It can be shown* that
m=g, (2-16)

provided that the load-deformation curve exhibits a stationary point (a place of zero
slope).

3Joseph Datsko, “Solid Materials,” Chap. 32 in Joseph E. Shigley, Charles R. Mischke, and Thomas

H. Brown, Jr. (eds.), Standard Handbook of Machine Design, 3rd ed., McGraw-Hill, New York, 2004. See also
Joseph Datsko, “New Look at Material Strength,” Machine Design, vol. 58, no. 3, Feb. 6, 1986, pp. 81-85.
4See Sec. 5-2, I. E. Shigley and C. R. Mischke, Mechanical Engineering Design, 6th ed., McGraw-Hill,
New York, 2001.
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EXAMPLE 2-1

Solution

Difficulties arise when using the gauge length to evaluate the true strain in the
plastic range, since necking causes the strain to be nonuniform. A more satisfactory
relation can be obtained by using the area at the neck. Assuming that the change in vol-
ume of the material is small, Al = Agly. Thus, I/ly = Ag/A, and the true strain is
given by

/ A
e=In— =1In=2 (2-17)
lo A

Returning to Fig. 2-6b, if point i is to the left of point u, that is, P, < P,, then the

new yield strength is

P;
S; == ooe! P, <P, (2-18)

Because of the reduced area, that is, because A; < Ay, the ultimate strength also
changes, and is

Py
S,; = A_; (c)
Since P, = S, Ay, we find, with Eq. (2-14), that
S, A A\
/ 0 & < &, (2-19)

Su= = -
Ac(l—W) 1-W

which is valid only when point i is to the left of point u.
For points to the right of u, the yield strength is approaching the ultimate strength,
and, with small loss in accuracy,

S = S; = ool & > &, (2-20)

A little thought will reveal that a bar will have the same ultimate load in tension after
being strain-strengthened in tension as it had before. The new strength is of interest
to us not because the static ultimate load increases, but—since fatigue strengths
are correlated with the local ultimate strengths—because the fatigue strength im-
proves. Also the yield strength increases, giving a larger range of sustainable elastic
loading.

An annealed AISI 1018 steel (see Table A-22) has S, = 220 MPa, S, = 341 MPa,
o= 628 MPa, 09 = 620 MPa, m = 0.25, and & = 1.05 mm/mm. Find the new values
of the strengths if the material is given 15 percent cold work.

From Eq. (2-16), we find the true strain corresponding to the ultimate strength to be
e, =m =0.25
The ratio Ag/A; is, from Eq. (2-13),

A 1 1
= = =1.176
A, 1—-W 1-015

==
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The true strain corresponding to 15 percent cold work is obtained from Eq. (2-17). Thus

Ao
& =1In T In1.176 = 0.1625

i

Since ¢; < ¢, Eqs. (2-18) and (2—-19) apply. Therefore,

S}, = 00" = 620(0.1625)** = 394.6 MPa

. S, 341

= = = 401.2 MPa
“1-WwW 1-0.15

Hardness

The resistance of a material to penetration by a pointed tool is called hardness. Though
there are many hardness-measuring systems, we shall consider here only the two in
greatest use.

Rockwell hardness tests are described by ASTM standard hardness method E-18
and measurements are quickly and easily made, they have good reproducibility, and
the test machine for them is easy to use. In fact, the hardness number is read directly
from a dial. Rockwell hardness scales are designated as A, B, C, ..., etc. The inden-
ters are described as a diamond, a 1.6-mm-diameter ball, and a diamond for scales A,
B, and C, respectively, where the load applied is either 60, 100, or 150 kg. Thus the
Rockwell B scale, designated Rp, uses a 100-kg load and a No. 2 indenter, which is
a 1.6-mm-diameter ball. The Rockwell C scale R uses a diamond cone, which is the
No. 1 indenter, and a load of 150 kg. Hardness numbers so obtained are relative.
Therefore a hardness Rc = 50 has meaning only in relation to another hardness num-
ber using the same scale.

The Brinell hardness is another test in very general use. In testing, the indenting
tool through which force is applied is a ball and the hardness number Hp is found as
a number equal to the applied load divided by the spherical surface area of the inden-
tation. Thus the units of Hp are the same as those of stress, though they are seldom
used. Brinell hardness testing takes more time, since Hp must be computed from the
test data. The primary advantage of both methods is that they are nondestructive in
most cases. Both are empirically and directly related to the ultimate strength of the
material tested. This means that the strength of parts could, if desired, be tested part
by part during manufacture.

Hardness testing provides a convenient and nondestructive means of estimating the
strength properties of materials. The Brinell hardness test is particularly well known for
this estimation, since for many materials the relationship between the minimum
ultimate strength and the Brinell hardness number is roughly linear. The constant of
proportionality varies between classes of materials, and is also dependent on the load
used to determine the hardness. There is a wide scatter in the data, but for rough approx-
imations for steels, the relationship is generally accepted as

5, — { 0.5Hp kpsi (2-21)
3.4Hg MPa

4
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EXAMPLE 2-2

Solution

Answer

2-5

Similar relationships for cast iron can be derived from data supplied by Krause.’

The minimum strength, as defined by the ASTM, is found from these data to be

0.23Hp — 12.5 kpsi
uz{ ’ pel (2-22

1.58Hp — 86 MPa

Walton® shows a chart from which the SAE minimum strength can be obtained, which
is more conservative than the values obtained from Eq. (2-22).

It is necessary to ensure that a certain part supplied by a foundry always meets or
exceeds ASTM No. 20 specifications for cast iron (see Table A—24). What hardness
should be specified?

From Eq. (2-22), with (S,)min = 138 MPa, we have

_ S.+86 138+ 86

Hy = = =142
1.58 1.58

If the foundry can control the hardness within 20 points, routinely, then specify
145 < Hp < 165. This imposes no hardship on the foundry and assures the designer
that ASTM grade 20 will always be supplied at a predictable cost.

Impact Properties

An external force applied to a structure or part is called an impact load if the time of
application is less than one-third the lowest natural period of vibration of the part or
structure. Otherwise it is called simply a static load.

The Charpy (commonly used) and Izod (rarely used) notched-bar tests utilize bars of
specified geometries to determine brittleness and impact strength. These tests are helpful
in comparing several materials and in the determination of low-temperature brittleness. In
both tests the specimen is struck by a pendulum released from a fixed height, and the
energy absorbed by the specimen, called the impact value, can be computed from the
height of swing after fracture, but is read from a dial that essentially “computes” the result.

The effect of temperature on impact values is shown in Fig. 2-7 for a material
showing a ductile-brittle transition. Not all materials show this transition. Notice the
narrow region of critical temperatures where the impact value increases very rapidly. In
the low-temperature region the fracture appears as a brittle, shattering type, whereas the
appearance is a tough, tearing type above the critical-temperature region. The critical
temperature seems to be dependent on both the material and the geometry of the notch.
For this reason designers should not rely too heavily on the results of notched-bar tests.

The average strain rate used in obtaining the stress-strain diagram is about
0.025 mm/(mm - s) or less. When the strain rate is increased, as it is under impact con-

D. E. Krause, “Gray Iron—A Unique Engineering Material,” ASTM Special Publication 455, 1969,
pp. 3-29, as reported in Charles F. Walton (ed.), Iron Castings Handbook, Iron Founders Society, Inc.,
Cleveland, 1971, pp. 204, 205.

STbid.

4
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Figure 2-7

A mean trace shows the effect
of temperature on impact
values. The result of interest is
the brittle-ductile transition
temperature, often defined as
the temperature at which the
mean trace passes through the
20 J level. The critical
temperature is dependent on
the geometry of the notch,
which is why the Charpy

V notch is closely defined.

Figure 2-8

Influence of strain rate on

tensile properties.
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ditions, the strengths increase, as shown in Fig. 2-8. In fact, at very high strain rates the
yield strength seems to approach the ultimate strength as a limit. But note that the curves
show little change in the elongation. This means that the ductility remains about the same.
Also, in view of the sharp increase in yield strength, a mild steel could be expected to
behave elastically throughout practically its entire strength range under impact conditions.

The Charpy and Izod tests really provide toughness data under dynamic, rather than
static, conditions. It may well be that impact data obtained from these tests are as depen-
dent on the notch geometry as they are on the strain rate. For these reasons it may be bet-
ter to use the concepts of notch sensitivity, fracture toughness, and fracture mechanics,
discussed in Chaps. 5 and 6, to assess the possibility of cracking or fracture.

Temperature Effects

Strength and ductility, or brittleness, are properties affected by the temperature of the
operating environment.

The effect of temperature on the static properties of steels is typified by the
strength versus temperature chart of Fig. 2-9. Note that the tensile strength changes
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Figure 2-9

A plot of the results of 145 tests
of 21 carbon and alloy steels
showing the effect of operating
temperature on the yield
strength Sy and the ultimate
strength S,;. The ordinate is
the ratio of the strength at the
operating temperature to the
strength at room temperature.
The standard deviations were
0.0442 < 65, < 0.152 for S,
and 0.099 < 6g,; < 0.11 for
Sut. (Data source: E. A.
Brandes (ed.), Smithells Metal
Reference Book, 6th ed.,
Butterworth, London, 1983

pp. 22-128 t0 22-131.)

Figure 2-10

Creep-time curve.
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only a small amount until a certain temperature is reached. At that point it falls off
rapidly. The yield strength, however, decreases continuously as the environmental tem-
perature is increased. There is a substantial increase in ductility, as might be expected,
at the higher temperatures.

Many tests have been made of ferrous metals subjected to constant loads for long
periods of time at elevated temperatures. The specimens were found to be permanently
deformed during the tests, even though at times the actual stresses were less than the
yield strength of the material obtained from short-time tests made at the same temper-
ature. This continuous deformation under load is called creep.

One of the most useful tests to have been devised is the long-time creep test under
constant load. Figure 2—-10 illustrates a curve that is typical of this kind of test. The
curve is obtained at a constant stated temperature. A number of tests are usually run
simultaneously at different stress intensities. The curve exhibits three distinct regions.
In the first stage are included both the elastic and the plastic deformation. This stage shows
a decreasing creep rate, which is due to the strain hardening. The second stage shows
a constant minimum creep rate caused by the annealing effect. In the third stage the
specimen shows a considerable reduction in area, the true stress is increased, and a
higher creep eventually leads to fracture.

When the operating temperatures are lower than the transition temperature
(Fig. 2-7), the possibility arises that a part could fail by a brittle fracture. This subject
will be discussed in Chap. 5.

Of course, heat treatment, as will be shown, is used to make substantial changes in
the mechanical properties of a material.

Ist stage

2nd stage — - 3rd stage >

Creep deformation

Time
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Heating due to electric and gas welding also changes the mechanical properties.
Such changes may be due to clamping during the welding process, as well as heating;
the resulting stresses then remain when the parts have cooled and the clamps have been
removed. Hardness tests can be used to learn whether the strength has been changed by
welding, but such tests will not reveal the presence of residual stresses.

Numbering Systems

The Society of Automotive Engineers (SAE) was the first to recognize the need, and to
adopt a system, for the numbering of steels. Later the American Iron and Steel Institute
(AISI) adopted a similar system. In 1975 the SAE published the Unified Numbering
System for Metals and Alloys (UNS); this system also contains cross-reference num-
bers for other material specifications.” The UNS uses a letter prefix to designate the
material, as, for example, G for the carbon and alloy steels, A for the aluminum alloys,
C for the copper-base alloys, and S for the stainless or corrosion-resistant steels. For
some materials, not enough agreement has as yet developed in the industry to warrant
the establishment of a designation.

For the steels, the first two numbers following the letter prefix indicate the compo-
sition, excluding the carbon content. The various compositions used are as follows:

G10 Plain carbon G46 Nickel-molybdenum
Gl1 Free-cutting carbon steel with G48 Nickel-molybdenum
more sulfur or phosphorus G50 Chromium
G13 Manganese G51 Chromium
G23 Nickel G52 Chromium
G25 Nickel G61 Chromium-vanadium
G31 Nickel-chromium G86 Chromium-nickel-molybdenum
G33 Nickel-chromium G87 Chromium-nickel-molybdenum
G40 Molybdenum G92 Manganese-silicon
G4l Chromium-molybdenum G94 Nickel-chromium-molybdenum
G43 Nickel-chromium-molybdenum

The second number pair refers to the approximate carbon content. Thus, G10400 is a
plain carbon steel with a nominal carbon content of 0.40 percent (0.37 to 0.44 percent).
The fifth number following the prefix is used for special situations. For example, the old
designation AISI 52100 represents a chromium alloy with about 100 points of carbon.
The UNS designation is G52986.

The UNS designations for the stainless steels, prefix S, utilize the older AISI des-
ignations for the first three numbers following the prefix. The next two numbers are
reserved for special purposes. The first number of the group indicates the approximate
composition. Thus 2 is a chromium-nickel-manganese steel, 3 is a chromium-nickel
steel, and 4 is a chromium alloy steel. Sometimes stainless steels are referred to by their
alloy content. Thus S30200 is often called an 18-8 stainless steel, meaning 18 percent
chromium and 8 percent nickel.

"Many of the materials discussed in the balance of this chapter are listed in the Appendix tables. Be sure to
review these.

4



Tud29281_ch02IT.qxd 11/1/10 10:08 AM Page 46

46 | Mechanical Engineering Design

Table 2-1

Aluminum Alloy
Designations

2-8

Aluminum 99.00% pure and greater Ax1xxx
Copper alloys AX2xXX
Manganese alloys AX3XXX
Silicon alloys Ax4xxx
Magnesium alloys AX5xxx
Magnesium-silicon alloys AX6XXX
Zinc alloys AXTxxx

The prefix for the aluminum group is the letter A. The first number following the
prefix indicates the processing. For example, A9 is a wrought aluminum, while A0 is
a casting alloy. The second number designates the main alloy group as shown in
Table 2—1. The third number in the group is used to modify the original alloy or to
designate the impurity limits. The last two numbers refer to other alloys used with the
basic group.

The American Society for Testing and Materials (ASTM) numbering system for
cast iron is in widespread use. This system is based on the tensile strength. Thus ASTM
A20 speaks of classes; e.g., 30 cast iron has a minimum tensile strength of 138 MPa.
Note from Appendix A-24, however, that the fypical tensile strength is 152 MPa. You
should be careful to designate which of the two values is used in design and problem
work because of the significance of factor of safety.

Sand Casting

Sand casting is a basic low-cost process, and it lends itself to economical production
in large quantities with practically no limit to the size, shape, or complexity of the part
produced.

In sand casting, the casting is made by pouring molten metal into sand molds. A
pattern, constructed of metal or wood, is used to form the cavity into which the molten
metal is poured. Recesses or holes in the casting are produced by sand cores introduced
into the mold. The designer should make an effort to visualize the pattern and casting
in the mold. In this way the problems of core setting, pattern removal, draft, and solid-
ification can be studied. Castings to be used as test bars of cast iron are cast separately
and properties may vary.

Steel castings are the most difficult of all to produce, because steel has the highest
melting temperature of all materials normally used for casting. This high temperature
aggravates all casting problems.

The following rules will be found quite useful in the design of any sand casting:

[

All sections should be designed with a uniform thickness.

2 The casting should be designed so as to produce a gradual change from section to
section where this is necessary.

Adjoining sections should be designed with generous fillets or radii.

4 A complicated part should be designed as two or more simple castings to be
assembled by fasteners or by welding.

()

Steel, gray iron, brass, bronze, and aluminum are most often used in castings. The
minimum wall thickness for any of these materials is about 5 mm, though with partic-
ular care, thinner sections can be obtained with some materials.
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Shell Molding

The shell-molding process employs a heated metal pattern, usually made of cast iron,
aluminum, or brass, which is placed in a shell-molding machine containing a mixture
of dry sand and thermosetting resin. The hot pattern melts the plastic, which, together
with the sand, forms a shell about 5 to 10 mm thick around the pattern. The shell is then
baked at from 205 to 370°C for a short time while still on the pattern. It is then stripped
from the pattern and placed in storage for use in casting.

In the next step the shells are assembled by clamping, bolting, or pasting; they are
placed in a backup material, such as steel shot; and the molten metal is poured into the
cavity. The thin shell permits the heat to be conducted away so that solidification takes
place rapidly. As solidification takes place, the plastic bond is burned and the mold col-
lapses. The permeability of the backup material allows the gases to escape and the cast-
ing to air-cool. All this aids in obtaining a fine-grain, stress-free casting.

Shell-mold castings feature a smooth surface, a draft that is quite small, and close
tolerances. In general, the rules governing sand casting also apply to shell-mold casting.

Investment Casting

Investment casting uses a pattern that may be made from wax, plastic, or other material.
After the mold is made, the pattern is melted out. Thus a mechanized method of casting a
great many patterns is necessary. The mold material is dependent upon the melting point
of the cast metal. Thus a plaster mold can be used for some materials while others would
require a ceramic mold. After the pattern is melted out, the mold is baked or fired; when
firing is completed, the molten metal may be poured into the hot mold and allowed to cool.

If a number of castings are to be made, then metal or permanent molds may be suit-
able. Such molds have the advantage that the surfaces are smooth, bright, and accurate,
so that little, if any, machining is required. Metal-mold castings are also known as die
castings and centrifugal castings.

Powder-Metallurgy Process

The powder-metallurgy process is a quantity-production process that uses powders from
a single metal, several metals, or a mixture of metals and nonmetals. It consists essen-
tially of mechanically mixing the powders, compacting them in dies at high pressures, and
heating the compacted part at a temperature less than the melting point of the major
ingredient. The particles are united into a single strong part similar to what would be
obtained by melting the same ingredients together. The advantages are (1) the elimina-
tion of scrap or waste material, (2) the elimination of machining operations, (3) the low
unit cost when mass-produced, and (4) the exact control of composition. Some of the dis-
advantages are (1) the high cost of dies, (2) the lower physical properties, (3) the higher
cost of materials, (4) the limitations on the design, and (5) the limited range of materials
that can be used. Parts commonly made by this process are oil-impregnated bearings,
incandescent lamp filaments, cemented-carbide tips for tools, and permanent magnets.
Some products can be made only by powder metallurgy: surgical implants, for example.
The structure is different from what can be obtained by melting the same ingredients.

Hot-Working Processes

By hot working are meant such processes as rolling, forging, hot extrusion, and hot
pressing, in which the metal is heated above its recrystallation temperature.
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Figure 2-11

Common shapes available
through hot rolling.
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(b) Structural shapes

Hot rolling is usually used to create a bar of material of a particular shape and
dimension. Figure 2—11 shows some of the various shapes that are commonly produced
by the hot-rolling process. All of them are available in many different sizes as well as
in different materials. The materials most available in the hot-rolled bar sizes are steel,
aluminum, magnesium, and copper alloys.

Tubing can be manufactured by hot-rolling strip or plate. The edges of the strip are
rolled together, creating seams that are either butt-welded or lap-welded. Seamless tub-
ing is manufactured by roll-piercing a solid heated rod with a piercing mandrel.

Extrusion is the process by which great pressure is applied to a heated metal billet
or blank, causing it to flow through a restricted orifice. This process is more common
with materials of low melting point, such as aluminum, copper, magnesium, lead, tin,
and zinc. Stainless steel extrusions are available on a more limited basis.

Forging is the hot working of metal by hammers, presses, or forging machines. In
common with other hot-working processes, forging produces a refined grain structure
that results in increased strength and ductility. Compared with castings, forgings have
greater strength for the same weight. In addition, drop forgings can be made smoother
and more accurate than sand castings, so that less machining is necessary. However, the
initial cost of the forging dies is usually greater than the cost of patterns for castings,
although the greater unit strength rather than the cost is usually the deciding factor
between these two processes.

Cold-Working Processes

By cold working is meant the forming of the metal while at a low temperature (usually
room temperature). In contrast to parts produced by hot working, cold-worked parts
have a bright new finish, are more accurate, and require less machining.

Cold-finished bars and shafts are produced by rolling, drawing, turning, grinding,
and polishing. Of these methods, by far the largest percentage of products are made by
the cold-rolling and cold-drawing processes. Cold rolling is now used mostly for the
production of wide flats and sheets. Practically all cold-finished bars are made by cold
drawing but even so are sometimes mistakenly called “cold-rolled bars.” In the drawing
process, the hot-rolled bars are first cleaned of scale and then drawn by pulling them
through a die that reduces the size about 0.03 to 0.06 mm. This process does not remove
material from the bar but reduces, or “draws” down, the size. Many different shapes of
hot-rolled bars may be used for cold drawing.

Cold rolling and cold drawing have the same effect upon the mechanical proper-
ties. The cold-working process does not change the grain size but merely distorts it.
Cold working results in a large increase in yield strength, an increase in ultimate
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Figure 2-12

Stress-strain diagram for
hot-rolled and cold-drawn

UNS G10350 steel.
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strength and hardness, and a decrease in ductility. In Fig. 2—12 the properties of a cold-
drawn bar are compared with those of a hot-rolled bar of the same material.

Heading is a cold-working process in which the metal is gathered, or upset. This
operation is commonly used to make screw and rivet heads and is capable of producing a
wide variety of shapes. Roll threading is the process of rolling threads by squeezing and
rolling a blank between two serrated dies. Spinning is the operation of working sheet mate-
rial around a rotating form into a circular shape. Stamping is the term used to describe
punch-press operations such as blanking, coining, forming, and shallow drawing.

The Heat Treatment of Steel

Heat treatment of steel refers to time- and temperature-controlled processes that relieve
residual stresses and/or modifies material properties such as hardness (strength), duc-
tility, and toughness. Other mechanical or chemical operations are sometimes grouped
under the heading of heat treatment. The common heat-treating operations are anneal-
ing, quenching, tempering, and case hardening.

Annealing

When a material is cold- or hot-worked, residual stresses are built in, and, in addition, the
material usually has a higher hardness as a result of these working operations. These oper-
ations change the structure of the material so that it is no longer represented by the equi-
librium diagram. Full annealing and normalizing is a heating operation that permits the
material to transform according to the equilibrium diagram. The material to be annealed
is heated to a temperature that is approximately 38°C above the critical temperature. It is
held at this temperature for a time that is sufficient for the carbon to become dissolved and
diffused through the material. The object being treated is then allowed to cool slowly, usu-
ally in the furnace in which it was treated. If the transformation is complete, then it is said
to have a full anneal. Annealing is used to soften a material and make it more ductile, to
relieve residual stresses, and to refine the grain structure.

The term annealing includes the process called normalizing. Parts to be normalized
may be heated to a slightly higher temperature than in full annealing. This produces a
coarser grain structure, which is more easily machined if the material is a low-carbon steel.
In the normalizing process the part is cooled in still air at room temperature. Since this
cooling is more rapid than the slow cooling used in full annealing, less time is available for
equilibrium, and the material is harder than fully annealed steel. Normalizing is often used
as the final treating operation for steel. The cooling in still air amounts to a slow quench.
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Quenching

Eutectoid steel that is fully annealed consists entirely of pearlite, which is obtained
from austenite under conditions of equilibrium. A fully annealed hypoeutectoid steel
would consist of pearlite plus ferrite, while hypereutectoid steel in the fully annealed
condition would consist of pearlite plus cementite. The hardness of steel of a given
carbon content depends upon the structure that replaces the pearlite when full anneal-
ing is not carried out.

The absence of full annealing indicates a more rapid rate of cooling. The rate of
cooling is the factor that determines the hardness. A controlled cooling rate is called
quenching. A mild quench is obtained by cooling in still air, which, as we have seen, is
obtained by the normalizing process. The two most widely used media for quenching
are water and oil. The oil quench is quite slow but prevents quenching cracks caused by
rapid expansion of the object being treated. Quenching in water is used for carbon steels
and for medium-carbon, low-alloy steels.

The effectiveness of quenching depends upon the fact that when austenite is cooled
it does not transform into pearlite instantaneously but requires time to initiate and com-
plete the process. Since the transformation ceases at about 425°C, it can be prevented
by rapidly cooling the material to a lower temperature. When the material is cooled
rapidly to 204°C or less, the austenite is transformed into a structure called martensite.
Martensite is a supersaturated solid solution of carbon in ferrite and is the hardest and
strongest form of steel.

If steel is rapidly cooled to a temperature between 204 and 425°C and held there
for a sufficient length of time, the austenite is transformed into a material that is gener-
ally called bainite. Bainite is a structure intermediate between pearlite and martensite.
Although there are several structures that can be identified between the temperatures
given, depending upon the temperature used, they are collectively known as bainite. By
the choice of this transformation temperature, almost any variation of structure may be
obtained. These range all the way from coarse pearlite to fine martensite.

Tempering
When a steel specimen has been fully hardened, it is very hard and brittle and has high
residual stresses. The steel is unstable and tends to contract on aging. This tendency
is increased when the specimen is subjected to externally applied loads, because the
resultant stresses contribute still more to the instability. These internal stresses can
be relieved by a modest heating process called stress relieving, or a combination of
stress relieving and softening called tempering or drawing. After the specimen has been
fully hardened by being quenched from above the critical temperature, it is reheated to
some temperature below the critical temperature for a certain period of time and then
allowed to cool in still air. The temperature to which it is reheated depends upon the
composition and the degree of hardness or toughness desired.® This reheating operation
releases the carbon held in the martensite, forming carbide crystals. The structure
obtained is called tempered martensite. It is now essentially a superfine dispersion of
iron carbide(s) in fine-grained ferrite.

The effect of heat-treating operations upon the various mechanical properties of a
low alloy steel is shown graphically in Fig. 2—13.

8For the quantitative aspects of tempering in plain carbon and low-alloy steels, see Charles R. Mischke, “The
Strength of Cold-Worked and Heat-Treated Steels,” Chap. 33 in Joseph E. Shigley, Charles R. Mischke, and
Thomas H. Brown, Jr. (eds.), Standard Handbook of Machine Design, 3rd ed., McGraw-Hill, New York, 2004.
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Figure 2-13

The effect of thermal-
mechanical history on the
mechanical properties of AISI
4340 steel. (Prepared by the
International Nickel Company.)
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Case Hardening

The purpose of case hardening is to produce a hard outer surface on a specimen of low-
carbon steel while at the same time retaining the ductility and toughness in the core.
This is done by increasing the carbon content at the surface. Either solid, liquid, or
gaseous carburizing materials may be used. The process consists of introducing the part
to be carburized into the carburizing material for a stated time and at a stated tempera-
ture, depending upon the depth of case desired and the composition of the part. The part
may then be quenched directly from the carburization temperature and tempered, or in
some cases it must undergo a double heat treatment in order to ensure that both the core
and the case are in proper condition. Some of the more useful case-hardening processes
are pack carburizing, gas carburizing, nitriding, cyaniding, induction hardening, and
flame hardening. In the last two cases carbon is not added to the steel in question, gen-
erally a medium carbon steel, for example SAE/AISI 1144.

Quantitative Estimation of Properties of Heat-Treated Steels

Courses in metallurgy (or material science) for mechanical engineers usually present
the addition method of Crafts and Lamont for the prediction of heat-treated properties
from the Jominy test for plain carbon steels.” If this has not been in your prerequisite
experience, then refer to the Standard Handbook of Machine Design, where the addi-
tion method is covered with examples.! If this book is a textbook for a machine

W. Crafts and J. L. Lamont, Hardenability and Steel Selection, Pitman and Sons, London, 1949.

19Charles R. Mischke, Chap. 33 in Joseph E. Shigley, Charles R. Mischke, and Thomas H. Brown, Jr. (eds.),
Standard Handbook of Machine Design, 3rd ed., McGraw-Hill, New York, 2004, p. 33.9.
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elements course, it is a good class project (many hands make light work) to study the
method and report to the class.
For low-alloy steels, the multiplication method of Grossman'' and Field'? is
explained in the Standard Handbook of Machine Design (Secs. 29.6 and 33.6).
Modern Steels and Their Properties Handbook explains how to predict the Jominy
curve by the method of Grossman and Field from a ladle analysis and grain size.'?
Bethlehem Steel has developed a circular plastic slide rule that is convenient to the purpose.

Alloy Steels

Although a plain carbon steel is an alloy of iron and carbon with small amounts of
manganese, silicon, sulfur, and phosphorus, the term alloy steel is applied when one or
more elements other than carbon are introduced in sufficient quantities to modify its
properties substantially. The alloy steels not only possess more desirable physical
properties but also permit a greater latitude in the heat-treating process.

Chromium

The addition of chromium results in the formation of various carbides of chromium that
are very hard, yet the resulting steel is more ductile than a steel of the same hardness pro-
duced by a simple increase in carbon content. Chromium also refines the grain structure
so that these two combined effects result in both increased toughness and increased hard-
ness. The addition of chromium increases the critical range of temperatures and moves
the eutectoid point to the left. Chromium is thus a very useful alloying element.

Nickel

The addition of nickel to steel also causes the eutectoid point to move to the left and
increases the critical range of temperatures. Nickel is soluble in ferrite and does not
form carbides or oxides. This increases the strength without decreasing the ductility.
Case hardening of nickel steels results in a better core than can be obtained with plain
carbon steels. Chromium is frequently used in combination with nickel to obtain the
toughness and ductility provided by the nickel and the wear resistance and hardness
contributed by the chromium.

Manganese

Manganese is added to all steels as a deoxidizing and desulfurizing agent, but if the sul-
fur content is low and the manganese content is over 1 percent, the steel is classified as a
manganese alloy. Manganese dissolves in the ferrite and also forms carbides. It causes
the eutectoid point to move to the left and lowers the critical range of temperatures. It
increases the time required for transformation so that oil quenching becomes practicable.

Silicon

Silicon is added to all steels as a deoxidizing agent. When added to very-low-carbon
steels, it produces a brittle material with a low hysteresis loss and a high magnetic
permeability. The principal use of silicon is with other alloying elements, such as
manganese, chromium, and vanadium, to stabilize the carbides.

""M. A. Grossman, AIME, February 1942.
1. Field, Metals Progress, March 1943.
BModern Steels and Their Properties, Tth ed., Handbook 2757, Bethlehem Steel, 1972, pp. 46-50.
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Molybdenum

While molybdenum is used alone in a few steels, it finds its greatest use when combined
with other alloying elements, such as nickel, chromium, or both. Molybdenum forms
carbides and also dissolves in ferrite to some extent, so that it adds both hardness and
toughness. Molybdenum increases the critical range of temperatures and substantially
lowers the transformation point. Because of this lowering of the transformation point,
molybdenum is most effective in producing desirable oil-hardening and air-hardening
properties. Except for carbon, it has the greatest hardening effect, and because it also
contributes to a fine grain size, this results in the retention of a great deal of toughness.

Vanadium

Vanadium has a very strong tendency to form carbides; hence it is used only in small
amounts. It is a strong deoxidizing agent and promotes a fine grain size. Since some vana-
dium is dissolved in the ferrite, it also toughens the steel. Vanadium gives a wide harden-
ing range to steel, and the alloy can be hardened from a higher temperature. It is very
difficult to soften vanadium steel by tempering; hence, it is widely used in tool steels.

Tungsten

Tungsten is widely used in tool steels because the tool will maintain its hardness even
at red heat. Tungsten produces a fine, dense structure and adds both toughness and hard-
ness. Its effect is similar to that of molybdenum, except that it must be added in greater
quantities.

Corrosion-Resistant Steels

Iron-base alloys containing at least 12 percent chromium are called stainless steels.
The most important characteristic of these steels is their resistance to many, but not all,
corrosive conditions. The four types available are the ferritic chromium steels, the
austenitic chromium-nickel steels, and the martensitic and precipitation-hardenable
stainless steels.

The ferritic chromium steels have a chromium content ranging from 12 to 27 per-
cent. Their corrosion resistance is a function of the chromium content, so that alloys
containing less than 12 percent still exhibit some corrosion resistance, although they
may rust. The quench-hardenability of these steels is a function of both the chromium
and the carbon content. The very high carbon steels have good quench hardenability up
to about 18 percent chromium, while in the lower carbon ranges it ceases at about
13 percent. If a little nickel is added, these steels retain some degree of hardenability up
to 20 percent chromium. If the chromium content exceeds 18 percent, they become dif-
ficult to weld, and at the very high chromium levels the hardness becomes so great that
very careful attention must be paid to the service conditions. Since chromium is expen-
sive, the designer will choose the lowest chromium content consistent with the corro-
sive conditions.

The chromium-nickel stainless steels retain the austenitic structure at room tem-
perature; hence, they are not amenable to heat treatment. The strength of these steels
can be greatly improved by cold working. They are not magnetic unless cold-worked.
Their work hardenability properties also cause them to be difficult to machine. All
the chromium-nickel steels may be welded. They have greater corrosion-resistant prop-
erties than the plain chromium steels. When more chromium is added for greater cor-
rosion resistance, more nickel must also be added if the austenitic properties are to be
retained.
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Casting Materials

Gray Cast Iron

Of all the cast materials, gray cast iron is the most widely used. This is because it has
a very low cost, is easily cast in large quantities, and is easy to machine. The principal
objections to the use of gray cast iron are that it is brittle and that it is weak in tension.
In addition to a high carbon content (over 1.7 percent and usually greater than 2 percent),
cast iron also has a high silicon content, with low percentages of sulfur, manganese,
and phosphorus. The resultant alloy is composed of pearlite, ferrite, and graphite, and
under certain conditions the pearlite may decompose into graphite and ferrite. The
resulting product then contains all ferrite and graphite. The graphite, in the form of
thin flakes distributed evenly throughout the structure, darkens it; hence, the name gray
cast iron.

Gray cast iron is not readily welded, because it may crack, but this tendency may
be reduced if the part is carefully preheated. Although the castings are generally used
in the as-cast condition, a mild anneal reduces cooling stresses and improves
the machinability. The tensile strength of gray cast iron varies from 100 to 400 MPa
(15 to 60 kpsi), and the compressive strengths are 3 to 4 times the tensile strengths.
The modulus of elasticity varies widely, with values extending all the way from 75 to
150 GPa (11 to 22 Mpsi).

Ductile and Nodular Cast Iron

Because of the lengthy heat treatment required to produce malleable cast iron,
engineers have long desired a cast iron that would combine the ductile properties of
malleable iron with the ease of casting and machining of gray iron and at the same time
would possess these properties in the as-cast conditions. A process for producing such
a material using magnesium-containing material seems to fulfill these requirements.

Ductile cast iron, or nodular cast iron, as it is sometimes called, is essentially the
same as malleable cast iron, because both contain graphite in the form of spheroids.
However, ductile cast iron in the as-cast condition exhibits properties very close to
those of malleable iron, and if a simple 1-h anneal is given and is followed by a slow
cool, it exhibits even more ductility than the malleable product. Ductile iron is made by
adding MgFeSi to the melt; since magnesium boils at this temperature, it is necessary
to alloy it with other elements before it is introduced.

Ductile iron has a high modulus of elasticity (172 GPa or 25 Mpsi) as compared
with gray cast iron, and it is elastic in the sense that a portion of the stress-strain
curve is a straight line. Gray cast iron, on the other hand, does not obey Hooke’s law,
because the modulus of elasticity steadily decreases with increase in stress. Like
gray cast iron, however, nodular iron has a compressive strength that is higher than
the tensile strength, although the difference is not as great. In 40 years it has become
extensively used.

White Cast Iron

If all the carbon in cast iron is in the form of cementite and pearlite, with no graphite
present, the resulting structure is white and is known as white cast iron. This may be
produced in two ways. The composition may be adjusted by keeping the carbon and
silicon content low, or the gray-cast-iron composition may be cast against chills in order
to promote rapid cooling. By either method, a casting with large amounts of cementite
is produced, and as a result the product is very brittle and hard to machine but also very
resistant to wear. A chill is usually used in the production of gray-iron castings in order
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to provide a very hard surface within a particular area of the casting, while at the same
time retaining the more desirable gray structure within the remaining portion. This pro-
duces a relatively tough casting with a wear-resistant area.

Malleable Cast Iron

If white cast iron within a certain composition range is annealed, a product called
malleable cast iron is formed. The annealing process frees the carbon so that it is
present as graphite, just as in gray cast iron but in a different form. In gray cast iron
the graphite is present in a thin flake form, while in malleable cast iron it has a
nodular form and is known as femper carbon. A good grade of malleable cast iron
may have a tensile strength of over 350 MPa, with an elongation of as much as 18
percent. The percentage elongation of a gray cast iron, on the other hand, is seldom
over 1 percent. Because of the time required for annealing (up to 6 days for large and
heavy castings), malleable iron is necessarily somewhat more expensive than gray
cast iron.

Alloy Cast Irons

Nickel, chromium, and molybdenum are the most common alloying elements used in
cast iron. Nickel is a general-purpose alloying element, usually added in amounts up to
5 percent. Nickel increases the strength and density, improves the wearing qualities, and
raises the machinability. If the nickel content is raised to 10 to 18 percent, an austenitic
structure with valuable heat- and corrosion-resistant properties results. Chromium
increases the hardness and wear resistance and, when used with a chill, increases the
tendency to form white iron. When chromium and nickel are both added, the hardness
and strength are improved without a reduction in the machinability rating. Molybdenum
added in quantities up to 1.25 percent increases the stiffness, hardness, tensile strength,
and impact resistance. It is a widely used alloying element.

Cast Steels

The advantage of the casting process is that parts having complex shapes can be man-
ufactured at costs less than fabrication by other means, such as welding. Thus the
choice of steel castings is logical when the part is complex and when it must also have
a high strength. The higher melting temperatures for steels do aggravate the casting
problems and require closer attention to such details as core design, section thicknesses,
fillets, and the progress of cooling. The same alloying elements used for the wrought
steels can be used for cast steels to improve the strength and other mechanical proper-
ties. Cast-steel parts can also be heat-treated to alter the mechanical properties, and,
unlike the cast irons, they can be welded.

Nonferrous Metals

Aluminum

The outstanding characteristics of aluminum and its alloys are their strength-weight
ratio, their resistance to corrosion, and their high thermal and electrical conductivity.
The density of aluminum is about 2770 kg/m?, compared with 7750 kg/m? for steel.
Pure aluminum has a tensile strength of about 90 MPa, but this can be improved con-
siderably by cold working and also by alloying with other materials. The modulus of
elasticity of aluminum, as well as of its alloys, is 71.7 GPa, which means that it has
about one-third the stiffness of steel.
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Considering the cost and strength of aluminum and its alloys, they are among the
most versatile materials from the standpoint of fabrication. Aluminum can be processed
by sand casting, die casting, hot or cold working, or extruding. Its alloys can be
machined, press-worked, soldered, brazed, or welded. Pure aluminum melts at 660°C,
which makes it very desirable for the production of either permanent or sand-mold
castings. It is commercially available in the form of plate, bar, sheet, foil, rod, and tube
and in structural and extruded shapes. Certain precautions must be taken in joining
aluminum by soldering, brazing, or welding; these joining methods are not recom-
mended for all alloys.

The corrosion resistance of the aluminum alloys depends upon the formation of a
thin oxide coating. This film forms spontaneously because aluminum is inherently very
reactive. Constant erosion or abrasion removes this film and allows corrosion to take
place. An extra-heavy oxide film may be produced by the process called anodizing. In
this process the specimen is made to become the anode in an electrolyte, which may be
chromic acid, oxalic acid, or sulfuric acid. It is possible in this process to control the
color of the resulting film very accurately.

The most useful alloying elements for aluminum are copper, silicon, manganese,
magnesium, and zinc. Aluminum alloys are classified as casting alloys or wrought
alloys. The casting alloys have greater percentages of alloying elements to facilitate
casting, but this makes cold working difficult. Many of the casting alloys, and some of
the wrought alloys, cannot be hardened by heat treatment. The alloys that are heat-
treatable use an alloying element that dissolves in the aluminum. The heat treatment
consists of heating the specimen to a temperature that permits the alloying element to
pass into solution, then quenching so rapidly that the alloying element is not precipi-
tated. The aging process may be accelerated by heating slightly, which results in even
greater hardness and strength. One of the better-known heat-treatable alloys is duralu-
minum, or 2017 (4 percent Cu, 0.5 percent Mg, 0.5 percent Mn). This alloy hardens in
4 days at room temperature. Because of this rapid aging, the alloy must be stored under
refrigeration after quenching and before forming, or it must be formed immediately
after quenching. Other alloys (such as 5053) have been developed that age-harden much
more slowly, so that only mild refrigeration is required before forming. After forming,
they are artificially aged in a furnace and possess approximately the same strength and
hardness as the 2024 alloys. Those alloys of aluminum that cannot be heat-treated can
be hardened only by cold working. Both work hardening and the hardening produced
by heat treatment may be removed by an annealing process.

Magnesium

The density of magnesium is about 1800 kg/m?® (0.065 1b/in®), which is two-thirds that
of aluminum and one-fourth that of steel. Since it is the lightest of all commercial met-
als, its greatest use is in the aircraft and automotive industries, but other uses are now
being found for it. Although the magnesium alloys do not have great strength, because
of their light weight the strength-weight ratio compares favorably with the stronger
aluminum and steel alloys. Even so, magnesium alloys find their greatest use in appli-
cations where strength is not an important consideration. Magnesium will not withstand
elevated temperatures; the yield point is definitely reduced when the temperature is
raised to that of boiling water.

Magnesium and its alloys have a modulus of elasticity of 45 GPa (6.5 Mpsi) in ten-
sion and in compression, although some alloys are not as strong in compression as in
tension. Curiously enough, cold working reduces the modulus of elasticity. A range of
cast magnesium alloys are also available.
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Titanium

Titanium and its alloys are similar in strength to moderate-strength steel but weigh half
as much as steel. The material exhibits very good resistence to corrosion, has low ther-
mal conductivity, is nonmagnetic, and has high-temperature strength. Its modulus of
elasticity is between those of steel and aluminum at 114 GPa (16.5 Mpsi). Because of
its many advantages over steel and aluminum, applications include: aerospace and mil-
itary aircraft structures and components, marine hardware, chemical tanks and process-
ing equipment, fluid handling systems, and human internal replacement devices. The
disadvantages of titanium are its high cost compared to steel and aluminum and the dif-
ficulty of machining it.

Copper-Base Alloys

When copper is alloyed with zinc, it is usually called brass. If it is alloyed with another
element, it is often called bronze. Sometimes the other element is specified too, as, for ex-
ample, tin bronze or phosphor bronze. There are hundreds of variations in each category.

Brass with 5 to 15 Percent Zinc

The low-zinc brasses are easy to cold work, especially those with the higher zinc con-
tent. They are ductile but often hard to machine. The corrosion resistance is good. Alloys
included in this group are gilding brass (5 percent Zn), commercial bronze (10 percent Zn),
and red brass (15 percent Zn). Gilding brass is used mostly for jewelry and articles to
be gold-plated; it has the same ductility as copper but greater strength, accompanied by
poor machining characteristics. Commercial bronze is used for jewelry and for forgings
and stampings, because of its ductility. Its machining properties are poor, but it has
excellent cold-working properties. Red brass has good corrosion resistance as well as
high-temperature strength. Because of this it is used a great deal in the form of tubing or
piping to carry hot water in such applications as radiators or condensers.

Brass with 20 to 36 Percent Zinc

Included in the intermediate-zinc group are low brass (20 percent Zn), cartridge brass
(30 percent Zn), and yellow brass (35 percent Zn). Since zinc is cheaper than copper,
these alloys cost less than those with more copper and less zinc. They also have better
machinability and slightly greater strength; this is offset, however, by poor corrosion
resistance and the possibility of cracking at points of residual stresses. Low brass is very
similar to red brass and is used for articles requiring deep-drawing operations. Of the
copper-zinc alloys, cartridge brass has the best combination of ductility and strength.
Cartridge cases were originally manufactured entirely by cold working; the process
consisted of a series of deep draws, each draw being followed by an anneal to place the
material in condition for the next draw, hence the name cartridge brass. Although the
hot-working ability of yellow brass is poor, it can be used in practically any other fab-
ricating process and is therefore employed in a large variety of products.

When small amounts of lead are added to the brasses, their machinability is greatly
improved and there is some improvement in their abilities to be hot-worked. The
addition of lead impairs both the cold-working and welding properties. In this group are
low-leaded brass (32% percent Zn, % percent Pb), high-leaded brass (34 percent Zn,
2 percent Pb), and free-cutting brass (35% percent Zn, 3 percent Pb). The low-leaded
brass is not only easy to machine but has good cold-working properties. It is used for
various screw-machine parts. High-leaded brass, sometimes called engraver’s brass, is
used for instrument, lock, and watch parts. Free-cutting brass is also used for screw-
machine parts and has good corrosion resistance with excellent mechanical properties.

4



Tud29281_ch02IT.qxd 11/1/10 10:08 AM Page 58

58

Mechanical Engineering Design

Admiralty metal (28 percent Zn) contains 1 percent tin, which imparts excellent cor-
rosion resistance, especially to saltwater. It has good strength and ductility but only fair
machining and working characteristics. Because of its corrosion resistance it is used in
power-plant and chemical equipment. Aluminum brass (22 percent Zn) contains 2 percent
aluminum and is used for the same purposes as admiralty metal, because it has nearly the
same properties and characteristics. In the form of tubing or piping, it is favored over
admiralty metal, because it has better resistance to erosion caused by high-velocity water.

Brass with 36 to 40 Percent Zinc

Brasses with more than 38 percent zinc are less ductile than cartridge brass and cannot
be cold-worked as severely. They are frequently hot-worked and extruded. Muntz metal
(40 percent Zn) is low in cost and mildly corrosion-resistant. Naval brass has the same
composition as Muntz metal except for the addition of 0.75 percent tin, which con-
tributes to the corrosion resistance.

Bronze

Silicon bronze, containing 3 percent silicon and 1 percent manganese in addition to the
copper, has mechanical properties equal to those of mild steel, as well as good corro-
sion resistance. It can be hot- or cold-worked, machined, or welded. It is useful wher-
ever corrosion resistance combined with strength is required.

Phosphor bronze, made with up to 11 percent tin and containing small amounts of
phosphorus, is especially resistant to fatigue and corrosion. It has a high tensile strength
and a high capacity to absorb energy, and it is also resistant to wear. These properties
make it very useful as a spring material.

Aluminum bronze is a heat-treatable alloy containing up to 12 percent aluminum. This
alloy has strength and corrosion-resistance properties that are better than those of brass, and
in addition, its properties may be varied over a wide range by cold working, heat treating,
or changing the composition. When iron is added in amounts up to 4 percent, the alloy has
a high endurance limit, a high shock resistance, and excellent wear resistance.

Beryllium bronze is another heat-treatable alloy, containing about 2 percent beryl-
lium. This alloy is very corrosion resistant and has high strength, hardness, and resis-
tance to wear. Although it is expensive, it is used for springs and other parts subjected
to fatigue loading where corrosion resistance is required.

With slight modification most copper-based alloys are available in cast form.

Plastics

The term thermoplastics is used to mean any plastic that flows or is moldable when heat
is applied to it; the term is sometimes applied to plastics moldable under pressure. Such
plastics can be remolded when heated.

A thermoset is a plastic for which the polymerization process is finished in a hot
molding press where the plastic is liquefied under pressure. Thermoset plastics cannot
be remolded.

Table 2-2 lists some of the most widely used thermoplastics, together with some
of their characteristics and the range of their properties. Table 2-3, listing some of the
thermosets, is similar. These tables are presented for information only and should not
be used to make a final design decision. The range of properties and characteristics that
can be obtained with plastics is very great. The influence of many factors, such as cost,
moldability, coefficient of friction, weathering, impact strength, and the effect of fillers
and reinforcements, must be considered. Manufacturers’ catalogs will be found quite
helpful in making possible selections.
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Table 2-2

The Thermoplastics  Source: These data have been obtained from the Machine Design Materials Reference Issue, published by Penton/TPC,
Cleveland. These reference issues are published about every 2 years and constitute an excellent source of data on a great variety of materials.

Hardness Elongation Dimensional Heat Chemical
GPa Rockwell % Stability Resistance Resistance Processing
ABS group 14-55 0.69-2.55 60-110R 3-50 Good * Fair EMST
Acetal group 55-69 2.83-3.59 80-94M 40-60 Excellent Good High M
Acrylic 34-69 1.38-3.24 92-110M 3-75 High * Fair EMS
Fluoroplastic 3.4-48 ce 50-80D 100-300 High Excellent Excellent MPR
group
Nylon 55-97 1.24-3.10  112-120R 10-200 Poor Poor Good CEM
Phenylene 48-124  2.41-6.34 115R, 106L 5-60 Excellent Good Fair EFM
oxide
Polycarbonate 55-110  2.34-5.93 62-91M 10-125 Excellent Excellent Fair EMS
Polyester 55-124  1.93-11.03  65-90M 1-300 Excellent Poor Excellent CLMR
Polyimide 41-345 s 88-120M  Very low Excellent Excellent Excellent CLMP
Polyphenylene 97-131 0.76 122R 1.0 Good Excellent Excellent M
sulfide
Polystyrene 10.3-83 0.97-4.14 10-90M 0.5-60 s Poor Poor EM
group
Polysulfone 69 2.48 120R 50-100 Excellent Excellent Excellent’ EFM
Polyvinyl 10.3-52 2.41-4.14 65-85D 40-450 oo Poor Poor EFM
chloride

*Heat-resistant grades available.

TWith exceptions.
C Coatings L Laminates R Resins E Extrusions M Moldings S Sheet F Foams P Press and sinter methods T Tubing

Table 2-3

The Thermosets  Source: These data have been obtained from the Machine Design Materials Reference Issue, published by Penton/IPC,
Cleveland. These reference issues are published about every 2 years and constitute an excellent source of data on a great variety of materials.

Hardness Elongation Dimensional Heat Chemical

Rockwell % Stability Resistance Resistance Processing
Alkyd 20-62 0.34-2.07 99M* ce Excellent Good Fair M
Allylic 28-69 oo 105-120M e Excellent Excellent Excellent CM
Amino  34-55  0.90-1.65 110-120M 0.30-0.90 Good Excellent* Excellent* LR

group

Epoxy 34-138  0.21-2.07* 80-120M 1-10 Excellent Excellent Excellent CMR
Phenolics 34-62 0.69-1.72 70-95E e Excellent Excellent Good EMR
Silicones 3441 e 80-90M e e Excellent Excellent CLMR

*With exceptions.
C Coatings L Laminates R Resins E Extrusions M Moldings S Sheet F Foams P Press and sinter methods T Tubing
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2-20 Composite Materials'4

Composite materials are formed from two or more dissimilar materials, each of which
contributes to the final properties. Unlike metallic alloys, the materials in a composite
remain distinct from each other at the macroscopic level.

Most engineering composites consist of two materials: a reinforcement called a
filler and a matrix. The filler provides stiffness and strength; the matrix holds the mate-
rial together and serves to transfer load among the discontinuous reinforcements. The
most common reinforcements, illustrated in Fig. 2—14, are continuous fibers, either
straight or woven, short chopped fibers, and particulates. The most common matrices
are various plastic resins although other materials including metals are used.

Metals and other traditional engineering materials are uniform, or isotropic, in nature.
This means that material properties, such as strength, stiffness, and thermal conductivity,
are independent of both position within the material and the choice of coordinate system.
The discontinuous nature of composite reinforcements, though, means that material prop-
erties can vary with both position and direction. For example, an epoxy resin reinforced
with continuous graphite fibers will have very high strength and stiffness in the direction
of the fibers, but very low properties normal or transverse to the fibers. For this reason,
structures of composite materials are normally constructed of multiple plies (laminates)
where each ply is oriented to achieve optimal structural stiffness and strength performance.

High strength-to-weight ratios, up to 5 times greater than those of high-strength
steels, can be achieved. High stiffness-to-weight ratios can also be obtained, as much as
8 times greater than those of structural metals. For this reason, composite materials are
becoming very popular in automotive, marine, aircraft, and spacecraft applications
where weight is a premium.

The directionality of properties of composite materials increases the complexity of
structural analyses. Isotropic materials are fully defined by two engineering constants:
Young’s modulus E and Poisson’s ratio v. A single ply of a composite material, however,
requires four constants, defined with respect to the ply coordinate system. The constants
are two Young’s moduli (the longitudinal modulus in the direction of the fibers, £}, and
the transverse modulus normal to the fibers, E;), one Poisson’s ratio (v, called the major
Poisson’s ratio), and one shear modulus (G ). A fifth constant, the minor Poisson’s ratio,
V1, 18 determined through the reciprocity relation, vy /E, = vj2/E;. Combining this
with multiple plies oriented at different angles makes structural analysis of complex struc-
tures unapproachable by manual techniques. For this reason, computer software is avail-
able to calculate the properties of a laminated composite construction.!

Figure 2-14 P2y 2 APl 2y

N
Composites categorized by . e :,-'
4
type of reinforcement. e
v

Particulate Randomly oriented Unidirectional continuous Woven fabric
composite short fiber composite fiber composite composite

4For references see I. M. Daniel and O. Ishai, Engineering Mechanics of Composite Materials, Oxford
University Press, 1994, and ASM Engineered Materials Handbook: Composites, ASM International,
Materials Park, OH, 1988.

15 About Composite Materials Software listing, http://composite.about.com/cs/software/index.htm.
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Table 2-4

Material Families and
Classes
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Materials Selection

As stated earlier, the selection of a material for a machine part or structural member is
one of the most important decisions the designer is called on to make. Up to this point
in this chapter we have discussed many important material physical properties, various
characteristics of typical engineering materials, and various material production pro-
cesses. The actual selection of a material for a particular design application can be an
easy one, say, based on previous applications (1020 steel is always a good candidate
because of its many positive attributes), or the selection process can be as involved and
daunting as any design problem with the evaluation of the many material physical, eco-
nomical, and processing parameters. There are systematic and optimizing approaches
to material selection. Here, for illustration, we will only look at how to approach some
material properties. One basic technique is to list all the important material properties
associated with the design, e.g., strength, stiffness, and cost. This can be prioritized by
using a weighting measure depending on what properties are more important than
others. Next, for each property, list all available materials and rank them in order begin-
ning with the best material; e.g., for strength, high-strength steel such as 4340 steel
should be near the top of the list. For completeness of available materials, this might
require a large source of material data. Once the lists are formed, select a manageable
amount of materials from the top of each list. From each reduced list select the materi-
als that are contained within every list for further review. The materials in the reduced
lists can be graded within the list and then weighted according to the importance of
each property.

M. F. Ashby has developed a powerful systematic method using materials selec-
tion charts.'® This method has also been implemented in a software package called
CES Edupack.!” The charts display data of various properties for the families and
classes of materials listed in Table 2—4. For example, considering material stiffness
properties, a simple bar chart plotting Young’s modulus E on the y axis is shown

°lil o C gle NCGIME

Metals Aluminum alloys Al alloys

(the metals and alloys of Copper alloys Cu alloys

engineering) Lead alloys Lead alloys
Magnesium alloys Mg alloys
Nickel alloys Ni alloys
Carbon steels Steels
Stainless steels Stainless steels
Tin alloys Tin alloys
Titanium alloys Ti alloys
Tungsten alloys W alloys
Lead alloys Pb alloys
Zinc alloys Zn alloys

(continued)

15M. F. Ashby, Materials Selection in Mechanical Design, 3rd ed., Elsevier Butterworth-Heinemann,
Oxford, 2005.

17Produced by Granta Design Limited. See www.grantadesign.com.
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Family

Ceramics
Technical ceramics (fine
ceramics capable of
load-bearing application)

Nontechnical ceramics
(porous ceramics of
construction)

Glasses

Polymers
(the thermoplastics and
thermosets of engineering)

Elastomers
(engineering rubbers, natural
and synthetic)

Hybrids
Composites

Foams

Natural materials

——

Classes

Alumina
Aluminum nitride
Boron carbide
Silicon carbide
Silicon nitride
Tungsten carbide
Brick

Concrete

Stone

Soda-lime glass
Borosilicate glass
Silica glass

Glass ceramic

Acrylonitrile butadiene styrene

Cellulose polymers
Ionomers

Epoxies

Phenolics

Polyamides (nylons)
Polycarbonate
Polyesters
Polyetheretherkeytone
Polyethylene
Polyethylene terephalate
Polymethylmethacrylate
Polyoxymethylene(Acetal)
Polypropylene
Polystyrene
Polytetrafluorethylene
Polyvinylchloride

Butyl rubber

EVA

Isoprene

Natural rubber
Polychloroprene (Neoprene)
Polyurethane

Silicon elastomers

Carbon-fiber reinforced polymers
Glass-fiber reinforced polymers

SiC reinforced aluminum
Flexible polymer foams
Rigid polymer foams
Cork

Bamboo

Wood

Short Name

AL O3
AIN
B4C

SiC
SizNy
wC
Brick
Concrete
Stone

Soda-lime glass
Borosilicate glass
Silica glass

Glass ceramic

ABS

CA
Tonomers
Epoxy
Phenolics
PA

PC
Polyester
PEEK
PE

PET or PETE
PMMA
POM

PP

PS

PTFE
PVC

Butyl rubber
EVA

Isoprene
Natural rubber
Neoprene

PU

Silicones

CFRP

GFRP

Al-SiC
Flexible foams
Rigid foams
Cork

Bamboo
Wood

From M. E. Ashby, Materials Selection in Mechanical Design, 3rd ed., Elsevier Butterworth-Heinemann,

Oxford, 2005. Table 41, pp. 49-50.
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Figure 2-15
Young’s modulus E for various materials. (Figure courtesy of Prof. Mike Ashby, Granta Design, Cambridge, U.K.)
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in Fig. 2-15. Each vertical line represents the range of values of E for a particular
material. Only some of the materials are labeled. Now, more material information
can be displayed if the x axis represents another material property, say density.
Figure 2-16, called a “bubble” chart, represents Young’s modulus E plotted against
density p. The line ranges for each material property plotted two-dimensionally now
form ellipses, or bubbles. Groups of bubbles outlined according to the material families
of Table 2—4 are also shown. This plot is more useful than the two separate bar charts
of each property. Now, we also see how stiffness/weight for various materials relate.
The ratio of Young’s modulus to density, E/p, is known as the specific modulus, or
specific stiffness. This ratio is of particular interest when it is desired to minimize
weight where the primary design limitation is deflection, stiffness, or natural frequency,
rather than strength. Machine parts made from materials with higher specific modulus
will exhibit lower deflection, higher stiffness, and higher natural frequency.

In the lower right corner of the chart in Figure 2—16, dotted lines indicate ratios of
EP/p. Several parallel dotted lines are shown for 8= 1 that represent different values of
the specific modulus E/p. This allows simple comparison of the specific modulus
between materials. It can be seen, for example, that some woods and aluminum alloys have
about the same specific modulus as steels. Different values of 8 allow comparisons for
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Figure 2-16

Young’s modulus E versus density p for various materials. (Figure courtesy of Prof. Mike Ashby, Granta Design, Cambridge, U.K.)
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various relationships between stiffness and weight, such as in different loading
conditions. The relationship is linear (8 = 1) for axial loading, but nonlinear (8 = 1/2)
for bending loading [see Eq. (2-31) and its development]. Since the plot is on a log-log
scale, the exponential functions still plot as straight lines. The 8 = 1 lines can also be
used to represent constant values of the speed of sound in a material, since the rela-
tionship between E and p is linear in the equation for the speed of sound in a material,
¢ = (E/p)"/2. The same can be shown for natural frequency, which is a function of the
ratio of stiffness to mass.

To see how g fits into the mix, consider the following. The performance metric P
of a structural element depends on (1) the functional requirements, (2) the geometry,
and (3) the material properties of the structure. That is,

P=

(functional ) (geometric ) (material )]
requirements F/° \parameters G/’ \properties M
or, symbolically,

P = f(F,G, M) (2-23)
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If the function is separable, which it often is, we can write Eq. (2-23) as
P = fi(F)- f2(G) - f3(M) (2-24)

For optimum design, we desire to maximize or minimize P. With regards to material
properties alone, this is done by maximizing or minimizing f3(M), called the material
efficiency coefficient.

For illustration, say we want to design a light, stiff, end-loaded cantilever beam with
a circular cross section. For this we will use the mass m of the beam for the performance
metric to minimize. The stiffness of the beam is related to its material and geometry. The
stiffness of a beam is given by k = F/§, where F and § are the end load and deflection,
respectively (see Chap. 4). The end deflection of an end-loaded cantilever beam is given
in Table A-9, beam 1, as § = ymax = (Fl3)/(3EI), where E is Young’s modulus, / the
second moment of the area, and / the length of the beam. Thus, the stiffness is given by

F  3EI

k=—=— 2-25
5 B (2-25)

From Table A—18, the second moment of the area of a circular cross section is
xD*  A?

I = = —
64 4

(2-26)

where D and A are the diameter and area of the cross section, respectively. Substituting
Eq. (2-26) in (2-25) and solving for A, we obtain

4mkiP\'"?
A:( = ) (2-27)

The mass of the beam is given by
m = Alp (2-28)

Substituting Eq. (2-27) into (2-28) and rearranging yields

7 P
—— 2\/; k72 (15/?) (W) (2-29)

Equation (2-29) is of the form of Eq. (2-24). The term 2/7 /3 is simply a constant and
can be associated with any function, say fi(F). Thus, fi(F) = 2/ /3(k'/?) is the func-
tional requirement, stiffness; f>(G) = /%), the geometric parameter, length; and the
material efficiency coefficient
P

HM) = 2 (2-30)
is the material property in terms of density and Young’s modulus. To minimize m we
want to minimize f3(M), or maximize

EL2

M=— (2-31)
o

where M is called the material index, and = % Returning to Fig. 2—-16, draw lines of
various values of E'/2/p as shown in Fig. 2-17. Lines of increasing M move up and to
the left as shown. Thus, we see that good candidates for a light, stiff, end-loaded can-
tilever beam with a circular cross section are certain woods, composites, and ceramics.
Other limits/constraints may warrant further investigation. Say, for further illustra-
tion, the design requirements indicate that we need a Young’s modulus greater than
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50 GPa. Figure 2—-18 shows how this further restricts the search region. This eliminates
woods as a possible material.

Another commonly useful chart, shown in Fig. 2-19, represents strength versus
density for the material families. The ratio of strength to density is known as specific
strength, and is particularly useful when it is desired to minimize weight where the pri-
mary design limitation is strength, rather than deflection. The guidelines in the lower
right corner represent different relationships between strength and density, in the form
of §A/p. Following an approach similar to that used before, it can be shown that for
axial loading, 8 = 1, and for bending loading, 8 = 2/3.

Certainly, in a given design exercise, there will be other considerations such as
environment, cost, availability, and machinability, and other charts may be necessary to
investigate. Also, we have not brought in the material process selection part of the pic-
ture. If done properly, material selection can result in a good deal of bookkeeping. This
is where software packages such as CES Edupack become very effective.
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Figure 2-19

Strength S versus density p for various materials. For metals, S is the 0.2 percent offset yield strength. For polymers, S is the 1 percent yield
strength. For ceramics and glasses, S is the compressive crushing strength. For composites, S is the tensile strength. For elastomers, S is the tear
strength. (Figure courtesy of Prof. Mike Ashby, Granta Design, Cambridge, U.K.)
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PROBLEMS

2-1 Determine the tensile and yield strengths for the following materials:
(a) UNS G10200 hot-rolled steel.
(b) SAE 1050 cold-drawn steel.
(c) AISI 1141 steel quenched and tempered at 540°C.
(d) 2024-T4 aluminum alloy.
(e) Ti-6Al-4V annealed titanium alloy.

2-2 Assume you were specifying an AISI 1060 steel for an application. Using Table A-21,

(a) how would you specify it if you desired to maximize the yield strength?
(b) how would you specify it if you desired to maximize the ductility?

2-3 Determine the yield strength-to-weight density ratios (specific strength) in units of kN - m/kg for
AISI 1018 CD steel, 2011-T6 aluminum, Ti-6Al-4V titanium alloy, and ASTM No. 40 gray cast iron.

2-4 Determine the stiffness-to-weight density ratios (specific modulus) in units of meters for AISI 1018
CD steel, 2011-T6 aluminum, Ti-6Al-4V titanium alloy, and ASTM No. 40 gray cast iron.

2-5 Poisson’s ratio v is a material property and is the ratio of the lateral strain and the longitudinal
strain for a member in tension. For a homogeneous, isotropic material, the modulus of rigidity G
is related to Young’s modulus as

G— E
C2(14v)
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2-6

2-7

2-8

2-9

2-10
2-11
2-12

Using the tabulated values of G and E in Table A-5, calculate Poisson’s ratio for steel, aluminum,
beryllium copper, and gray cast iron. Determine the percent difference between the calculated
values and the values tabulated in Table A-5.

A specimen of steel having an initial diameter of 12.8 mm was tested in tension using a gauge
length of 50 mm. The following data were obtained for the elastic and plastic states:

Load P Elongation Load P Area A;
kN mm kN mm?
4.5 0.01 39.6 128
9.0 0.015 41.4 127
13.5 0.025 41.0 126
18.0 0.0325 59.4 124
31.5 0.0575 68.4 121
37.8 0.07 76.5 101
39.6 0.09 73.8 84
41.4 0.2225 66.6 70

Note that there is some overlap in the data.

(a) Plot the engineering or nominal stress-strain diagram using two scales for the unit strain €,
one scale from zero to about 0.02 mm/mm and the other scale from zero to maximum strain.

(b) From this diagram find the modulus of elasticity, the 0.2 percent offset yield strength, the ulti-
mate strength, and the percent reduction in area.

(c) Characterize the material as ductile or brittle. Explain your reasoning.

(d) Identify a material specification from Table A—20 that has a reasonable match to the data.

Compute the true stress and the logarithmic strain using the data of Prob. 2—6 and plot the results on
log-log paper. Then find the plastic strength coefficient o and the strain-strengthening exponent 1.
Find also the yield strength and the ultimate strength after the specimen has had 20 percent cold work.

The stress-strain data from a tensile test on a cast-iron specimen are

Engineering
35

stress, MPa 70 112 133 182 224 280 332 343 378

Engineering strain, | 0.20 0.44 0.80 1.0 1.5 2.0 2.8 3.4 4.0 5.0
€+ 1073 mm/mm

Plot the stress-strain locus and find the 0.1 percent offset yield strength, and the tangent modulus
of elasticity at zero stress and at 140 MPa.

A part made from annealed AISI 1018 steel undergoes a 20 percent cold-work operation.

(a) Obtain the yield strength and ultimate strength before and after the cold-work operation.
Determine the percent increase in each strength.

(b) Determine the ratios of ultimate strength to yield strength before and after the cold-work
operation. What does the result indicate about the change of ductility of the part?

Repeat Prob. 2-9 for a part made from hot-rolled AISI 1212 steel.
Repeat Prob. 2-9 for a part made from 2024-T4 aluminum alloy.

A steel member has a Brinell of Hp = 275. Estimate the ultimate strength of the steel in MPa.
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A gray cast iron part has a Brinell hardness number of Hg = 200. Estimate the ultimate strength
of the part in MPa. Make a reasonable assessment of the likely grade of cast iron by comparing
both hardness and strength to material options in Table A-24.

A part made from 1040 hot-rolled steel is to be heat treated to increase its strength to approxi-
mately 700 MPa. What Brinell hardness number should be expected from the heat-treated part?

Brinell hardness tests were made on a random sample of 10 steel parts during processing. The
results were Hp values of 230, 232(2), 234, 235(3), 236(2), and 239. Estimate the mean and
standard deviation of the ultimate strength in MPa.

Repeat Prob. 2-15 assuming the material to be cast iron.

For the material in Prob. 2-6: (a) Determine the modulus of resilience, and (b) Estimate the mod-
ulus of toughness, assuming that the last data point corresponds to fracture.

Some commonly used plain carbon steels are AISI 1010, 1018, and 1040. Research these steels
and provide a comparative summary of their characteristics, focusing on aspects that make each
one unique for certain types of application. Product application guides provided on the Internet
by steel manufacturers and distributors are one source of information.

Repeat Prob. 2—-18 for the commonly used alloy steels, AISI 4130 and 4340.

An application requires the support of an axial load of 400 kN with a round rod without exceed-
ing the yield strength of the material. Assume the current cost per pound for round stock is given
in the table below for several materials that are being considered. Material properties are avail-
able in Tables A-5, A—20, A-21, and A-24. Select one of the materials for each of the following
additional design goals.

(a) Minimize diameter.

(b) Minimize weight.

(¢) Minimize cost.

(d) Minimize axial deflection.

Material Cost/N

1020 HR $0.06
1020 CD $0.07
1040 Q&T @800°F $0.08
4140 Q&T @800°F $0.18
Wrought Al 2024 T3 $0.24
Titanium alloy (Ti-6Al1-4V) $1.56

A 25-mm-diameter rod, 1 m long, of unknown material is found in a machine shop. A variety of

inexpensive nondestructive tests are readily available to help determine the material, as described

below:

(a) Visual inspection.

(b) Scratch test: Scratch the surface with a file; observe color of underlying material and depth
of scratch.

(c) Check if it is attracted to a magnet.

(d) Measure weight (£0.25 N).

(e) Inexpensive bending deflection test: Clamp one end in a vise, leaving 0.6 m cantilevered.
Apply a force of 450 N (£=4.5 N). Measure deflection of the free end (within +0.8 mm).

(f) Brinell hardness test.
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2-24

2-25

2-26

2-27

2-28

2-29

2-30
2-31
2-32
2-33
2-34

Choose which tests you would actually perform, and in what sequence, to minimize time and
cost, but to determine the material with a reasonable level of confidence. The table below pro-
vides results that would be available to you if you choose to perform a given test. Explain your
process, and include any calculations. You may assume the material is one listed in Table A-5. If
it is carbon steel, try to determine an approximate specification from Table A-20.

Results if test were made

(a) Dark gray, rough surface Silvery gray, smooth surface Reddish-brown, tarnished,
finish, moderate scale finish, slightly tarnished smooth surface finish

(b) Metallic gray, moderate Silvery gray, deep scratch Shiny brassy color, deep
scratch scratch

(c) Magnetic Not magnetic Not magnetic

(d) W=36N W=14N W=40N

(e) 6 =8 mm 6 =22 mm 6 = 14 mm

@3] Hp =200 Hp=95 Hp=170

Search the website noted in Sec. 2-20 (http://composite.about.com/cs/software/) and report your
findings. Your instructor may wish to elaborate on the level of this report. The website contains a
large variety of resources. The activity for this problem can be divided among the class.

Research the material Inconel, briefly described in Table A-5. Compare it to various carbon and
alloy steels in stiffness, strength, ductility, and toughness. What makes this material so special?

Consider a rod transmitting a tensile force. The following materials are being considered: tung-
sten carbide, high-carbon heat-treated steel, polycarbonate polymer, aluminum alloy. Using the
Ashby charts, recommend one or two of the materials for a design situation in which failure is by
exceeding the strength of the material, and it is desired to minimize the weight.

Repeat Prob. 2-26, except that the design situation is failure by excessive deflection, and it is
desired to minimize the weight.

Consider a cantilever beam that is loaded with a transverse force at its tip. The following materials
are being considered: tungsten carbide, high-carbon heat-treated steel, polycarbonate polymer,
aluminum alloy. Using the Ashby charts, recommend one or two of the materials for a design
situation in which failure is by exceeding the strength of the material and it is desired to minimize
the weight.

Repeat Prob. 2-28, except that the design situation is failure by excessive deflection, and it is
desired to minimize the weight.

For an axially loaded rod, prove that 8 = 1 for the E#/p guidelines in Fig. 2-16.
For an axially loaded rod, prove that 8 = 1 for the S#/p guidelines in Fig. 2—19.
For a cantilever beam loaded in bending, prove that 8 = 1/2 for the E#/p guidelines in Fig. 2-16.
For a cantilever beam loaded in bending, prove that 8 = 2/3 for the S#/p guidelines in Fig. 2—19.

Consider a tie rod transmitting a tensile force F. The corresponding tensile stress is given by
o = F /A, where A is the area of the cross section. The deflection of the rod is given by Eq. (4-3),
which is § = (FI)/(AE), where [ is the length of the rod. Using the Ashby charts of Figs. 2-16
and 2-19, explore what ductile materials are best suited for a light, stiff, and strong tie rod.
Hint: Consider stiffness and strength separately.
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