2.2 Chromium has four naturally-occurring isotopes: 4.34% of *°Cr, with an atomic weight of 49.9460
amu, 83.79% of *°Cr, with an atomic weight of 51.9405 amu, 9.50% of **Cr, with an atomic weight of 52.9407 amu,
and 2.37% of **Cr, with an atomic weight of 53.9389 amu. On the basis of these data, confirm that the average

atomic weight of Cr is 51.9963 amu.

Solution
The average atomic weight of silicon (KCr) is computed by adding fraction-of-occurrence/atomic weight

products for the three isotopes. Thus
Acr = oo, Psoc, * Tsag, Pooe,  Tsag, Psae,  Tsac, Psac,

(0.0434)(49.9460 amu) + (0.8379)(51.9405 amu) + (0.0950)(52.9407 amu) + (0.0237)(53.9389 amu) = 51.9963 amu
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2.3 (a) How many grams are there in one amu of a material?

(b) Mole, in the context of this book, is taken in units of gram-mole. On this basis, how many atoms

are there in a pound-mole of a substance?

Solution
(@) In order to determine the number of grams in one amu of material, appropriate manipulation of the

amu/atom, g/mol, and atom/mol relationships is all that is necessary, as

1 mol ‘81 g/mol
@.022 u 1023 atoms *@ amu/atom °

#glamu =

=1.66 u10?* g/amu

(b) Since there are 453.6 g/lb,,

11b-mol = (453.6 g/lb,) (6.022 u 1022 atoms/g - mol)

= 2.73 11026 atoms/Ib-mol
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2.4 (a) Cite two important quantum-mechanical concepts associated with the Bohr model of the atom.

(b) Cite two important additional refinements that resulted from the wave-mechanical atomic model.

Solution

(&) Two important quantum-mechanical concepts associated with the Bohr model of the atom are (1) that
electrons are particles moving in discrete orbitals, and (2) electron energy is quantized into shells.

(b) Two important refinements resulting from the wave-mechanical atomic model are (1) that electron
position is described in terms of a probability distribution, and (2) electron energy is quantized into both shells and

subshells--each electron is characterized by four quantum numbers.
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2.5 Relative to electrons and electron states, what does each of the four quantum numbers specify?

Solution

The n quantum number designates the electron shell.

The I quantum number designates the electron subshell.
The m; quantum number designates the number of electron states in each electron subshell.

The mg quantum number designates the spin moment on each electron.
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2.6 Allowed values for the quantum numbers of electrons are as follows:

n=123,...

The relationships between n and the shell designations are noted in Table 2.1. Relative to the subshells,
I = 0 corresponds to an s subshell
I =1 corresponds to a p subshell
| = 2 corresponds to a d subshell
| = 3 corresponds to an f subshell

For the K shell, the four quantum numbers for each of the two electrons in the 1s state, in the order of nimyms, are

100(%) and 100( %). Write the four quantum numbers for all of the electrons in the L and M shells, and note

which correspond to the s, p, and d subshells.

Solution

For the L state, n = 2, and eight electron states are possible. Possible | values are 0 and 1, while possible m,

values are 0 and +1; and possible m, values are r%. Therefore, for the s states, the quantum numbers are 200 (%)
and 200 ( %) For the p states, the quantum numbers are 210(%), 210( %) 211(%), 211( %) 21( 1)(%), and

21(3( ).

For the M state, n = 3, and 18 states are possible. Possible | values are 0, 1, and 2; possible m| values are
0, 1, and £2; and possible mg values are riz. Therefore, for the s states, the quantum numbers are 300(%),
300( %), for the p states they are 310(%), 310( %), 311(%), 311( %), 31( 1)(%), and 31( 1)( %); for the d
states they are 320(%), 320( %), 321(%), 321( %), 32( 1)(%), 32( 1( %), 322(%), 322( %), 32( 2)(%),

and 32( 2)( %).
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2.7 Give the electron configurations for the following ions: Fe?*, AI**, Cu*, Ba®*, Br’, and O%.

Solution

The electron configurations for the ions are determined using Table 2.2 (and Figure 2.6).

Fe2": From Table 2.2, the electron configuration for an atom of iron is 1s22s22p%3s23p63d4s2. In order to
become an ion with a plus two charge, it must lose two electrons—in this case the two 4s. Thus, the electron
configuration for an Fe2* ion is 1522s22p®3s23p®3d®.

AIP*: From Table 2.2, the electron configuration for an atom of aluminum is 1522522p63523p1. In order to
become an ion with a plus three charge, it must lose three electrons—in this case two 3s and the one 3p. Thus, the
electron configuration for an AI®* ion is 1s22s22p°.

Cu™: From Table 2.2, the electron configuration for an atom of copper is 1522522p®3s23p®3d1%4st. In order
to become an ion with a plus one charge, it must lose one electron—in this case the 4s. Thus, the electron
configuration for a Cu* ion is 1s22522p%3s23p63d1°.

Ba2*: The atomic number for barium is 56 (Figure 2.6), and inasmuch as it is not a transition element the
electron configuration for one of its atoms is 1522522p®3s23p®3d104524pf4d105525p%6s2. In order to become an ion
with a plus two charge, it must lose two electrons—in this case two the 6s. Thus, the electron configuration for a
Ba2" ion is 1522522p®3523p®3d104524p54d105525p6.

Br': From Table 2.2, the electron configuration for an atom of bromine is 1s22s22p83s23p®3d1%4s24p°. In
order to become an ion with a minus one charge, it must acquire one electron—in this case another 4p. Thus, the
electron configuration for a Br™ ion is 1522522p®3s23p®3d104s524pS.

0% From Table 2.2, the electron configuration for an atom of oxygen is 1322322p4. In order to become an
ion with a minus two charge, it must acquire two electrons—in this case another two 2p. Thus, the electron

configuration for an 0% ion is 1s225%2p°.
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2.8 Sodium chloride (NaCl) exhibits predominantly ionic bonding. The Na* and CI ions have electron

structures that are identical to which two inert gases?

Solution

The Na ion is just a sodium atom that has lost one electron; therefore, it has an electron configuration the
same as neon (Figure 2.6).
The CI" ion is a chlorine atom that has acquired one extra electron; therefore, it has an electron

configuration the same as argon.
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The Periodic Table

2.9 With regard to electron configuration, what do all the elements in Group VIIA of the periodic table

have in common?

Solution

Each of the elements in Group VIIA has five p electrons.
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2.10 To what group in the periodic table would an element with atomic number 114 belong?

Solution

From the periodic table (Figure 2.6) the element having atomic number 114 would belong to group IVA.
According to Figure 2.6, Ds, having an atomic number of 110 lies below Pt in the periodic table and in the right-

most column of group VIII. Moving four columns to the right puts element 114 under Pb and in group IVA.
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2.11 Without consulting Figure 2.6 or Table 2.2, determine whether each of the electron configurations
given below is an inert gas, a halogen, an alkali metal, an alkaline earth metal, or a transition metal. Justify your
choices.

(a) 15%25%2p°3s°3p°3d’4s?

(b) 15°25%2p°3s°3p®

(c) 1s?2s°2p°

(d) 1s%25%2p°3s?

(e) 1s%2522p®3s%3p°3d°4s?

(f) 15°25%2p°3s°3p®4s’

Solution

(a) The 1s%25°2p®3s%3p°3d’4s? electron configuration is that of a transition metal because of an incomplete
d subshell.

(b) The 1s%25?2p®3s%3p°® electron configuration is that of an inert gas because of filled 3s and 3p subshells.

(c) The 1s*2s?2p° electron configuration is that of a halogen because it is one electron deficient from
having a filled L shell.

(d) The 1s%2s?2p°3s? electron configuration is that of an alkaline earth metal because of two s electrons.

(e) The 1s%25°2p®3s%3p°3d®4s? electron configuration is that of a transition metal because of an incomplete
d subshell.

(f) The 1s°2s%2p°3s?3p®4s* electron configuration is that of an alkali metal because of a single s electron.
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2.12 (a) What electron subshell is being filled for the rare earth series of elements on the periodic table?

(b) What electron subshell is being filled for the actinide series?

Solution

(@) The 4f subshell is being filled for the rare earth series of elements.

(b) The 5f subshell is being filled for the actinide series of elements.
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Bonding Forces and Energies

2.13 Calculate the force of attraction between a K* and an O ion the centers of which are separated by a

distance of 1.5 nm.

Solution

The attractive force between two ions F is just the derivative with respect to the interatomic separation of

the attractive energy expression, Equation 2.8, which is just

§A-

d™ —
dE 5 Or ? A
FA——————
dr dr r2

The constant A in this expression is defined in footnote 3. Since the valences of the K* and 0% ions (Z,and Z,) are

+1and -2, respectively, Z; =1and Z, = 2, then

_ (Z4) (Z20)
A 4 Sigr

_ 1)(2)(1.602 u 10 19 C)?2
(4)(98.85 u10 2 F/m)(L.5 u10 9 m)2

=2.05 ul0'1ON
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2.14 The net potential energy between two adjacent ions, Ey, may be represented by the sum of Equations

2.8 and 2.9; that is,

A
E = _
N r rn

Calculate the bonding energy E, in terms of the parameters A, B, and n using the following procedure:

1. Differentiate Ey with respect to r, and then set the resulting expression equal to zero, since the curve of

E\ versus r is a minimum at E.
2. Solve for r in terms of A, B, and n, which yields r,, the equilibrium interionic spacing.

3. Determine the expression for E, by substitution of ry into Equation 2.11.

Solution

(a) Differentiation of Equation 2.11 yields

g2A g B
dEy _ ©r? @n !
dr dr dr

A nB -0

rl+1) r(n+1)

(b) Now, solving for r (=r,)

A _ nB
roz - Iro(n +1)
or
gp Y@ -n)
|"0 =
@B ?

(c) Substitution for r,, into Equation 2.11 and solving for E (= E )

G- AL
Iy rO
_ A + B
- SA (L - n) SA n/(1 - n)
@B * @B *
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2.15 For a K*-CI” ion pair, attractive and repulsive energies E, and Eg, respectively, depend on the

distance between the ions r, according to

1.436
E
A r
58 ul0 ©
Er —5

For these expressions, energies are expressed in electron volts per K*—CI” pair, and r is the distance in nanometers.
The net energy Ey is just the sum of the two expressions above.

(a) Superimpose on a single plot Ey, Eg, and E, versus r up to 1.0 nm.

(b) On the basis of this plot, determine (i) the equilibrium spacing r, between the K* and CI™ ions, and (ii)
the magnitude of the bonding energy E, between the two ions.

(c) Mathematically determine the ry and Eq values using the solutions to Problem 2.14 and compare these

with the graphical results from part (b).

Solution

(@) Curves of E,, Eg, and Ey are shown on the plot below.

(b) From this plot
o= 0.28 nm

Ey=-46€V
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(c) From Equation 2.11 for E

A=1.436
B=5.86 ul0®
n=9
Thus,
gp @-n
rO =
@Bt
- 1.436 e 0.279 nm
& -, aAL» .
48)(5.86 u109) 1,
and
E - A B
0~ YR g M)
@B * @B *
_ 1.436 5.86 u 10 ©
- a 1 9 a 1 9
R Y T
€9)(5.86 u10 ©)», 49)(5.86 u10 ©)y,
=—-457eV
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2.16 Consider a hypothetical X*-Y~ ion pair for which the equilibrium interionic spacing and bonding
energy values are 0.35 nm and -6.13 eV, respectively. If it is known that n in Equation 2.11 has a value of 10, using
the results of Problem 2.14, determine explicit expressions for attractive and repulsive energies E, and Eg of
Equations 2.8 and 2.9.

Solution

This problem gives us, for a hypothetical X*-Y~ion pair, values for r, (0.35 nm), E, (- 6.13 V), and n

(10), and asks that we determine explicit expressions for attractive and repulsive energies of Equations 2.8 and 2.9.
In essence, it is necessary to compute the values of A and B in these equations. Expressions for r, and E in terms

of n, A, and B were determined in Problem 2.14, which are as follows:

_ ,,§A 1/(1 - n)
I = —
@B 1
E = A B
0~ N N
-§A 1/(1 -n) §A n/(1-n)
@B 1 @B 1

Thus, we have two simultaneous equations with two unknowns (viz. A and B). Upon substitution of values for r

and E, in terms of n, these equations take the forms

ya-10) g, 19

0.35Nm = —— = —
1 @0B 1
and
B A B
6.13eV = §, U0 10 + §, 0@ 10)
@08 1 @08 1
B A, B
B YL ga - 10/9
@OB * @OB *

We now want to solve these two equations simultaneously for values of A and B. From the first of these two

equations, solving for A/8B leads to
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A (0.35 nm)~®
10B

Furthermore, from the above equation the A is equal to

A = 10B(0.35 nm)®

When the above two expressions for A/10B and A are substituted into the above expression for E (- 6.13 eV), the

following results

o A B
6.13eV = = §A U9 §a L1079
@0B * @0B *
_ 10B(0.35 nm)-? N B

8.35 nm)-° @ 8.35 nm)-9 @9

_ 10B(0.35 nm)™® . B
0.35 nm (0.35 nm)10
Or
6.136V = = 8 ,_ B L
(0.35 nm)10  (0.35 nm)10 (0.35 nm)10

Solving for B from this equation yields

B = 1.88 u10® eV-nml0

Furthermore, the value of A is determined from one of the previous equations, as follows:

A = 10B(0.35 nm)? = (10)(1.88 u 10~ eV-nm)(0.35 nm)-®

2.39 eV-nm

Thus, Equations 2.8 and 2.9 become

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Of course these expressions are valid for r and E in units of nanometers and electron volts, respectively.
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2.17 The net potential energy Ey between two adjacent ions is sometimes represented by the expression
En % DExp ZLU 3 (2.12)
in which r is the interionic separationanG & ' DQG ! DUH FRQVWDQWY ZKRVH YDOXHV GHSt
(a) Derive an expression for the bonding energy E, in terms of the equilibrium interionic separation r, and
WKH FRQVWDQWY ' DQG ! XVLQJ WKH IROORZLQJ SURFHGXUH
1. Differentiate Ey with respect to r and set the resulting expression equal to zero.
6ROYH IRU & LQ WHUPV RI " ! DQG U
3. Determine the expression for E, by substitution for C in Equation 2.12.
(b) Derive another expression for E, intermsof rq, & DQG ! ptoacdd@rel aralogous to the one

outlined in part (a).

Solution

(a) Differentiating Equation 2.12 with respect to r yields

a §,.°
§E d o exp r >
dE_ "orr - oun
dr dr dr
e De "V
Nz u
Atr=r,, dE/dr =0, and
(/Y
% - De 7 (2.12b)
5 U

Solving for C and substitution into Equation 2.12 yields an expression for E as

E, = De (ro/lJ% o~
© (OF

(b) Now solving for D from Equation 2.12b above yields
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Substitution of this expression for D into Equation 2.12 yields an expression for E as

] .
EO:E'AJ 1

o @ !
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Primary Interatomic Bonds

2.18 (a) Briefly cite the main differences between ionic, covalent, and metallic bonding.
(b) State the Pauli exclusion principle.

Solution

(@) The main differences between the various forms of primary bonding are:
lonic--there is electrostatic attraction between oppositely charged ions.
Covalent--there is electron sharing between two adjacent atoms such that each atom assumes a
stable electron configuration.
Metallic--the positively charged ion cores are shielded from one another, and also "glued"
together by the sea of valence electrons.
(b) The Pauli exclusion principle states that each electron state can hold no more than two electrons, which

must have opposite spins.
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2.19 Compute the percents ionic character of the interatomic bonds for the following compounds: TiO,,
ZnTe, CsCl, InSh, and MgCl.,.

Solution

The percent ionic character is a function of the electron negativities of the ions X, and Xg according to

Equation 2.10. The electronegativities of the elements are found in Figure 2.7.

For TiOZ, XTi =1.5and XO = 3.5, and therefore,
a 20
%IC = 1 el 025)(35 19) »,U100 = 63.2%
4
For ZnTe, X, = 1.6 and XTe = 2.1, and therefore,
a 2 o
wic =g el 0DEIIOT 4100 = 61%
S 74

For CsCl, XCS =0.7 and XCI = 3.0, and therefore,

%IC = } el 0230 077 ;u 100 = 73.4%
4
For InSb, XIn =1.7 and XSb =1.9, and therefore,
a 20
%IC = 1 e( 02919 1.7 4100 = 1.0%
Vs

For MgCl,, ng =1.2and X = 3.0, and therefore,

a o
%IC = § el 02930 12)? ;U100 = 555%
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2.20 Make a plot of bonding energy versus melting temperature for the metals listed in Table 2.3. Using

this plot, approximate the bonding energy for copper, which has a melting temperature of 1084 &.

Solution

Below is plotted the bonding energy versus melting temperature for these four metals. From this plot, the
bonding energy for copper (melting temperature of 1084 ) should be approximately 3.6 eV. The experimental

value is 3.5 eV.
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2.21 Using Table 2.2, determine the number of covalent bonds that are possible for atoms of the following
elements: germanium, phosphorus, selenium, and chlorine.

Solution

For germanium, having the valence electron structure 4324p2, N’

4; thus, there are 8 — N' = 4 covalent
bonds per atom.

For phosphorus, having the valence electron structure 3523p3, N' = 5; thus, there is 8 — N' = 3 covalent
bonds per atom.

For selenium, having the valence electron structure 4524p4, N' = 6; thus, there are 8 — N' = 2 covalent
bonds per atom.

For chlorine, having the valence electron structure 3523p5, N' = 7; thus, there are 8 — N' = 1 covalent bond
per atom.
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2.22 What type(s) of bonding would be expected for each of the following materials: brass (a copper-zinc

alloy), rubber, barium sulfide (BaS), solid xenon, bronze, nylon, and aluminum phosphide (AIP)?

Solution

For brass, the bonding is metallic since it is a metal alloy.

For rubber, the bonding is covalent with some van der Waals. (Rubber is composed primarily of carbon
and hydrogen atoms.)

For BaS, the bonding is predominantly ionic (but with some covalent character) on the basis of the relative
positions of Ba and S in the periodic table.

For solid xenon, the bonding is van der Waals since xenon is an inert gas.

For bronze, the bonding is metallic since it is a metal alloy (composed of copper and tin).

For nylon, the bonding is covalent with perhaps some van der Waals. (Nylon is composed primarily of
carbon and hydrogen.)

For AIP the bonding is predominantly covalent (but with some ionic character) on the basis of the relative
positions of Al and P in the periodic table.
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Secondary Bonding or van der Waals Bonding

2.23 Explain why hydrogen fluoride (HF) has a higher boiling temperature than hydrogen chloride (HCI)

(19.4 vs. —85°C), even though HF has a lower molecular weight.
Solution

The intermolecular bonding for HF is hydrogen, whereas for HCI, the intermolecular bonding is van der

Waals. Since the hydrogen bond is stronger than van der Waals, HF will have a higher melting temperature.
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CHAPTER 3

THE STRUCTURE OF CRYSTALLINE SOLIDS

PROBLEM SOLUTIONS

Fundamental Concepts

3.1 What is the difference between atomic structure and crystal structure?

Solution

Atomic structure relates to the number of protons and neutrons in theisiweélan atom, as well as the
number and probability distributions of the constituent electrons. On the other hand, crystal structure pertains to the

arrangement of atoms in the crystalline solid material.
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Unit Cells
Metallic Crystal Structures

3.2 If the atomic radius of aluminum is 0.143 nm, calculate the volume of its unit cell in cubic meters.
Solution

For this problem, we are asked to calculate the volume of a unit cell of aluminum. Aluminum has an FCC

crystal structure (Table 3.1). The EQ@nit cell volume may be computed from Equation 3.4 as

Ve = 16R34/2 = (16)(0.143 u10° m)3(+/2) = 6.62 u102° m3
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3.3 Show for the boesentered cubic crystal structure that the unit cell edge length a and the atomic
radius R are related througha4R/\/§.

Sdution

Consider the BCC unit cell shown below

Using the trianglé&NOP
(NP)2 = a2+ a2 = 2a2
And then for triangleNPQ,
(NQ?= @P)? + (NP)?
But NQ = 4R, R being the atomic radius. AlsQP =a. Therdore,
(4R? = &% + 2a°

or
4R

e

Q
1
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3.4 For the HCP crystal structure, show that the ideal c/a ratio is 1.633.

Solution

A sketch of onghird of an HCP unit cell is shown below.

Consider the tetrahedron labeled)&&M, which is reconstructed as

The atom at point Ms midway between the top and bottom faces of the unit-tbeit is MH = c/2. And, since

atoms at pointg, K, andM, all touch one another,

whereR s the atmic radius. Furthermore, from trianglelM,

(AM)? = (JH)?  (MH)?
or
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a? = (JH)? +

Q1'%

Now, we can determine th@H length by consideration of triangkL, which is an equilateral triangle,

al2 _ 43
cos30g= —= —
% JH 2
and
— a
JH = —
A3

Substituting this value fodH in the above expression yields

and, solving forc/a
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3.5 Show that the atomic pking factor for BCC is 0.68.

Solution

The atomic packing factor is defined as the ratio of sphere volume to the total unit cell volume, or

Y
APF = S
Ve

Since there are two spheres associated with each unit cell for BCC

3 - 3
Vg = 2(sphere volume)= Zgli,: 8R”
©3 1 3

Also, the unit cell has cubic symmetry, thaVjs = as. Buta depends o according to Equation 3.3, and

v o BRP &R
C @3 343
Thus,
\V/ 3
APF = _S = %B: 0.68
Vo 64R%/343

Excerpts from this work may be reproduced by instructors for distribution onfarAmbfit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 Unitedest&opyright Act without the permission of the copyright owner is unlawful.



3.6 Show that the atomic packing factor for HCP is 0.74.

Solution

The APF is jst the total sphere volumanit cell volume ratio. For HCP, there are the equivalent of six

spheres per unit cell, and thus

S R3-
©3 1

= 8R3

Vg = 6°

Now, the unit cell volume is just the product of the base area times the cell heidttiscbase area is just three

times the area of the parallelepipg@DE shown below.

The area oACDEis just the length oD times the heighBC. But CD is justaor 2R, and
BC = 2Rcos(30y =

— 2R3
2

Thus, the base area is just

AREA = (3)(CD)(BC) = (3)(2R)§RV_ 6R2,/3

and since = 1.633a= 2R(1.633)

Ve = (AREA)(c) = 6R%cy/3 (3.S1)
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= (6R24/3) (2)(1.633R = 12/3(1.633 R3

Thus,
V, R3
APF = S = 8

— = =074
Ve 12/3(1.633R3
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Density Computations

3.7 Iron has a BCC crystal structure, an atomic radius of 0.124 nm, and an atomic weight of 55.85 g/mol.

Compute and compare its theoretical density with the experimental value found inside the front cover.
Solution

This problem calls for a computation of the density of iron. According to Equation 3.5

U:L"Fe
VeNa

For BCC,n = 2 atoms/unit cell, and

Thus,

U= nAFe
3
%R

@/51

(2 atoms/unit cell)(55.85 g/mol)
29(0.124 u 107 cm)/+/3 {@init cel) (6.022 u 1623 atoms/mo)

=7.90 g/crﬁ

The value given inside the front cover is 7.87 gfhcm
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3.8 Calculate the radius of an iridium atom, given that Ir has an FCC crystal structure, a density of 22.4

g/cn?, and an atomic weight of 192.2 g/mol.

Solution

We are asked to determine the radius of an iridium atom, given that Ir has an FCC crystal structure. For
FCC,n =4 atoms/unit cell,red Vs = 16RSV§ (Equation 3.4). Now,

U - nAh’
VeNa
- My
(16R34/2)N

And solving forR from the above expression yields

_ § nA 13
R= — "I
@6 Wp+/2 1

4/3

a

: (4 atoms/unit cell)192.2 g/mol
- < »
416)(22.4 g/cnt)(6.022 u 1023 atoms/mo)(+/2) v,

=1.36 u108cm = 0.136 nm
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3.9 Calculate the radius of a vanadium atom, given that V has a BCC crystal structure, a density of 5.96

g/cn?, and an atomic weight of 50.9 g/mol.
Solution

This problem asks for us to calculate the radius of a vanadium atom. FonBCXatoms/unit cell, and

gr3  64R3

T aE T am

Since, from Equation 3.5

and solving foR the previous equation

R = BV3A 8
&4 Ny 1

and incorporating values of parameters given in the problem statement

/3
_ % (3V3) (2 atoms/unit cellj50.9 g/mol) d

~ $64)(5.96 g/cn?)(6.022 u 107 atoms/mo) 7,

=1.32u108cm = 0.132 nm
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3.10 Some hypothetical metal has the simple cubic crystal structure shown in Figure 3.24. If its atomic

weight is 70.4 g/mol and the atomic radius is 0.126 nm, compute its density.

Solution

For the simple cubic crystatracture, the value of m Equation 3.5 is unity since there is only a single
atom associated with each unit cell. Furthermore, for the unit cell edge larg®R (Figure 3.24). Therefore,

employment of Equation 3.5 yields

nA _ nA
Ve Ny (2R)3N4

and incorporating values of the other parameters provided in the problem statement leads to

(1 atom/unit cell)(70.4 g/mol)
-a i} 3 %
&2)(1.26 u10® cm) p/(unit cell) %6.022 u 1023 atoms/mo)
- 4 ;
é

U=

7.31 g/en?
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3.11 Zirconium has an HCP crystal structure and a density of 6.51%g/cm
(a) What is the volume of its unit cell in cubictare?

(b) If the c/a ratio is 1.593, compute the values of ¢ and a.

Solution

(&) The volume of the Zr unit cell may be computed using Equation 3.5 as

VC nAZI’
W A

Now, for HCP,n = 6 atoms/unit cell, and for ZA, = 91.22 g/mol. Thus,

(6 atoms/unit cell)(91.22 g/mol)
(6.51 g/en?)(6.022 u 10?3 atoms/mo)

\%e

=1.396 u1022 cmlunit cell = 1.396u1028 m3/unit cell

(b) From Equation 3.S1 of the solution to Problem 3.6, for HCP

Ve = 6R%c\3
But, sincea = 2R, (i.e.,R=a/2) then
_eB% s B
@ 2
but, sincec = 1.593a
3v/3(1.593a% _

Ve = 1.396 u 1022 cmP/unit cell

2
Now, solving for a

/3
2)(1.396 u1022 cnP) ¢

— K&

S oW3)asm v
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=3.23u108cm =0.323 nm

And finally
¢ =1.593a= (1.593)(0.323 nm) = 0.515 nm
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3.12 Using atomic weight, crystal structure, and atomic radius data tabulated insideoihecover,
compute the theoretical densities of lead, chromium, copper, and cobalt, and then compare these values with the

measured densities listed in this same table. The c/a ratio for cobalt is 1.623.

Solution

Since Pb has an FCC crystal struetm = 4, ande = 16R31/§ (Equation 3.4). AlsoR=0.175 nm (1.75
u10?8 cm) andA,, = 207.2 g/mol. Employment of Equation 3.5 yields

U= ﬁ
VeNa

(4 atoms/unit cell)(207.2 g/mol)
"26)(1.75 u 108 cm)3(+2) A@Dit cell) {6.022 u 1073 atoms/mo)

= 11.35 g/crm

The value given in the table insittee front cover is 11.35 g/c°m

SR>

Chromium has a BCC crystal structure for which 2 and \. = ad= "=  (Equation 3.3); also A =

@3i

52.00g/mol andR = 0.125 nm. Therefore, employment of Equation 3.5 leads to

(2 atoms/unit cell)(52.00 g/mal)

)
sa 8 S ¥2
®\(4)(1'25 u 10° cm) »/(unit cell) 36.022 u 1023 atoms/mo)
o ’\/:_'3 Ya °
¢
=7.18 g/cr§

The value given in the table is 7.19 gﬁ:m

Copper also has an FCC crystal structure and therefore

(4 atoms/unit cell)(63.55 g/mol)
- 1
@2)(1.28 u 108 cm)(+/2) @nit cell) %16.022 u 102 atoms/mo)
¢

U

=8.90 g/cm
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The value given in the table is 8.90 g)?t:m
Cobalt has an HCP crystal structure, and from the solution to Problem 3.6 (Equation 3.S1),
Ve = 6R%c4/3
and, since & 1.623aanda = 2R,c = (1.623)(R); hence
Ve 6R2(1.623(2RW/3 (19.49(+/3)R3
(19.48(+/3)(1.25 u 10 & cm)3

6.59 u 10 23 cm/unit cell

Also, there are 6 atoms/unit cell for HCP. Therefore lteeretical density is

U= nACO
VeNa

(6 atoms/unit cell)(58.93 g/mol)
(6.59 u 1023 cm/unit cell)(6.022 u 10?3 atoms/mo)

=8.91 g/crﬁ

The value given in the table is 8.9 gﬁ:m
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3.13 Rhodium has an atomic radius of 0.1345 nm and a density of 12.4% determine whether it has
an FCC or BCC cryst structure.

Solution

In order to determine whether Rh has an FCC or a BCC crystal structure, we need to compute its density
for each of the crystal structures. For FCG, 4, and a= ZR\E (Equation 3.1). Also, from Figure 2.6s iatomic

weight is 102.91 g/mol. Thus, for FCC (employing Equation 3.5)

NARh NARh
aSNay  (2RV2)3N,

(4 atoms/unit cell)(102.91 g/mol)
- 1
@2)(1.345 u 108 cm)({/2) @lnit cel) @3022 u1023 atoms/ mol)
¢

=12.41 g/ci

which is the value provided in the problem statement. Therefore, Rh has the FCC crystal structure.
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3.14 Below arelisted the atomic weight, density, and atomic radius for three hypothetical alloys. For

each determine whether its crystal structure is FCC, BCC, or simple cubic and then justify your determination. A

simple cubic unit cell is shown in Figure 3.24.

Alloy Atomic Weight Density Atomic Radius
(g/mol) (g/cn?) (nm)
A 77.4 8.22 0.125
B 107.6 13.42 0.133
C 127.3 9.23 0.142
Solution

For each of these three alloys we need, by trial and error, to calculate the density using Equation 3.5, and
compareit to the value cited in the problem. For SC, BCC, and FCC crystal structures, the respective values of

are 1, 2, and 4, whereas the expressiona (sinceV = 3) are R, 2Ry/2, and%.

For alloy A, let us calulate Uassuming a simple cubic crystal structure.

u=

VeNa

_ _ NA\
2R 3N,

(1 atom/unit cell)(77.4 g/mol)
- 1
®)(1.25 u 10 8) @nit cell) 3{@6.022 u 1023 atoms/mo)
<

= 8.22 glcmt

Therefore, its crystal structure is simple cubic.

For alloy B, let us calculatéJassuming an FCC crystal structure.

= __ N
(2Ry2)3N 4
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(4 atoms/unit cell)(107.6 g/mol)
- 3 v
®2\2 (1.33 u108 cm) @it cell) %6.022 u 10?3 atoms/mo)
¢

= 13.42 g/cr
Therefore, its crystal structure is FCC.

For alloy C, let us calculat&lassuming a simple cubic crystal structure.

_ _NA
2R 3N,

(1 atom/unit cell)(127.3 g/mol)
- 1,
@2)(1.42 u108 cm) @nit cell) _%6.022 u 1023 atoms/mo)
<

=9.23 g/cm

Thereforejts crystal structure is simple cubic.
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3.15 The unit cell for tin has tetragonal symmetry, with a and b lattice parameters of 0.583 and 0.318 nm,
respectively. If its density, atomic weight, and atomic radius are 7.30°,gki8.69 g/mol, and 0.151 nm

respectively, compute the atomic packing factor.

Solution

In order to determine the APF for Sn, we need to compute both the unit cell véiginehich is just the
a’c product, as well as the total sphere volumg (hich is just the product of the volume of a single sphere and
the number of spheres in the unit cell. (The value oh may be calculated from Equation 3.5 as

_ WeNp
Asn

_ (7.30 glcn¥)(5.83F(3.18( u102* cm®)(6.022 u 10°% atoms' mol)
118.69 g/mol

= 4.00 atoms/unit cell

Therefore
@3 e
Vg Q !

APF= S = 2~
Ve @?2(c)

(4)?_%(3(1.51 ul0® cm)3 ;4

"~ (5.83 u108 cm)?(3.18 u108 cm)

=0.534
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3.16 lodine has an orthorhombic unit cell for which the a, b, and c lattice parameters are 0.479, 0.725,
and 0.978 nm, respectively.

(a) If the atomic packing factor and atomic radius are 0.547 and 0.177 nm, respectively, determine the
number of atoms in each unit cell.

(b) The atomic weight of iodine is 126.91 g/mol; compute its theoretical density.
Solution

(8) For indium, and from the definition of the APF

v n%SR3;
APE= S=- %
Ve abc

we may solve for the number of atoms per aalt, n, as

= (APF) abc

ﬂqu
3

Incorporating values of the above parameters provided in the problem state leads to

_ (0.547)(4.79 u 108 cm)(7.25 u 108 cm)(9.78 u 108 cm)
% 91.77 u108 cm)®

= 8.0 atoms/unit cell

(b) In order to compute the density, we just employ Equation 3.5 as

nA

abcNp

_ (8 atoms/unit cell)(126.91 g/mol)
/.79 u108 cm)(7.25 u108 cm)(9.78 u 108 cm) (@it cell (6.022 u 10?3 atoms/mo)

= 4.96 g/cm
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3. 17 Titanium has an HCP unit cell for which the ratio of the lattice parameters c/a is 1.58. If the radius

of the Ti atom is 0.1445 nr(g) determine the unit cell volume, afla) calculate the densitof Ti and compare it

with the literature value.
Solution
(&) We are asked to calculate the unit cell volume for Ti. For HCP, from Equation 3.S1 (found in the

solution to Problem 3.6)

Vo = 6R%cy3
But for Ti,c= 1.583 anda= 2R, orc = 3.16R, and
Ve = (6)(3.16)R3y/3

= (6)(3.19(v3) D45 u108 cm (@ 9.91 u 10 23 crunit cel

(b) The theoretical density of Ti is determined, using Equation 3.5, as follows:

NAY;
VeNa

U=

For HCP,n = 6 atoms/unit cell, and for TA; = 47.87 g/mol (as noted inside tfient cover). Thus,

U= (6 atoms/unit cell)(47.87 g/mol)
(9.91 u 1028 cmB/unit cell)(6.022 u 10?3 atoms/mo)

= 4.81 g/cm

The value given in the literature is 4.51 g?cm
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3.18 Zinc has an HCP crystal structure, a c/a ratio of 1.856, and a density of 7.1 @mpute the

atomic radius for Zn.

Solution

In order to calculate the atomic radius for Zn, we must use Equation 3.5, as well as the expression which

relates the atomic radius to the unit cell volume for HCP; Equation 3.S1 (from Problem 3.6) is as follows:
Vo = 6R%cy3
In this case = 1.8664, but, for HCPa = 2R, which means that
Ve = 6R2(1.856(2RW3  (1.856(124/3)R3

And from Equation 3.5, the density is equal to

NAzn  _ NAzn
VeNa  (1.856(12/3)R3N 4

And, solving forR from the above equation leads to the following:

413
NAy,

R = »
{1.856(12,/3) WNp v,

And incorporating appropriate values for the parameters in this equation leads to

a ) 4/3
(6 atoms/unit cell§65.41 g/mol)

R=
1.856)(12,/3)(7.13 g/cn?) (6.022 u 10?3 atoms/mo) 34

=1.33u108cm =0.133 nm
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3.19 Rhenium has an HCP crystal structure, an atomic radius of 0.137 nm, and a c/a ratio of 1.615.

Compute the volume of the unit celi Re.

Solution

In order to compute the volume of the unit cell for Re, it is necessary to use Equation 3.S1 (found in Problem 3.6),

that is
Vo = 6R%cy3
The problem states that= 1.615a anda = 2R. Therefore
Ve = (1.615)12¢/3) R®

= (1.615)Y12¢/3)(1.37 u 108 cm)® = 8.63 u1023 cnP® = 8.63 u 102 nn
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Crystal Systems

3.20 Below is a unit cell for a hypothetical metal.
(a) To which crystal system does this unit cell belong?

(b) What would this crystal structure be called?
(c) Calculate the density of the material, giventtiie atomic weight is 141 g/mol.

Solution

(@) The unit cell shown in the problem statement belongs to the tetragonal crystal system~since a

0.30 nm,c=0.40 nm, andD= E= J=90q
(b) The crystal structure would be calleady-centered tetragonal

(c) As with BCC,n= 2 atoms/unit cell. Also, for this unit cell

Ve = (3.0 u108 cm)?(4.0 u108cm)

= 3.60 u 10 23 cn/unit cell

Thus, using Equation 3.5, the density is equal to

nA
VeNa

_ (2 atoms/unit cellfl41 g/mol)
(3.60 u 1023 cmP/unit cell)(6.022 u 10?3 atoms/mo)

=13.0 g/cd

Excerpts from this work may be reproduced by instructors for distribution onfarAmbfit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted

by Sections 107 or 108 of the 1976 Unitedest&opyright Act without the permission of the copyright owner is unlawful.



3.21 Sketch a unit cell for the bodayentered orthorhombic crystal structure.

Solution

A unit cell for the bodycentered orthorhombic crystal structure is presented below.
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Point Coardinates

3.22List the point coordinates for all atoms that are associated with the FCC unit cell (Figure 3.1).
Solution

From Figure 3.1b, the atom located of the origin of the unit cell has the coordinates 000. Coordinates for

other atoms in the bottom face are 100, 110, 010,—2&%\0. (Thez coordinate for all these points is zero.)
For the top unit cell face, the coordinates are 001, 101, 111, Oléémd

Coordinates for those atoms that are positioned at the centers of both side faces, and centers of both front

and back faces need to be specified. For the front anddeatér facatoms, the coordinates al%% and 0%%

respectively. While for the left and right side ce+ftare atoms, the respective coordinates—;a&% and élé
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3.23 List the point coordinates of the titanium, barium, and oxygen ions for a unit cell of the perovskite
crystal structure (Figure 12.6).

Solution

In Figure 12.6, the barium ions are situated at all corner positions. The point coordinates for these ions are
as follows:000, 100, 110, 010, 001, 101, 111, and 011.

1,
22
121 02t 151 anglil
2 2

. -, . . 11 11
The oxygen ions are located at all fasstered positions; therefore, their coordlnates—zazeﬂ,
22" 22°2 2

And, finally, the titanium ion resides at the center of the cubic unit cell, with coordiéa;te;s
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3.24 List the point coordinates of all atoms that are associated with the diamond cubiclu(figure

12.15).
Solution

First of all, one set of carbon atoms occupy all corner positions of the cubic unit cell; the coordinates of
these atoms are as follows: 000, 100, 110, 010, 001, 101, 111, and 011.
Another set of atoms reside on all of flaeecentered positions, with the following coordinate;séo,

11,411 o211 151 41,1
22 22 22 2 2 2 2

The third set of carbon atoms are positebmégthin the interior of the unit cell. Using ary-z coordinate
system oriented as in Figure 3.4, the coordinates of the atom that lies toward thieffsent of the unit cell has

the coordinates?;%%, whereas the atom situatesiMard the loweright-back of the unit cell has coordinates of

%;%. Also, the carbon atom that resides toward the ulgfieback of the unit cell has th%%% coordinates.
And, the coordinates of the final atom, located toward the wjiglatrfront of the unit cell, aregég.

444
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3.25Sketch a tetragonal unit cell , and within that cell indicate locations o%thb% and% % ; point
coordinates.
Solution

- . 1,1 11 . . .
A tetragonal unit in which are shown thze 1 5 and ZE% point coordinates is presented below.
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3.26 Using the Molecule Definition Utility found in both “Metallic Crystal Structures and
Crystallography” and “Ceramic Crywl Structures” modules of VMSE, located on the book's web site
[www.wiley.com/college/Callister (Student Companion Site)], generate a-dmeansional unit cell for the
intermetallic compound AuGuiven the following: (1) the unit cell is cubic with adge length of 0.374 nm, (2)

gold atoms are situated at all cube corners, and (3) copper atoms are positioned at the centers of all unit cell faces.

Solution

First of all, open the “Molecular Definition Utility”; it may be found in either of “MatalCrystal
Structures and Crystallography” or “Ceramic Crystal Structures” modules.

In the “Step 1” window, it is necessary to define the atom types, colors for the spheres (atoms), and specify
atom sizes. Let us enter “Au” as the name for the gold afsimse “Au” the symbol for gold), and “Cu” as the
name for the copper atoms. Next it is necessary to choose a color for each atom type from the selections that appear
in the pulldown menu—for example, “Yellow” for Au and “Red” for Cu. In the “Atom Siméndow, it is
necessary to enter an atom/ion size. In the instructions for this step, it is suggested that the atom/ion diameter in
nanometers be used. From the table found inside the front cover of the textbook, the atomic radii for gold and
copper a@ 0.144 nm and 0.128 nm, respectively, and, therefore, their ionic diameters are twice these values (i.e.,
0.288 nm and 0.256 nm); therefore, we enter the values “0.288” and “0.256” for the two atom types. Now click on
the “Register” button, followed bglicking on the “Go to Step 2” button.

In the “Step 2” window we specify positions for all of the atoms within the unit cell; their point
coordinates are specified in the problem statement. Let's begin with gold. Click on the yellow sphere that is
locaed to the right of the “Molecule Definition Utility” box. Again, Au atoms are situated at all eight corners of the
cubic unit cell. One Au will be positioned at the origin of the coordinate system its point coordinates are 000,
and, therefore, we enter a “0” (zero) in each of the “x”, “y”, and “z” atom position boxes. Next we click on the
“Register Atom Position” button. Now we enter the coordinates of another gold atom; let us arbitrarily select the
one that resides at the corner of the unit &t is one unicell length along the-axis (i.e., at the 100 point
coordinate). Inasmuch as it is located a distaneeuniits along thec-axis the value of “0.374” is entered in the “x”
atom position box (since this is the value dfigen in the problem statement); zeros are entered in each of the “y”
and “z” position boxes. We repeat this procedure for the remaining six Au atoms.

After this step has been completed, it is necessary to specify positions for the copper atoms, which are
located atall six facecentered sites. To begin, we click on the red sphere that is located next to the “Molecule
Definition Utility” box. The point coordinates for some of the Cu atoms are fractional ones; in these instarces, the

unit cell length (i.e., 0.374s multiplied by the fraction. For example, one Cu atom is Iocatzﬁé coordinate.

Therefore, the X, y, and z atoms positions are (1)(0.374) = 0%%7@.374) = 0.187, and%(0.374) = 0.187,

respectively.
For the gold atoms, the x, y, and z atom position entries for all 8 sets of point coordinates are as follows:
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0,0,and 0
0.374,0,and 0
0,0.374,and 0

0, 0, and 0.374
0,0.374,0.374
0.374,0,0.374
0.374,0.374,0
0.374, 0.3740.374

Now, for the copper atoms, the X, y, and z atom position entries for all 6 sets of point coordinates are as
follows:
0.187,0.187,0
0.187, 0, 0.187
0, 0.187, 0.187
0.374, 0.187, 0.187
0.187, 0.374, 0.187
0.187, 0.187,0.374

In Step 3, we ray specify which atoms are to be represented as being bonded to one another, and which
type of bond(s) to use (single solid, single dashed, double, and triple are possibilities), or we may elect to not
represent any bonds at all (in which case we arehfiis If it is decided to show bonds, probably the best thing to
do is to represent unit cell edges as boridssimage may be rotated by using mouse chckidrag

Your image should appear as the following screen dHete the gold atoms appear lighter than the copper

atoms.
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[Note: Unfortunatly, with this version of the Molecular Definition Utility, it is not possible to save either the data
or the image that you have generated. You may use screen capture (or screen shot) software to record and store

your image.]
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Crystallographic Directions

3.27Draw an orthorhombic unit cell, and within that cell[a21] direction.
Solution

This problem calls for us to draw{21] direction within an orthorhombic unit cel(¢b *c, D= E= J=

90 iy Such a unicell with its origin positioned at poif is shown below. We first move along the-axisa units

(from point O to point A), then parallel to the ywaxis 2 units (from point Ato point B. Finally, we proceed
parallel to the &axis-c units (from poit B to point Q. The[121] direction is the vector from the origin (poi®)

to pointC as shown.
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3.28 Sketch a monoclinic unit cell, and within that ce[lgd 1] direction

Solution

This problem asks that f011] direction be drawn within a monoclinic unit cefl ¢ b ¢c, and x E=
Z <. One such unit cell with its origin at pointi®sketched below. For this direction, there is no projection
along the »axis since the first indesizero; thus, the direction lies in the plane. We next move from the origin
along the minus-pxisb units (from point Qo point R). Since the final index is a one, move from poipafllel

to thez-axis, ¢ units (to pointP). Thus, the 011] direction corresponds to the vector passing from the ofjigimt

0) to pointP, as indicated in the figure.
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3.29 What are the indices for the directions indicated by the two vectors in the sketch below?

Solution

For direction 1the projetion on the »axis is zero (since it Igin the yz plane), while projections on the
y- andz-axes b/2 andc, respectively. This is p012] direction as indicated in the summary below.

X y pA
Projections Oa b/2 c
Projections in tens ofa, b, andc 0 1/2 1
Reduction to integers 0 1 2
Enclosure [012]

Direction2 is [112] as summarized below.

X Y A
Projections al2 b/2 -C
Projections in terms &, b, andc 1/2 1/2 -1
Reduction to integsr 1 1 -2
Enclosure [112]
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3.30 Within a cubic unit cell, sketch the following directions:

(@ [110], (e) [111],

(b) [121], M [122],

(c) [012], (@) [123],

(d) [133], (h) [103.
Solution

The directions asked for are indicated in the cubic unit cells shown below.
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3.31 Determine the indices for the directions shown in the following cubic unit cell:

Solution

Direction A is a[01 1]direction, which determination is summarized as follows. We first of all position

the origin of the coordinate system at the tail of the direction vector; then in terms of this new coordinate system

X y z
Projections Oa —b —
Projections in terms &, b, andc 0 -1 -1
Reduction to integers not necessary
Enclosure [011]

Direction B is a[210] direction, which determination is summarized atiofvs. We first of all position

the origin of the coordinate system at the tail of the direction vector; then in terms of this new coordinate system

X y z
Projections -a 2 Oc
Projections in terms &, b, andc -1 % 0
Reduction to integers -2 1 0
Enclosure [210]

Direction C is a [112] direction, which determination is summarized as follows. We first of all position the

origin of the coordinate system at the tail of the directiortoredhen in terms of this new coordinate system
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X y z
Projections a b c
2 2
Projections in terms &, b, andc % % 1
Reduction to integers 1 1 2
Enclosure [112]

Direction D is a[112] direction, which determination is summarized as follows. We first of all position

the origin of the coordinate system at the tail of the direction vector; then in terms of this new coordinate system

X y z
Projections a b —C
2 2
Projections in terms o, b, andc % % -1
Reduction to integers 1 1 -2
Enclosure [112]
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3.32 Determine the indices for the dirtions shown in the following cubic unit cell:

Solution

Direction A is a[430] direction, which determination is summarized as follows. We first of all position

the origin of the coordinate system at the tail of the directiorovethen in terms of this new coordinate system

X Y A
Projections _& b Oc
3 2
Projections in terms &, b, andc —g é 0
Reduction to integers —4 3 0
Enclosure [430]

Direction B is a[232] direction, which determination is summarized as follows. We first of all position

the origin of the coordinate system at the tail of the direction vector; then in terms of this new cosxditean

X y pA
Projections 2 b x

3 3
Projections in terms &, b, andc % -1 %
Reduction to integers 2 -3 2
Enclosure [232]

Direction C is a[133] direction, which determination is summarized as follows. We first of all position

the origin of the coordinate system at the tail of the direction vector; then in terms of this new coordinate system
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X
<
N

Projections % -b —C
Projections in terms &, b, andc é -1 -1
Reduction to integers 1 -3 -3
Enclosure [133]

Direction D is a[136] direction, which determination is summarized as followse fitst of all position

the origin of the coordinate system at the tail of the direction vector; then in terms of this new coordinate system

X y pA
L a b
Projections — — —
6 2
Projections in terms &, b, andc % % -1
Reduction to integers 1 3 -6
Enclosure [136]
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3.33 For tetragonal crystals, cite the indices of directions that are equivalent to each of the following
directions:

() [001]

(b) [110]

(c)[010]

Solution

For tetragonal crystalsab ¢ cand D= E= J= 90q therefore, projections along theardy axes are
equivalent, which are not equivalent to projections along thes.

(a) Therefore, for the [001] direction, there is only one equivalent dire¢Gei].

(b) For the [110] direction, equivalent directions are as follojds10], [110], and[110]

(b) Also, for the [010] direction, equivalent directions are the followif@10], [100], and[100].
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3.34 Convert th¢100] and L11] directions into the foumdex Mille—Bravais scheme for hexagonal unit

cells.

Solution

For [100]

=1,

c

=0

s <

From Equations 3.6

= E ! ") = 1 = —2
u= 3(2u V') 3[(2)(1) 0] 3
= } ® A = E = 1
vV = 3(2vO uQ 3[(2)(0) 1] 3
t= (UuU+v = 3t° 3

It is necessary to multiply these numbers by 3 in order to reduce them to the lowest set of integers. Thus, the
direction is represented asvfw] =[2110].
For [111],u'=1,Vv'=1, andw'=1; therefore,

1 1
u= 5[(2)(1) 1] = 3
1 1
v = 5[(2)(1) 1] = 3
t= % l 2
@ 3* 3

w=1
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If we again multiply these numbers by 3, then 1, v=1, t=-2, and w= 3. Thus, the direction is represented as
Thus, the direddn is represented as\jtw] = [1123].
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3.35Determine indices for the directions shown in the following hexagonal unit cells:

Solution

(a) For this direction, projections on thg a,, and zaxes are aa/2, and €, or, in termof a andc the

projections are 1, 1/2, and 1/2, which when multiplied by the factor 2 become the smallest set of integers: 2, 1, and

1. This means that

u=2
v =1
w =1

Now, from Equations 3.6, the v, t, andw indices become
1 1 3
u==(2u" v') = 2 1 = 1
3 ) 3@ O @ 3

v=i@0 u) T @@ o

No reduction is necessary inasmuch as all of these indices are integers; therefore, this direction winttexfour
scheme i§1011]
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(b) For this direction, projéions on the g a,, and zaxes are &, a, and O¢ or, in terms of @andc the

projections are 1/2, 1, and 0, which when multiplied by the factor 2 become the smallest set of integers: 1, 2, and 0

This means that

u=1
Vv =2
w =0

Now, from Equations 3.6, thel, v, t, andw indices become
U ler v e 2@

3 3

.. . 1
v S u) SR 10t

t (u v 01 1

No reduction is necessary inasmuch as all of these indices are integers; therefore, this directiomiinthexfo
scheme i§0110].
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(c) For this direction projections on the, @,, and zaxes are a, a, and €2, or, in terms of andc the

projections are 1, 1, and 1/2, which when multiplied by the factor 2 become the smallest is¢¢gdrs: 2, 2,

and 1. This means that

u= 2
vi= 2
w =1

Now, from Equations 3.6, the v, t, andw indices become

1, ., 1 2
u S@ v B2 (9 @ 3
1oy oy 1 2
v @ u) S8 (2)@5

t (u v %

32 2
©3 3t

Now, in order to get thiowest set of integers, it is necessary to multiply all indices by the factor 3, with the result

that this direction is #2243 direction.
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(d) For this direction, projections on the a,, and zaxes are 8 a, and O¢or, in terns of aandc the

projections are 0,1, and 0. This means that

u=0
vi=1
w =0

Now, from Equations 3.6, the v, t, andw indices become
1 1 1
=@u v) = 0 i) =
u 3(u V') 3I>2)() ()@3
1 1 2
=@v u) = Hy 0@ =
v 3( u') 3 B() 0@ 3

t (u v)

@
wln
wlk

Now, in order to get the lowest set of integers, it is necessary to multiply all indices by the factor 3, with the result
that this is 1210] direction.
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3.36 Sketch thg1123] and [1010] directions in a hexagonal unit cell.

Solution

The first portion of this problem asks that we plot {123 within a hexagonal unit cell. Below is

shown this direction plotted within a hexagonal unit cell having a redsradd-coordinate scheme.

For this direction, projections on tte, a,, as, and caxes are respectively,l, 1, 2, and 3, respectively. In
plotting this direction, we begin at the origin of the coordinate system, poirfrom here we proceed 1 unit
distance along thea; axis o point g, from here 1 unit distance parallel ta, axis (to point ¢, then 2 unit
distances parallel (or along) thg axis (to point r), and finally, 3 unit distances parallel to zfaxis (to point s).

Thus, the[1123] direction isthat vector that extends from pointo pointsas shown.

Now we are asked to plot tH€010] within a hexagonal unit cell. In the figure below is plotted this

direction within a hexagonal unit cell having a redusedle coordinatechkeme.

Excerpts from this work may be reproduced by instructors for distribution onfarAmbfit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 Unitedest&opyright Act without the permission of the copyright owner is unlawful.



For this direction, projections on the, a,, az, andc axes are respectively, 1, a1, and 0, respectively. In plotting
this direction, we begin at the origin of the coordinate system, poiRrom here we proceed 1 unit distance along
thea; axis (to point p. Since there is no projection on thgaxis it is not necessary to move parallel to this axis.
Therefore, from point gpve proceed 1 unit distance parallel & axis (to pointg). And, finally, inasmuch as there

is no projection ng the zaxis, it is not necessary to move parallel to this axis. Thug10%0] direction is that

vector that extends from poiatto pointq as shown.
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3.37 Using Equations 3.6a, 3.6b, 3.6c, and 3.6d, derive expressions for each of the three primed indices
set(ue Y DQG Z+ LQ WHUPV RI WKH IRXU XQSULPHG LQGLFHV X Y W DQC(

Solution

It is first necessary to do an expansion of Equation 3.6a as

u l(2u' )] v
3 3 3

And solving this expression far yields
V' 2u" 3u
Now, substitutiorof this expression into Equation 3.6b gives

v %(Zv(”) ud %Q)(Zu() 3u) ub@ud 2u

Or

And, solving forv from Equation 3.6¢ leads to

v (u t)

which, when substituted into the above expression’fgields

In solving for an expression fot, we begin with the one of the above expressions for this parawieter
V' 2u" 3u
Now, substitution of the above expressiondbinto this equation leads to

vO 2u0 3u QU t) 3u u 2t
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And solvingfor u from Equation 3.6¢ gives

which, when substituted in the previous equation results in the following expression for

vO u 2t (vt 2t v t

And, of course from Equation 3.6d
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Crystallographic Planes

3.38 (a) Draw an orthorhombic unit cell, and within that cell a (210) plane.

(b) Draw a monoclinic unit cell, and within that cell a (002) plane.
Solution

(&) We are asked to draw a (210) plane within an orthorhombic unit cell. First remove the three indices
from the parentheses, and take their reciprechlsH DQG 7KLY PHDQV Wxdig/ WKH SOI
ata/2, they-axis atb, and parallels the-axis. The plane that satisfies these requirements has been drawn within the

orthorhombicunit cell below. (For orthorhombig, «b «c, and D= E= J=900)

(b) A (002) plane is drawn within the monoclinic cell shown below. We first remove the parentheses and
take the reciprocals of the indices; this givesf,fand 1/2. Thus, the0Q2) plane parallels both andy-axes, and

intercepts the-axis ata/2, as indicated in the drawing. (For monocligicsb «c, and D= J=90q- E)
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3.39 What are the indices for the two planes drawn in the sketch below?

Solution

Planel is a (020) plane. The determination of its indices is summarized below.

X y pA
Intercepts fa b/2 fc
Intercepts in terms d, b, andc f 1/2 f
Reciprocals of intercepts 0 2 0
Enclosure (020)

Plane2 is a (221) plane, as summied below.

X y pA
Intercepts al2 -b/2 C
Intercepts in terms &, b, andc 1/2 -1/2 1
Reciprocals of intercepts 2 -2 1
Enclosure (221)
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3.40 Sketch within a cubic unit cell the following planes:

(@) (011), (e) (111),

(b) (112), M (122),

(c) (102), (@) (123),

(d) (131), (h) (013)
Solution

The planes called for are pledt in the cubic unit cells shown below.
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3.41 Determine the Miller indices for the planes shown in the following unit cell:

Solution

For plane A we will leave the origin at the unit cell as shown; this is a (403) plane, as summarized below.

X Y A
Intercepts a fb 2c

2 3
Intercepts in terms &, b, andc é f %
Reciprocals of intercepts 2 0 %
Reduction 4 0 3
Enclosure (403)

For planeB we will move the origin of the unit cell one unit cell distance to the right along akesyand

one unit cell distance parallel to tkexis; thus, this is £112) plane, as summarized below.

X y pA
C
Intercepts -a -b 5
Intercepts in terms &, b, andc -1 -1 %
Reciprocals of intercepts -1 -1 2
Reduction (not necessary)
Enclosure (112
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3.42 Determine the Miller indices for the planes shown in theiafig unit cell:

Solution

For planeA we will move the origin of the coordinate system one unit cell distance to the upward along the
zaxis; thus, this is §322) plane, as summarized below.

X y Zz
Intercepts a b _c

3 2 2
Intercepts in terms &, b, andc 1 1 _1

3 2 2
Reciprocals of intercepts 3 2 -2
Reduction (not necessary)
Enclosure (322)

For planeB we will move the original of the coordinate system on unit cell distance aloxagttig;, thus,
this is a(101) plane, as summarized below.

X y pA

Intercepts -2 fb £

2 2

Intercepts in terms &, b, andc - % f é

Reciprocals of intercepts -2 0 2

Reduction -1 0 1
Enclosure (101
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3.43 Determine the Miller indices for the planes shown in the followingoef:

Solution

For plane Asince the plane passes through the origin of the coordinate system as shown, we will move the

origin of the coordinate system one unit cell distance to the right alongatkis;y thus, this is 4324) plane, as

summarized below.

X y z

Intercepts 2 -b i

3 2

. 2 1

Intercepts in terms &, b, andc 3 -1 5

Reciprocals of intercepts g -1 2

Reduction 3 -2 4
Enclosure (324)

For planeB we will leave the origin at the unit cell as shown; this is a (221) plane, as summarized below.

X y pA
Intercepts a b c
2 2
. 1 1
Intercepts in terms &, b, andc > 5 1
Reciprocals of intercepts 2 2 1
Reduction not necessary
Enclosure (221)
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3.44 Cite the indices of the direction that results from the intersection of each of the following pair of planes
within a cubic crystal: (aX100) and (010) planes (b) (111) and (111) planes and (c) (101) and (001)

planes.

Solution

(a) In the figure below is shown (100) and (010) planes, and, as indicated, their intersection refdMs]in a

or equivalently, 001] direction.

(b) In the figure below is shown (111) arftL1) planes, and, as indicated, their intersection results in a

[110], or equivalently, §110] direction.
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(c) In the figure below is showl01) and (001) planes, and, as indicated, their intersection results in a

[010], or equivalently, 4010] direction.

Excerpts from this work may be reproduced by instructors for distribution onfarAmbfit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 Unitedest&opyright Act without the permission of the copyright owner is unlawful.



3.45 Sketch the atomic packing aj the (100) plane for the BCC crystal structuesd (b)the (201)
plane for the FCC crystal structufsimilar to Figures 3.10b and 3.11b).

Solution

(&8 A BCC unit cell, its (100) plane, and the atomic packing of this plane are indicated below.

Corresponding atom positions in the two drawings are indicated by letters W, X, Y, and Z.

(b) An FCC unit cell, its (201) plane, and the atomic packing of this plane are indicated below.

Corresponding atom positions in the two drawing are indicatedebletters A, B, and C.
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3.46 Consider the reducexphere unit cell shown in Problem 3.20, having an origin of the coordinate
system positioned at the atom labeled with an O. For the following sets of planes, determine which are equivalent:

(a) (001), (010), and,(100)

(b) (110), (101), (011), and (110)

(c) 111), 111), (111), and (111)

Solution

(&) The unit cell in Problem 3.20 is bedgntered tetragonal. Of the three planes given in the problem
statement thg100) and (010) are equivalenithat is, have the same atomic packing. The atomic padki these

two planes as well as th@01) are shown in the figure below.

(b) Of the four planes cited in the problem statemért0) and (110) are equivalent to one another
have the same atomipacking. The atomic arrangement of these planes is shown in the left drawing below.
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Furthermore, thg101) and (011) are equivalent to each other (but not to the other pair of planes); their atomic
arrangement is represented in the other drawing. Nthte:0.424 nm dimension in the lafiost drawing comes
from the relationship (8.30 nm)2 + (0.30 nm)? ]@ Likewise, the 0.500 nm dimension found in the rigtust

drawing comes from(®.30 nm)2 + (0.40 nn)2 ]@

(c) All of the (111), (111), (111), and (111) planes are equivalent, that is, have the same atomic

packing as illustrated in the following figure:
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3.47 Here are shown the atomic packing schemes for several different crystallographic directions for
some hypothetical metal. For each direction the circles represent only those atoms contained within a unit cell,

which circles are reduced from their actual size.

(a) To what crystal systenods the unit cell belong?

(b) What would this crystal structure be called?

Solution

Below is constructed a unit cell using the six crystallographic directions that were provided in the problem.
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(&) This unit cell belongs to the tetragonal syss@mea=b = 0.40 nmc=0.50 nm, andD= E =J90q

(b) This crystal structure would be called fammtered tetragonasince the unit cell has tetragonal
symmetry, and an atom is located at each of the corners, as well as at the centers of all six unit cell faces. In the
figure above, ams are only shown at the centers of three faces; however, atoms would also be situated at opposite

faces.
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3.48 Below are shown three different crystallographic planes for a unit cell of some hypothetical metal.

The circles represent atoms:

(a) To what crystal system does the unit cell belong?
(b) What would this crystal structure be called?

(c) If the density of this metal is 8.95 gftmietermine its atomic weight.

Solution

The unit cells constructed below show the three crystallographic planes that were provided in the problem

statement.

(a) This unit cell belongs to the orthorhombic crystal system sirc@8.30 nmb = 0.40 nmgc = 0.35 nm,
and D= E= J=90q

(b) This crystal structure would be called badntered orthorhombisince the unit cell has orthorhombic
symmetry, and an atom is located at each of the corners, as well as at the cell center.

(c) In order to compute its atomic weight, we employ Equation 3.5,nwitR; thus

WeNa
n

A =
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(8.95 glcn?) (3.0)(4.0)(3.5)(u1024 cmP/unit cell)(6.022 u 10 23 atoms/mo)
2 atoms/unit cell

=113.2 g/mol
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3.49 Convert the(010) and {01) planes into the foumdex Mille—Bravais scheme for hexagonal unit

cells.

Solution

For (010),h=0,k=1, and = 0, and, from Equation 3.7, the valuei &f equal to

i Gt k (0 1 1

Therefore, the (010) plane becom@i10).
Now for the (101) planéh = 1,k =0, and = 1, and computation @fusing Equation 3.7 leads to

i G k [1 0o 1

such that (101) becomg$011).
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3.50 Determine theridices for the planes shown in the hexagonal unit cells below:

Solution

(a) For this plane, intersections with thg a,, and zaxes arefa, fa, andc/2 (the plane parallels boty

anda, axes). In terms of andc these intersections are f, and Y2, the respective reciprocals of which are 0, 0,

and 2. This means that

h=0
k=0
=2

Now, from Equation 3.7, the value iok

i G k [0 0 O

Hence, this is §0002 plane.
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(b) This plane passes through the origin of the coordinate axis system; therefore, we translate this plane

one unit distance along tlxeaxis, per the sketch shown below:

At this point the plane intersects thg a,, andzaxes a#, fa, and fc, respectively (the plane parallels bathand

zaxes). Interms of andc these intersections are 1, f, and f, the respective reciprocals of which are 1, 0, and 0.

This means that

h=1
k

0
=0

Now, from Equation 3.7, the value io§
[ h k @ 0 1

Hence, this is g1010) plane.
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(c) For this plane, intersections with thg a,, and zaxes are & a, and ¢ In terms ofa andc these

intersections arel; 1, and 1, the respective reciprocals of which are 0, 11 arfithis means that
h=-1
k=1
=1

Now, from Equation 3.7, the value iof

i (h K (11 0

Hence, this is 1101 plane.
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(d) For this plane, intersections with thg a,, andz axes are-a/2, a, andc/2, respeavely. In terms ofa

andc these intersections ar&/2, 1, and 1/2, the respective reciprocals of which-2rd, and 2. This means that
h=-2
k=1
=2

Now, from Equation 3.7, the value iof

i (h Kk (2D 1

Therefore, this is 2112 plane.
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3.51 Sketch thg1101) and (1120) planes in a hexagonal unit cell.
Solution
For (1101) the reciprocals of tk, i, and lare, respectively, 1,1 f, and 1; thus, thiplane is parallel to

thea, axis, and intersects tfeg axis ata, thea, axis at-a, and thez-axis atc. The plane having these intersections

is shown in the figure below

For (1120) the reciprocals of, k, i, andl are, respectively, 1, £1/2, andf; thus, this plane is parallel to
the z axis, and intersects the, axis at a the g axis at a and the g axis at &/2. The plane having these

intersections is shown in the figure below.
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Linear and Planar Densities

3.52 (a)Derive linear density expressions for FCO0Q] and [111] directions in terms of the atomic
radius R.

(b) Compute and compare linear density values for these sandireetionsfor silver.
Solution

(a) In the figure below is shown a [100] directionhitan FCC unit cell.

For this [100] direction there is one atom at each of the two unit cell corners, and, thus, there is the equivalent of 1
atom that is centered on the direction vector. The length of this direction vector is just the unit cell edge length,

2Ry/2 (Equation 3.1). Therefore, the expression for the linear density of this plane is

number of atoms centered on [100] direction ve
length of [100] direction vector

LD1go =

1 atom

w2 o7

An FCC unit cell within which is drawn a [111] direction is shown below.
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For this [L11] direction, the vector shown passes through only the centers of the single atom at each of its ends, and,
thus, there is the equivalence of 1 atom that is centered on the direction vector. The length of this direction vector is

denoted by in this figure, which is equal to

wherex is the length of the bottom face diagonal, which is equal to 4R. Furthermstbeyunit cell edge length,

which is equal t2Ry/2 (Equation 3.1). Thus, using the above equmtthe lengtlz may be calculated as follows:

z {(4R)2 (2RV2)2 424RZ 2R/6

Therefore, the expression for the linear density of this direction is

number of atoms centered on [111] direction ve
length of [111] direction vector

LDqqq =

1 atom 1

2RJ6 2R(6

(b) From the table inside the front cover, the atomic rafiusilver is 0.144 nm. Therefore, the linear

density for the [100] direction is

1

1
LD 0n(A 2.46nm?1 246 u10° m!?
100(A0) 2RJ2  (9(0.144nm)y2

While for the [111] direction

1

1
LD 144(A 1.42nm?1 1.42 u10® m1?
11(A9) 2RJ6  (2(0.144nm)y6
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3.53 (a)Derive linear density expressions for BCCLQ] and [111] directions in terms ofhe atomic
radius R.

(b) Compute and compare linear densiglues for these same two directidostungsten.
Solution

(&) In the figure below is shown a [110] direction within a BCC unit cell.

For this [110] direction there is one atom at eactheftwo unit cell corners, and, thus, there is the equivalence of 1
atom that is centered on the direction vector. The length of this direction vector is deneiadtiy figure, which

is equal to

wherey is the unit cell edgéngth, which, from Equation 3.3 is equal%. Furthermore, 5 the length of the

unit cell diagonal, which is equal to 4Rhus, using the above equation, the lengtiey be calculated as follows:

SR’ [a2r2 2
@ R R

Therefore, the expression for the linear density of this direction is

number of atoms centered on [110] direction ve
length of [110] direction vector

latom \/_3
N

LDjqg =
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A BCC unit cell within which is drawn a [111] direction is shown below.

For although the [111] direction vector shown passes through the centers of three atoms, there is an equivalence of
only two atoms associated with this unit eetinehalf of each of the two atoms at the end of the vector, in addition
to the center atom belongs entirely to the unit cell. Furthermore, the lengthvettbeshown is equal to 4R, since

all of the atoms whose centers the vector passes through touch one another. Therefore, the linear density is equal to

number of atoms centered on [111] direction ve

LDq11 = o
length of [111] direction vector
2atoms 1
4R 2R

(b) From the table inside the front cover, thengic radius for tungsten is 0.137 nm. Therefore, the linear

density for the [110] direction is

3
‘/_ 2.23nm1 223u109°m!?

3
4R\2  (4)(0.137nm)y/2

LD 110(W)

While for the [111] direction

1 1

— — = 365nm?! 365u109m!?
2R (2)(0.137nm)

LD111(W)
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3.54 (a)Derive planar density expressions for FCIDQ) and (111) planes n terms of the atomic radius

(b) Compute and compare planar density values for these same two planes for nickel.

Solution

(&) In the figure below is shown a (100) plane for an FCC unit cell.

For this (100) plane there is one atom at each of the four cube corners, each of which is shared with four adjacent
unit cells, while the center atom lies entirely within the unit cell. Thus, there is the equivalence of 2 atoms
associated with this FCC (100) plane. The planar section represented in the above figure is a square, wherein the
side lengths are equal to the unit cell edge lengi/2 (Equation 3.1); and, thus, the area of this square is just
(2Ry2)2 = 8R2. Hence, the planar density for this (100) plane is just

number of atoms centered on (100) pl

PD,qn =
100 area of (100) plane
2atoms 1
8RZ  4R?

That portion of an FCC (111) plane contained within a unit cell is shown below.
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There are six atoms whose centers lie on this plane, which are labttliexlghF. Onesixth of each of atoms A,

D, and Fare associated with this plane (yielding an equivalence shalieatom), with onéhalf of each of atoms

B, C, and E(or an equivalence of one and emaf atoms) for a total equivalence of two atoms. Now, the area of
the triangle shown in the above figure is equal tolwalé of the product of the base length and the helghtf we

consider half of the triangle, then
@R?Z2 h? (4R?

which leads td = 2R\/§. Thus, the area is equal to

Area 4R() (4R (2Ry/3) 4R2\/_3
2 2

And, thus, the planar density is

number of atoms centered on (111) pl
area of (111) plane

PDiqq =

2 atoms 1

4R%\[3 2R%,3

(b) From the table inside the front cover, the atomic radius for nickel is 0.125 nm. Therefore, the planar

density for the (100) plane is

1

16.00nm 2 1.600 ul0!® m 2
4R%2  4(0.125nm)?2

PD0o(Ni)

While forthe (111) plane

1 1
2R%,[3  2,/3(0.125nm)?

PDy11(Ni) 18.48nm 2 1.848 u10° m 2
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3.55 (a)Derive planar density expressions for BCID(@) and (110) planes in terms of the atomic radius

(b) Compute and compare planar density values for these same two planes for vanadium.

Solution

(a) A BCC unit cell within which is drawn a (100) plane is shown below.

For this (100) plane there is one atom at each of the four cube corners, each of which is shared with four adjacent
unit cells. Thus, there is the equivalence of 1 atom associatedhis BCC (100) plane. The planar section
represented in the above figure is a square, wherein the side lengths are equal to the unit cell edgj%ength,
2 2
. _ . &R T 16R . .
(Equation 3.3); and, thus, the area of this square |sgg ;T g Hence, the planar density for this (100)

1
plane is just

number of atoms centered on (100) pl
area of (100) plane

PDigg =

1 atom 3
16 R2 16 R?
3

A BCC unit cell within which is drawn a (110) plane is shown below.
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For this (110) plane there is one atom at each of the four cube corners through which it passes, each of which is
shared with four adjacent unit cells, while the center atom lies entirely within the unit cell. Thus, there is the
equivalence of 2 atoms associated with this BCC (110) plane. &harpdection represented in the above figure is

a rectangle, as noted in the figure below.

From this figure, the area of the rectangle is the produktasidy. The length xs just the unit cell edge length,
which for BCC (Equation 3.3) isﬁ. Now, the diagonal lengthig equal to R. For the triangle bounded by the

{E

lengthsx, y, andz

Or

Thus, in terms oR, the area of this (110) plane is just
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%R 8RJ2 © 16R%|2
Area(110 xy '@/._53©N/§ ; 3

And, finally, the planar density for this (110) plane is just

number of atoms centered on (110) pl
area of (110) plane

PDi1g =

2 atoms 3

16R%,[2 8R%,2
3

(b) From the table inside the front cover, the atomic radius for vanadium is 0.132 nm. Therefore, the

planar density for the (100) plane is

3 3

10.76nm 2 1.076 ul0® m 2
16R? 16(0.132nm)2

PD1go(V)

While for the (110) plane

3 3
8RZ,/2 8(0.132nm)%,[2

PDy10(V) 15.22nm 2 1.522 u10'® m 2

Excerpts from this work may be reproduced by instructors for distribution onfarAmbfit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 Unitedest&opyright Act without the permission of the copyright owner is unlawful.



3.56 (a) Derive the planar density expression for the HOBO1)plane in terms of the atomic radius R.

(b) Compute the planar density value for this same plane for magnesium.
Solution

(&) A (0001) plane for an HCP unit cell is show below.

Each of the 6 perimeter atoms in this plane is shared with three other unit cells, whereas the center atom is shared
with no other unit cells; this gives rise to three equivalent at@oning to this plane.

In terms of the atomic radius R, the area of each of the 6 equilateral triangles that have been drawn is
RZ\/E, or the total area of the plane showrﬁﬁzﬁ. And the planar density for this (0001) plane is equal to

number of atoms centered on (0001) pl
area of (0001) plane

PDooo1

3atoms 1

6R%y3  2R%,[3

(b) From the table inside the front cover, the atomic radius for magnesium is 0.160 nm. Therefore, the

planar density for the (0001) plane is

1
2(0.160nm)2,/3

1
PDgnn1(M 11.28nm 2 1.128 ul0® m 2
0001(Mg) TIE

Excerpts from this work may be reproduced by instructors for distribution onfarAmbfit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 Unitedest&opyright Act without the permission of the copyright owner is unlawful.



Polycrystalline Materials

3.57 Explain why the properties of polycrystalline materials are most often isotropic.
Solution

Although each individual grain in a polycrystalline material may be anisotropic, if the grains have random

orientations, then the solid aggregate of the many anisotropic grains will behave isotropically.
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X-ray Diffraction: Determination of Crystal Structures

3.58 Using the data for molybdenum in Table 3.1, compute the interplanar spacing (bt theet of

planes.
Solution

From te Table 3.1, molybdenum has a BCC crystal structure and an atomic radius of 0.1363 nm. Using

Equation (3.3), the lattice parametamay be computed as

4R (4)(0.1363 nm)

a — —————~> 0.3148 nm
3 /3

Now, the interplanar spacirdy,; maybe determined using Equation 3.14 as

a 0.3148 nm
dlll = = = 0.1817nm
V@2 r@? v B
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3.59 Determine the expected diffraction angle for the-firder reflection from th€113)set of planes for

FCC platinum when monochromatic radiation of wavelength 0.1542 nm is used.
Solution

We first calculate the latticeapameter using Equation 3.1 and the valu® ¢0.1387 nm) cited in Table

3.1, as follows:
a = 2Ry/2 =(2)(0.1387 nm)(2) = 0.3923 nm

Next, the interplanar spacing for the (113) set of planes may be determined using Equation 3.14 according to

a 0.3923 nm
di13= = = 0.1183 nm
s e 1

And finally, employment of Equation 3.13 yields the diffraction angle as

nO _ (1)(0.1542 nm) _
2d;,3  (2)(0.1183nm)

sin T= 0.652

Which leads to

T=sin1(0.652) = 40.69 q

And, finally

27T= (2)(40.69) = 81.38
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3.60 Using the data for aluminum in Table 3.1, compute the interplanar spdgoirtye (L10)and (221)
sets of planes.

Solution

From the table, aluminum has an FCC crystal structure and an atomic radius of 0.1431 nm. Using

Equation 3.1 the lattice parametarmay be computed as
a = 2Ry/2 = (2) (0.1431nm)(4/2) = 0.4047 nn

Now, thed, , 5interplanar spacing may be determined using Equation 3.14 as

thio = a _ 0.4047 nm _ 02862 nr
@2+ @2+ 07 42
And, similarly ford,,,
a _ 0.4047 nm _ 01349 nn

dsoq = =
ol verrag A°
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3.61 The metal iridium has an FCC crystal structure. If the angle of diffraction foR#13 get of planes
occurs at 69.22(first-order reflection) when monochromatieradiation having a wavelength of 0.1542 nm is

used, compute (a) the interplanar spacing for this set of planes, and (b) the atomic radius for an iridium atom.

Solution

(&) From the data given in the preiy, and realizing that 69.222 T, the interplanar spacing for the

(220) set of planes for iridium may be computed using Equation 3.13 as

nO _ (1)(0.1542 nm)_

Orop=5——= = 0.1357 nn
2sin T @ '§s'in 69.22 q
© 2 1

(b) In order to compute the atomic radius we must first determine the lattice paramesarg Equation

3.14, andhenR from Equation 3.1 since Ir has an FCC crystal structure. Therefore,

a =y (22 + (22 + (0 (0.1357 nmf,/8) = 0.3838 nn

And, from Equation 3.1

a 0.3838 nm
= = = 0.1357 nn
24/2 24/2

R
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3.62 The metal rubidium has a BCC crystal structure. If the angle of diffraction f(82hgset of panes
occurs at 27.0@(first-order reflection) when monochromatieradiation having a wavelength of 0.0711 nm is

used, compute (a) the interplanar spacing for this set of planes, and (b) the atomic radius for the rubidium atom.

Solution

(&) From thedata given in the problem, and realizing that 27.8@qd, the interplanar spacing for the

(321) set of planes for Rb may be computed using Equation 3.13 as follows:

nO _ (1)(0.0711 nm)_

O3p1 = 5—— = = 0.1523 nr
2sin T @ ,§Sin 27.00 q
© 2 t

(b) In order to compute the atomic radius we must first déter the lattice parameter, asing Equation

3.14, and theiR from Equation 3.3 since Rb has a BCC crystal structure. Therefore,

a= dgopy (3)2 + (22 + (12 (0.1523nm)(v14) 0.5700 nm

And, from Equation 3.3

3 (0.5700 nmy/3
R a‘[ = 4”'”)‘/_ 0.2468 nm
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3.63 For which set of crystallographic planediwi first-order diffraction peak occur at a diffraction

angle of 46.2Xfor BCC iron when monochromatic radiation having a wavelength of 0.0711 nm is used?

Solution
The first step to solve this problem is to compute the interplanar spacing usinp&E&ub3. Thus,

nO _ (1)(0.0711 nm)

2sin T (2)%in 46.21q
© 2

0.0906 nm

Chi

Now, employment of both Equations 3.14 and 3.3 (since Fe’s crystal structure is BCC), and the Rdbraroh
from Table 3.1 (0.1241 nm) leads to

Jreriz+2=_2 -_4R

h O3

(4)(0.1241 nm)

= 0.0006nmE3) 16

This meanshat

h? + k2 + 12 = (3.163¢ =10.0

By trial and error, the only three integers having a sum that is even, and the sum of the squares of which equals 10.0

are 3, 1, and 0. Therefore, the set of planes responsible for this diffraction peak are the (310) ones.
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3.64 Figure 3.22 shows anray diffraction pattern for Giron taken using a diffractometer and
monochromatic xadiation having a wavelength of 0.1542 nm; each diffraction peak on the pattern has been
indexed. Compute the interplanar spacing for eaclofptanes indexed; also determine the lattice parameter of Fe

for each of the peaks.

Solution

For each peak, in order to compute the interplanar spacing and the lattice parameter we must employ
Equations 3.14 and 3.13, respectively. The first mddkigure 3.22, which results from diffraction by the (110) set
of planes, occurs atT= g the corresponding interplanar spacing for this set of planes, using Equation 3.13, is
equal to

diro = n_O _ (2)(0.1542 nm) — 0.2015nm
2sin T 8 450q

2)sin
()© > 1

And, from Equation 3.14, the lattigarameten is determined as

a = dygy (2 + (2 + ()2 = diggy (V2 + (1)2 + (02

= (0.2015 nm),/ 2 = 0.2850 nm

Similar computations are made for the other peaks which results are tabulated below:
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Peak Index 2T dhkl(nm) a(nm)

200 65.1 0.1433 0.2866
211 82.8 0.1166 0.2856
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3.65 The diffraction peaks shown in Figure 3.22 are indexed according to the reflection rules for BCC
(i.e., the sum h + k + | must be even). Cite the h, k, and | indices for the first four diffraction peaks for FCC crystals

consistent with h, k, and | all gy either odd or even.

Solution

The first four diffraction peaks that will occur for FCC consistent witk land lall being odd or even are
(111), (200), (220), and (311).
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3.66 Figure 3.25 shows the first four peaks of thayxdiffraction patern for copper, which has an FCC
crystal structure; monochromatieradiation having a wavelength of 0.1542 nm was used.

(a) Index (i.e., give h, k, and | indices) for each of these peaks.

(b) Determine the interplanar spacing for each of the peaks.

(c) For each peak, determine the atomic radius for Cu and compare these with the value presented in
Table 3.1.

Solution

(a) Since Cu has an FCC crystal structure, only those peaks for wikichnd lare all either odd or even
will appear. Therefa, the first peak results by diffraction from (111) planes.
(b) For each peak, in order to calculate the interplanar spacing we must employ Equation 3.13. For the

first peak which occurs at 43.8 q

__nO _ ()01542nm) _ 0.0

2sin T (2)'§sin 43.8 q
© 2 1

11

(c) Employment of Equations 3.14 and 3.1 is necessary for the computaRdorau as

a _ (d)y (02 + )2 + ()2

Tz 242
_ (0.2067nm)4/ (1)2 + (1) + (1)
= o
=0.1266 nm

Similar computations are made for the other peaks which results are tabulated below:
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Peak Index 2T dhkl(nm) R (nm)

200 50.8 0.1797 0.1271
220 74.4 0.1275 0.1275
311 90.4 0.1087 0.1274
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Noncrystalline Solids

3.67 Would you expect a material in which the atomic bonding is predominantly ionic in nature to be
more or less likely to form a noncrystalline solid upon solidifizathan a covalent material? Why? (See Section

2.6.)
Solution

A material in which atomic bonding is predominantly ionic in nature is less likely to form a noncrystalline
solid upon solidification than a covalent material because covalent bondsemt@godal whereas ionic bonds are
nondirectional; it is more difficult for the atoms in a covalent material to assume positions giving rise to an ordered

structure.
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CHAPTER 4
IMPERFECTIONS IN SOLIDS

PROBLEM SOLUTIONS

Vacancies and SeHnterstitials

4.1 Calculate the fraction of atom sites that are vacant for lead at its melting temperature of 327°C (600

K). Assume an energy for vacancy formation of 0.55 eV/atom.

Solution

In order to compute the fraction of atom sites that are vacant in lead at 600 K, we must employ Equation
4.1. As stated in the proble@, = 0.55 eV/atom. Thus,

a C

0.55 eV/atom

"§ QV = « >
- (8.62 u10° eV/atomK)(600K) 1

©OKT

Ny _ exp exp
N

=2.41 ul0®
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4.2 Calculate the number of vacancies per cubic meter in iron at850The energy for vacancy
formation is 1.08 eV/atom. Furthermore, the density and atomic weight for Fe are 7.65agfti5.85 g/mol,
respectively.

Solution

Determination of the number of vacancies per cubic meter in iron alC88N1§3 K) requires the

utilization of Equations 4.1 and 4.2 as follows:

N, = Nexpi}%;z Na Ye expg&;
A O KT

And incorporation of values of the parametemsvided in the problem stateménto the above equatideads to

N = (6:022 u 10%atoms/mol) (7.65 g/cm’) exp 2 1.08 eV/atom ‘
- « b}
v 55.85 g/mol - (8.62 U105 ev/atom K)(8506 + 273 K) 1

=1.18 ul08cm®=1.18 u10?*m3
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4.3 Calculate the activation energy for vacancy formation in aluminum, given that the equilibrium number
of vacancies at 50€ (773 K) is 7.57¢107 m>. The atomic weight and density (at 58 for aluminum are,

respectively, 26.9§/mol and 2.62 g/ci

Solution

Upon examination of Equation 4.1, all parameters besidear® given exceph, the total number of

atomic sites. However, I¢$ related to the density,lf;), Avogadro's numbem,), and the atomic weight(,)

according to Equation 4.2 as

N = Na W
Ani

_ (6.022 u10%® atoms'mol) (2.62 g/cm?)
26.98 g/mol

= 5.85 ul0?? atoms/cm = 5.85 u10?® atoms/mi

Now, taking natural logarithms of both sides of Equation 4.1,

InN, = InN &
kT
and, after some algebraic manipulation
= KT W
Ve e

23 3¢
5.85 U108 m3:

= 0.75 eV/atom
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Impurities in Solids

4.4 Below, atomic radius, crystal structure, electronegativity, and the most common valence are tabulated,

for several elements; for those that are nhonmetals, only atomic radii are indicated.

Atomic Radius

Element (nm) Crystal Structure Electronegativity Valence

Cu 0.1278 FCC 1.9 +2
C 0.071

H 0.046

o] 0.060
Ag 0.1445 FCC 1.9 +1
Al 0.1431 FCC 15 +3
Co 0.1253 HCP 1.8 +2
Cr 0.1249 BCC 1.6 +3
Fe 0.1241 BCC 1.8 +2
Ni 0.1246 FCC 1.8 +2
Pd 0.1376 FCC 2.2 +2
Pt 0.1387 FCC 2.2 +2
Zn 0.1332 HCP 1.6 +2

Which of these elements would you expect to form the following with copper:
(a) A substitutional slid solution having complete solubility
(b) A substitutional solid solution of incomplete solubility

(c) An interstitial solid solution

Solution

In this problem we are asked to cite which of the elements listed form with Cu the three possible solid
solution types. For complete substitutional solubility the following criteria must be met: 1) the difference in atomic
radii between Cu and the other elemer%o) must be less than £15%, 2) the crystal structures must be the same,
3) the electronegatities must be similar, and 4) the valences should be the same, or nearly the same. Below are

tabulated, for the various elements, these criteria.

Crystal 'Electro
Element 'R% Structure negativity Valence
Cu FCC 2+

C —44
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H —64

0] -53

Ag +13 FCC 0 1+
Al +12 FCC -04 3+
Co -2 HCP -0.1 2+
Cr -2 BCC -0.3 3+
Fe -3 BCC -0.1 2+
Ni -3 FCC -0.1 2+
Pd +8 FCC +0.3 2+
Pt +9 FCC +0.3 2+
Zn +4 HCP -0.3 2+

(a) Ni, Pd, and Pt meet all of the criteria and thus form substitutional solid solutions bauipiete
solubility. At elevated temperatures Co and Fe experience allotropic transformations to the FCC crystal structure,
and thus display complete solid solubility at these temperatures.

(b) Ag, Al, Co, Cr, Fe, and Zn form substitutional solid solusi of incomplete solubility. All these metals
have either BCC or HCP crystal structures, and/or the difference between their atomic radii and that for Cu are
greater than +15%, and/or have a valence different than 2+.

(c) C, H, and O form interstitialoid solutions. These elements have atomic radii that are significantly

smaller than the atomic radius of Cu.
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4.5 For both FCC and BCC crystal structures, there are two different types of interstitial sites. In each
case, one site is larger than thehet, and is normally occupied by impurity atoms. For FCC, this larger one is
located at the center of each edge of the unit cell; it is termed an octahedral interstitial site. On the other hand, with

BCC the larger site type is found atol positions—that is, lying on {100} faces, and situated midway between
2 4

two unit cell edges on this face and anperter of the distance between the other two unit cell edges; it is termed a
tetrahedral interstitial site. For ith FCC and BCC crystal structures, compute the radius r of an impurity atom

that will just fit into one of these sites in terms of the atomic radius R of the host atom.
Solution

In the drawing below is shown the atoms on the (100) face of an FCE€elnithe interstitial site is at the

center of the edge.

The diameter of an atom that will just fit into this site) (@ just the difference between that unit cell edge length

(a) and the radii of the two host atoms that are located on eithesfdide site R); that is
2r=a-2R

However, for FCQais related taR according to Equation 3.1 @ 2R4/2; therefore, solving for from the above

equation gives

. a22R: 2RV§2 2R _ 04R

A (100) face of a BCC unit cell is shown be.
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The interstitial atom that just fits into this interstitial site is shown by the small circle. It is situated in thefplane o
this (100) face, midway between the two vertical unit cell edges, and one quarter of the distance between the bottom

andtop cell edges. From the right triangle that is defined by the three arrows we may write

2

2 . )
+ 2T (R )

Q1w
RIW

1

However, from Equation 3.3 = % and, therefore, making this substitution, the above equation takes the form

84R | 8aR
@/3: @3t

= R2+2Rr +r2

After rearrangement the following quadratic equation results:

r2 + 2Rr  0.667/R2 = 0
And upon solving for:
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@R r Y2R?Z  (9)( 0.667R?)

2
2Rr 2.58R
2
And, finally
r() _2R_258R 22'582R 0.29R
r¢) _2R_258R 22'582R 2.29R

Of course, onlther(+) root is possible, and, therefores 0.291R.
Thus, for a host atom of radius R, the size of an interstitial site for FCC is approximately 1.4 times that for
BCC.

Excerpts from this work may be reproduced by instructors for distribution onfarAmbfit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Specification of Composition

4.6 Derive the following equations:
(a) Equation4.7a

(b) Equation 4.9a

(c) Equation 4.10a

(d) Equation 4.11b

Solution

(@) This problem asks that we derive Equation 4.7a. To b€gis,defined according to Equation 4.3 as

C, = —™  u100

or, equivalently

Clz# u 100
m M

where the primean's indicate masses in grams. From Equation 4.4 we may write

m =N A
My = Np Ay
And, substitution into th€, expression above
L= litat u 100
A e

From Equation 4.5 it is the case that

C (g Nop)

n =
mi 100

Excerpts from this work may be reproduced by instructors for distribution onfarAmbfit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



_ Gl )
100

And substitution of these expressions into the above equation leads to

o
c = — A

CiAL CoAy
which is just Equation 4.7a.

(b) This problem asks that we derive Equation 4.9a. To bééiris defned as the mass of component 1

per unit volume of alloy, or
cm
CcC, = —
1 v

If we assume that the total alloy volumes\equal to the sum of the volumes of the two constituertsV =V, +
V,--then

CI:L
ViV

Furthermore, theolume of each constituent is related to its density and mass as

v -
v - 2
This leads to
C, = My
tmom
Yy Y

From Equation 4.3, andm, may be expressed as follows:
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_ Glmy my)
100

_C(m my)
M = 100

Substitution of these equations into the preceding expression yields

Cy(m  m)
c, = 100
Cimp my) Co(m my)
100 100

Y .

G
G &

4 Y
If the densities jLand U are given in units of g/c?n then conversion to units of kg?rrequires that we multiply

this equéion by 1%, inasmuch as
1 g/cn‘? =10° kg/m3

Therefore, the previous equation takes the form

which is the desired expression.

(c) Now we are asked to derive Equation 4.10a. The density of anig|lag just the total atly massM

divided by its volume/

M
L«J:\ve_v
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Or, in terms of the component elements 1 and 2

m m
Wye =
Vi Vs

[Note: here it is assumed that the total alloy volume is equal to the separate volumes of the individual components,
whichis only an approximation; normallywill not be exactly equal tof +V,)].

Each ofV, andV,, may be expressed in terms of its mass and density as,

m
Vv, —=
1y
m,
V_
2y

When these expressions are substituted into the aamation, we get

Uy = m M
eeom  om
4y L
Furthermore, from Equation 4.3

m, = Cy(m  m)

100
_ Co(m my)

M2 100

Which, when substituted into the abolﬁleexpression yields

m M
C(mp my) Co(my my)
100 100

Y %

Qve =

And, finally, this equation reduces to
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100

G &
Yy 4
(d) And, finally, the derivation of Equation 4.11b fog Ais requested. The alloy average molecular

weight is just the ratio of total alloy mass in gravfisand the total number of moles in the aly. That is

But using Equation 4.4 we may write
m = Ny Ay
my = Mo Ay
Which, when substituted into the abo¥g expression yields

_ " A T A

M
Aave = -
N m il L)

Furthermore, from Equation 4.5

U G ™))
mi 100

- C(ng  Np)
m2 100

Thus, substitution of these expressions into the above equatiég, foyields
CiA M M) Com(ng  nep)

_ 100 100
Aave - n n
mil m2
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_GA GA
100

which is the desired result.
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4.7 What is the composition, in atom percent, of an alloy that consists aP@@mand 70 wt% Cu?

Solution

In order to compute composition, in atom percent, of a 30 wt%@wi% Cualloy, we employ Equation
4.6 as

Cy, = Czn’ey u 100
" CZn'ACu CCuAZn

(30)(63.55g/mol)

= u 10C
(30)(63.55g/mal)  (70)(65.41g/mol)

=29.4 at%

Cey = Ceun u 100
CZnACu CCuAZn

_ (70)(65.41g/mol)

= 10C
(30)(63.55g/mal)  (70)(65.41g/mol)

=70.6 at%
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4.8 What is the composition, in weight percent, of an alloy that consists of 6 at% Pb and 94 at% Sn?

Solution

In order to compute composition, in weight percent, of a 6 at®4P&t% Sn alloy, we employ Equation
4.7 as

o
Chp = — Pbp"? u 100
CppfPb  Csnfsn

(6)(207.2g/mol)

= u 10C
(6)(207.2g/mol)  (94)(118.71g/mol)
= 10.0 wt%
c:
Con = — S"ASf‘ u 100
CopAPb Cgnfsn
(94)(118.71g/moal) 100

~ (6)(207.2g/mol) (94)(118.71g/mol)

=90.0 wt%
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4.9 Calculate the composition, in weight percent, of an alloy that contains 218.0 kg titanium, 14.6 kg of
aluminum, and 9.7 kg of vanadium.

Soluion

The concentration, in weight percent, of an element in an alloy may be computed using a modified form of
Equation 4.3. For thialloy, the concentration of titaniu(@;) is just

Cri= — M y10c
Mri My My

218kg

= u 100 = 89.97 wi%
218kg 14.6kg 9.7kg

Similarly, for aluminum

Cp = 14.6kg u 100 = 6.03 wi¥
218kg 14.6kg 9.7kg
And for vanadium
Cy = 9.7kg u 100 = 4.00 Wt

218kg 14.6kg 9.7 kg
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4.10 What is the composition, in atom percent, of an alloy that contains 98 g tin and 65 g of lead?

Solution

The concentration of an element in an alloy, in atom percent, may rbputad using Equation 4.5.
However, it first becomes necessary to compute the number of moles of both Sn and Pb, using Equation 4.4. Thus,

the number of moles of Sn is just

Mg, = 0 = 989 _ 4826 mol
n A 118.71g/mol

Likewise, for Pb

659

n = —— =0.314 mo
MPb— 207.2g/mol
Now, use ofEquation 4.5 yields
n
Cep= — 4100
Mmg,  Mmpy
0.826mol

= ulo0 = 72.5 at%
0.826mol  0.314mol

Also,

Chp= = 0.314mol U100 = 27.5 at?
0.826mol  0.314mol
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4.11 What is the composition, in atom percent, of an alloy that contains @9copiper, 102 I zinc,
and 2.1 IR, lead?

Solution
In this problem we are asked to determine the concentrations, in atom percent, cZiv@ICalloy. It is

first necessary to convert the amounts of Cu, Zn, and Pb into grams.

Moy = (99.7 15,)(453.6 glly,) = 45224 ¢

m,, = (102 Ih,))(453.6 g/lty,) = 46,267 g

Mo, = (2.1 1h,)(453.6 g/ly,) = 953 ¢

These masses musgxt be converted into moles (Equation 4.4), as

= Meu - 452249 _ 411 6mo

n
Mcu Ay,  63.55g/mol

Nm,. = 462679 _ 707.3 mo
Zn 65.41g/mol

Ny, = & = 4.6 mo
Pb - 207.2g/mol

Now, employment of a modified form of Equation 4.5, gives

Nm,
Cu u 10C
nmCu ann nme

Ceu =

711.6mol U100 = 50.0 at%
711.6mol 707.3mol 4.6 mol

Cpy = 707.3mol U100 = 49.7 at%
711.6mol 707.3mol 4.6 mol
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Chp = 4.6 mol U100 = 0.3 at%
711.6mol 707.3mol 4.6 mol
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4.12 What is the composition, in atom percent, of an alloy that consists of 97 wt% Fe and 3 wt% Si?

Solution

We are asked to compute the composition of aiFaloy in atom percent. Employment of Equation 4.6

leads to

Cre = Cre/si u 10C
® CreAsi Csifre

_ 97(28.09g/mol) U 100

97(28.09g/mol)  3(55.85g/mol)

=94.2 at%

Cs = Csifre u 100
' Csifre  Crehsi

_ 3(55.85g/mol) U100

3(55.85g/mol)  97(28.09g/mol)

=5.8 at%
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4.13 Convert the atom percent composition in Problem 4.11 to weight percent.

Solution

The composition in atom percent for Problem 4.11 is 50.0 at% Cu, 49.7 at% Zn, and 0.3 at% Pb.

Modification of Equation 4.7 to take into account a thtemponent alloy leads to the following

CéuACU
CICUACU CznPzn CF"b'APb

CCu -

u 10C

(50.0 (63.55g/mol)

= 100
(50.0 (63.55g/mol)  (49.7) (65.41g/mol) (0.3 (207.2g/mol)
=49.0 wt%
C,. A
Cyy = Zn’Zn u 10C
Ceufcu Cznfzn Cppfrb
_ (49.7) (65.41g/mol) U 100
(50.0 (63.55g/mol)  (49.7 (65.41g/mol) (0.3 (207.2g/mol)
=50.1 wt%
c
Cpp = PP u10C
CCUACU CZnAZn CpbAPb
(0.3 (207.2g/mol) 100

- (50.0 (63.55g/moal)  (49.7) (65.41g/moal) (0.3 (207.2g/mol)

=1.0 wt%
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4.14 Calculate the number of atoms per cubic meter in aluminum.

Solution

In order to solve this problem, one must employ Equation 4.2,

N = Na W
Ani

The density of Al (from the table ide of the front cover) is 2.7g/cn?, while its atomic weight is 26.98 g/mol.
Thus,

_ (6.022 u10?3 atoms'mol) (2.71g/cnr)
26.98g/mol

N

= 6.05 ul0?2 atoms/cm = 6.05 u10?8 atoms/m
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4.15 The concentration of carbon in an iroarbon alloy is 0.15 wt%. What is the concentration in

kilograms of carbon per cubic meter of alloy?

Solution

In order to compute the concentration in kﬁtmc in a 0.15 wt% €99.85 wt% Fe alloy we must employ

Equation 4.9 as

From insidethe front cover, densities faarbonand iron are 2.28nd 7.87 g/cﬁ'] respectively; and, therefore

. 0.15
Cc= —o15 985~ U1l

2.25g/cm®  7.87g/cm?

=11.8 kg/m

Excerpts from this work may be reproduced by instructors for distribution onfarAmbfit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



4.16 Determine the approximate density of a Hagltded brass that has a composition of 64.5 wt% Cu,
33.5 wt%Zn, and 2.0 wt% Pb.

Solution

In order to solve this problem, Equation 4.10a is modified to take the following form:

Uye = 100
“ Cou Can Ceo
té:u Lin l-Ii’b

And, using the density values for Cu, Zn, and Pb—i.e., 8.94%y/tm3 g/crﬁ, and 11.35 g/c?ﬂ—(as taken from

inside the front cover of the text), the density is computed as follows:

_ 100
e = —575w06 33.5Wt% 2.0Wi%

8.94g/cm®  7.13g/cm®  11.35g/cm?

=8.27 g/cm
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4.17 Calculate the unit cell edge length for an 85 wtdd Bevt% V alloy. All of the vanadium is in solid

solution, and, at room temperatuthe crystal structure for this alloy is BCC.

Solution

In order to solve this problem it is necessary to employ Equation 3.5; in this expression density and atomic

weight will be averages for the allesthat is

Lé — nAhve
ve
Ve Np
Inasmuch as #hunit cell is cubic, the\c(C = a3, then
LA = nphve
ve a3NA

And solving this equation for the unit cell edge length, leads to

1/3
Qo SAe

©éveN A :

Expressions for 4. and U . are found in Equations 4.11a and 4.10a, respectively, whichp whe

incorporated into the above expression yields

/3

a §  é
« »
«“n &3 »
« Cre Cv »
an l e ALY
«.§ ’ »
« 100 s »
«C ’NA »
«'j Cv > »
e Y oy

Since the crystal structure is BCC, the value af the above expression is 2 atoms per unit cell. The
atomic weights for Fe and V are 55.85 and 50.94 g/mol, respectively (Ridg)ravhereas the densities for the Fe
and V are 7.87 g/cﬁ1 and 6.10 g/cﬁl (from inside the front cover). Substitution of these, as well as the
concentration values stipulated in the problem statement, into the above equation gives
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/3
a § . a.

« " »
. - 100 ;
« »
) (2 atoms/unit cell): 85 Wi% BwWioe °
« @5.85 g/mol  50.94 g/molt >
a = ‘S »
«KT ' »
«. 100 s 3 »
< 85 W% TEwioe »6:022 u 10?3 atoms/mol
« > »
{@.87 glcd  6.10 g/en? ¢ v,

2.89 u10® cm = 0.289 nn
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4.18 Some hypothetical alloy is composed of 12.5 wt% of metal A and 87.5 wt% of metal B. If the densities
of metals A and B are 4.27 and 6.35 gicnespectively, whereas their respective atomic weights are 61.4 and
125.7 gmol, determine whether the crystal structure for this alloy is simple cubiccéatered cubic, or body

centered cubic. Assume a unit cell edge length of 0.395 nm.

Solution

In order to solve this problem it is necessary to employ Equation 3.5; in this expression density and atomic

weight will be averages for the allesthat is

- NAyve

Léve =
VeNa
Inasmuch as for each of the possible crystal structures, the unit cell is cubktctheﬁ’, or

- NAyve

Léive 3

a“Np

And, in order to determinthe crystal structure it is necessary to solve faha number of atoms per unit
cell. For n=1, the crystal structure is simple cubic, whereas fealnes of 2 and 4, the crystal structure will be

either BCC or FCC, respectively. When we solveabeve expression farthe result is as follows:

- Lg\vea?’N A

Aave

n

Expressions for 4 .and U, are found in Equations 4.11a and 4.10a, respectively, which, when incorporated into

the above expression yields
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Substitutionof the concentration values (i.€, = 12.5 wt% andCy = 87.5 wt%) as well as values for the

other parameters given in the problem statement, into the above equation gives

§

. 100

~125wt%  87.5wt% °

@.27 g/l 6.35g/crd t
8

(3.95 u 108 nm)3(6.022 u 10?3 atoms/mo)

. 100 >
~12.5 wt% 87.5wt% °*
@1.4 g/mol 125.7 g/mol:

= 2.00 atoms/unit cell

Therefore, on the basis of thialue, the crystal structurel®dy-centered cubic.
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4.19 For a solid solution consisting of two elements (designated as 1 and 2), sometimes it is desirable to

determine the number of atoms per cubic centimeter of one element in a solid solyt@iverNthe concentration

of that element specified in weight percent, This computation is possible using the following expression:

NACy
A qg0 ¢,

Ny (4.18)

CiA

where
Na = Avogadro’s number
1, D Q &= tensities of the two elements
A; = the atomicweight of element 1

Derive Equation 4.18 using Equation 4.2 and expressions contained in Section 4.4.
Solution

This problem asks that we derive Equation 4.18, using other equations given in the chapter.

concentration of component 1 in atom percg®j) is just 100c; where ¢; is the atom fraction of component 1.
Furthermore,cl' is defined ascl' = N4/N whereN; andN are, respectively, the numbefr atoms of component 1

and total number of atoms per cubic centimeter. Thus, from the above discussion the following holds:

C, N
N, =
1 100

Substitution into this expression of the appropriate fortd fsfbm Equation 4.2 yields

- Ci NA LJﬂve
1 100A,¢

And, finally, substitution into this equation expressions fqr (Equation 4.6a), JJe (Equation 4.10a), A/

The

(Equation 4.11a), and realizing thaj € (C; — 100), and after some algebraic manipulation we obtain the desired

expression:
N,C
N, = A A™1
N Agg )
Y ¥
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4.20 Gold forms a substitutional solid solution with silver. Compute the number of gold atoms per cubic

centimeter for a silvegold alloy that contains 10 wt% Au and 90 wt% Ag. The densities of pure gold and silver are

19.32 and 10.49 g/chrespectively.
Solution

To solve this problem, employment of Equation 4.18 is s&ang, using the following values:

C,=Cpy =10 Wi%
Y= y,=19.32 g/crt
Y= Yy = 10.49 gicri
Ap=Ay, =196.97 g/mol

Thus

Na, NaACau
CAu AAu Aqu (1 00 CAu )
WAy Wg

(6.022 11022 atoms' mol) (10 wt%)

0
(10wWt%)(196.97g/mol)  196.97g/mol (100 10 vvt%)
19.32g/cm? 10.49g/cm?

= 3.36 u10? atoms/cm
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4.21 Germanium forms a substitutional solid solution with silicon. Compute the number of germanium

atoms per cubic centimeter for a germanisiticon alloy that contains 15 wt% Ge and 85 wt% Si. The densities of

pure germanium and silicon are 5.32 and 2.33 d/easpectively.

Solution

To solve this problem, employment of Equation 4.18 is necesassing the following values:

C, =Cge= 15 W%
Y= &= 5.32 glen
Y= =233 gl
A;=Age=72.64 g/mol

Thus

Nge = NaCoe
G (100 Cge)
e i

(6.022 u10%® atomsg mol) (15 wt%)

0,
(A5wt%)(72.64g/mol)  72.64g/mol (100  15wt%)
5.32g/cm? 2.33g/cm’

= 3.16 ul0?! atoms/cm
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4.22 Sometimes it is desirable to be able to determine the weight percent of one elgntbat, v@ll

produce a specified concentration in terms of the number of atoms per cubic centimefer,aN alloy composed
of two types of atoms. This computation is possible using the following expression:

100 (4.19)

1 Na 4
N1A

Y
Y

where
Na = Avogadro’s number

1, D Q &= tensities of the two elements
A; and A = the atomic weights of the two elements
Derive Equation 4.19 using Equation 4.2 and expressions contained in Section 4.4.

Solution
The number of atoms of component 1 per cubic centimeter is just equal to the atom fraction of component

1 (ci) times the total number of atoms per cubic centimeter in the aly Thus, using the equivalent of

Equation 4.2, we may write

N, = CEI_N = ClNA Léve
Aave
Realizing that
c!
= 1
7 100
and
C'2 = 100 Cl'

and substitution of the expressions idd(/eandAaVe Equations 4.10b and 4.11b, respectively, leads to

N]_ - Cl NA LAVB

Ahve
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_ NaC YUY
Cr A (100 Cp) YA

And, solving forC;

o= 100N, Y A,
17NAYY  NjUA NpYA,

Substitution of this expression fml' into Equationd.7a, which may be written in the following form

c
Cl = 1—A1 u 100
CA GCA
= C1hA u 100
CiA (100 C;)A
yields
100
C, =
17 Nag
NiA Y

the desired expression.
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4.23 Molybdenum forms a substitutional solid solution with tungsten. Compute the weight percent of
molybdenum that must be added to tungsten to yield an alloy that containg 18 Mo atoms per cubic

centimeter. The densities of pure Mo and W are 10.22 and 19.3%) mgspectively.

Solution

To solve this problem, employment of Equation 4.19 is necessary, using the following values:

Ny =Ny = 1072 atoms/cr
Y= Yy, = 10.22 g/crd
Y=\, =19.30 g/crd
A=Ay = 95.94 g/mol
A, =A = 183.84 g/mol

Thus

100

C =
Mo Nalw Wy
NMoAMo l-I’!/Io
_ 100
1 (6.022 u1023atoms'mol) (19.30g/cm3)  49.30g/cm3 -
(1022 atoms cm?)(95.94 g/ mol) @0.22g/cm? 1
=8.91 wt%
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4.24 Niobium fams a substitutional solid solution with vanadium. Compute the weight percent of
niobium that must be added to vanadium to yield an alloy that containstiL&% Nb atoms per cubic centimeter.

The densities of pure Nb and V are 8.57 and 6.10%tesyectively.
Solution

To solve this problem, employment of Equation 4.19 is necessary, using the following values:

N; = Ny, = 1.55 u10%2 atoms/cr
Y= ,=8.57 glem

Y= |, =6.10 glcr

A =Ayp = 92.91 g/mol

A, =A,, =50.94 g/mol

Thus
100
C
Nb 1 NA u/ i
NnbANb Wb
100

(6.022 u1023 atomsmol)(6.10g/cm3)  $.10g/cm? -
(1.55 u10%? atomgcm®) (92.91g/mol)  @.57g/cm® 1

=35.2 wt%
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4.25 Silver and palladium both have the FCC crystal structure, and Pd forms a substitutional solid
solution for all concentrations at room temperature. Compute the unit cell edge length for a 75 286na%-Pd
alloy. The roontemperature density of Pd is 12.02 gicend its atomic weight and atomic radius are 106.4 g/mol

and 0.138 nm, respeetly.

Solution

First of all, the atomic radii for Ag (using the table inside the front cover) and Pd are 0.144 and 0.138 nm,
respectively. Also, using Equation 3.5 it is possible to compute the unit cell volume, and inasmuch as the unit cell
is cubig the unit cell edge length is just the cube root of the volume. However, it is first necessary to calculate the
density and average atomic weight of this alloy using Equations 4.10a and 4.11a. Inasmuch as the densities of
silver and palladium are 10.49 g/%r(as taken from inside the front cover) and 12.02 a/omspectively, the

averagealensity is just

_ 100
Lglve CAg CPd
lAg Lll’d
_ 100
- 75 wt% 25 wt%

10.49 g/cm®  12.02 g/cn?
= 10.83 g/crit

And for the average atomic weight

100
Aﬁ = -
ve CAg Cpqg

AAg APd

100
75 wt% 25 wt%

107.9 g/mol  106.4 g/mol

=107.5 g/mol
Now, V- is determined from Equation 3.5 as
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_ _Me

V-~ =
C
lé\ve'\I A

_ (4 atomg unit cell)(107.5 g/mol)
(10.83 g/cn?) (6.022 u 10?3 atoms'mol)

= 6.59 u1023 cm3/unit cell
And, finally
a= (VC)1/3
= (6.59 u10 Zcmunit cell)l/3

= 4.04 u108 cm = 0.404m
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Dislocations—Linear Defects

4.26 Cite the relative Burgers vectatislocation line orientations for edge, screw, and mixed dislocations.

Solution

The Burgers vector and dislocation line are perpendicular for edge dislocations, parallel for screw

dislocations, and neither perpendicular nor parallel for mixed dislocations.
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Interfacial Defects

4.27 For an FCC single crystal, would you expect the surface energy 1®0xplane to be greater or
less than that for al(l1) plane? Why? (Note: You may want to consult the solution to Problem 3.54 at the end of
Chapter 3.)

Solution

The surface energy for a crystallographic plane will depend on its packing density [i.e., the planar density
(Section 3.11)}}-that is, the higher the packing density, the greater the number eStegighbor atoms, and the
more atomic bonds in that plane that are satisfied, and, consequently, the lower the surface energy. From the

solution to Problem 3.54, planar densities for FCC (100) and (111) pIanesl—?rend+, respectively—that
4R 2R%4/3
. 0.25 0.29 . . . . . . o
is —- and — (whereR s the atomic radius). Thus, since the planar density for (111) is greater, it will have the
R R

lower surface energy.
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4.28 For a BCC single crystal, would yaxpect the surface energy fo(XZ00)plane to be greater or less
than that for a(110) plane? Why? (Note: You may want to consult the solution to Problem 3.55 at the end of
Chapter 3.)

Solution

The surface energy for a crystallographic plane will depend on its packing density [i.e., the planar density
(Section 3.11)-that is, the higher the packing density, the greater the number of Aegigddior atoms, and the
more atomic bonds in that plane that are satisfied, and, consequently, the loweré&be sngrgy. From the
solution to Problem 3.55, the planar densities for BCC (100) and (110)—%? and L, respectively—that
16R 2

8R24/2
0.19 . 0.27

is 5 and — Thus, since the planar density {110) is greater, it will have the lower surface energy.
R R
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4.29 (a) For a given material, would you expect the surface energy to be greater than, the same as, or less
than the grain boundary energy? Why?
(b) The grain boundary energy of a smatiglegrain boundary is less than for a higimgle one. Why is

this so?
Solution

(a) The surface energy will be greater than the grain boundary energy. For grain boundaries, some atoms
on one side of a boundary will bond to atoms on the other side; such is not the case for surface atoms. Therefore,
there will be fewer unsatisfied bonds along a grain boundary.

(b) The smatlangle grain boundary energy is lower than for a l@gble one because more atoms bond

across the boundary for the srratigle, andthus, there are fewer unsatisfied bonds.
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4.30 (a) Briefly describe a twin and a twin boundary.

(b) Cite the difference between mechanical and annealing twins.

Solution

(&) A twin boundary is an interface such that atoms on one side are locatgthaimage positions of
those atoms situated on the other boundary side. The region on one side of this boundary is called a twin.
(b) Mechanical twins are produced as a result of mechanical deformation and generally occur in BCC and

HCP metals. Anealing twins form during annealing heat treatments, most often in FCC metals.
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4.31 For each of the following stacking sequences found in FCC metals, cite the type of planar defect that
exists:

(... ABCABCBACBA...

(b)... ABCAEBCABC...

Now, copy the stacking sequences and indicate the position(s) of planar defect(s) with a vertical dashed line.
Solution

(a) The interfacial defect that exists for this stacking sequence is a twin boundary, which occurs at the

indicaed position.

The stacking sequence on one side of this position is mirrored on the other side.

(b) The interfacial defect that exists within this FCC stacking sequence is a stacking fault, which occurs

between the two lines.

Within this regionthe stacking sequence is HCP.
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Grain Size Determination

4.32 (a) Using the intercept method, determine the average grain size, in millimeters, of the specimen
whose microstructure is shown in Figure 4.14(b); use at least seven stingksegments.

(b) Estimate the ASTM grain size number for this material.

Solution

(a) Below is shown the photomicrograph of Figure 41L44n which seven straight line segments, each of

which is 60 mm long has been constructed; these lines are labeled “1” thrdugh

In order to determine the average grain diameter, it is necessary to count the number of grains intersected

by each of these line segments. These data are tabulated below.

Line Number No. Grains Intersected

11
10
9
8.5
7
10

N o o B~ WN P
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The average number of grain boundary intersections for these lines was 9.1. Therefore, the average line length

intersected is just

60 mm
9.1

= 6.59 mm

Hence, the average grain diametglis

ave line length intersected  6.59mm _
magnification 100

d= 6.59 U102 mm

(b) This portion othe problem calls for us to estimate the ASTM grain size number for this same material.
The average grain size numbey sirelated to the number of grains per square iNclat a magnification of 100 u
according to Equation 4.16. Inasmuch as the mizgtibn is 10Qy the value of Ns measured directly from the

micrograph. The photomicrograph on which has been constructed a square 1 in. on a side is shown below.

The total number of complete grains within this square is approximately 10 (takingcitdunt grain fractions).

Now, in order to solve fonin Equation 4.16, it is first necessary to take logarithms as

log N (n D log 2

From whichn equals

log N
log 2
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log 10
log 2

1 43
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4.33 (a) Employing the intercept technique, determine the average grain size for the steel specimen whose
microstructure is shown in Figure 9.25(a); use at least seven striighsegments.

(b) Estimate the ASTM grain size number for this material.
Solution

(a) Below is shown the pharnicrograph of Figure 9.28), on which seven straight line segments, each of

which is 60 mm long has been constructed; these lines are labeled “1” through “7”.

In order to determine the average grain diameter, it is necessary to count the nugnbersdhtersected

by each of these line segments. These data are tabulated below.

Line Number No. Grains Intersected
1 7
2 7
3 7
4 8
5 10
6 7
7 8

The average number of grain boundary intersections for these lines was 8.7. Thereforesaties leneelength

intersected is just

Excerpts from this work may be reproduced by instructors for distribution onfarAmbfit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Hence, the average grain diametglis

q = ave. line length mtersected: 6.%?”1: 0.077 mm

magnification

(b) This portion of the problem calls for us to estimate the ASTM grain size number for this same material.

The average graisize number, ,is related to the number of grains per square iNclat a magnification of 100 u
according to Equation 4.16. However, the magnification of this micrograph is not b0® wather 90.u
Consequently, it is necessary to use Equation 4.17

sM 2

NM ﬂ on 1

@00*

whereN,, = the number of grains per square inch at magnificatiorand nis the ASTM grain size number.

Taking logarithms of both sides of this equation leads to the following:

&M -
logN 2log =— n 1)log2
Ny 9 200 ( ) log
Solving this expressiorof n gives
&M -
log N 2log T—
9 M 9 @00+
n 1
log 2

The photomicrograph on which has been constructed a square 1 in. on a side is shown below.
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From Figure 9.25(a]\, is measured to be approximately 7, which leads to

log7 2log ‘8@ '
@001*
n 1

log 2

=35
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4.34 For an ASM grain size of 8, approximately how many grains would there be per square inch at
(a) a magnification of 100, and

(b) without any magnification?
Solution

(&) This part of problem asks that we compute the number of grains per square inch for agraBTM
size of 8 at a magnification of 100 All we need do is solve for the parametein Equation 4.16, inasmuch as

8. Thus

N on 1
= 28 1 =128 grains/ir?

(b) Now it is necessary to compute the valudlédr no magnification. In order to solve this problem it is

necessary to use Equation 4.17:

2

M @00+
whereNy, = the number of grains per square inch at magnificatioran nis the ASTM grain size number.
Without any magnification in the above equation is 1, and therefore,

2
--§1. 281

L= 128
@00

And, solving forN,, N, = 1,280,000 grains/if.
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4.35 Determine the ASTM grain size number if 25 grains per square inch are measured at a magnification
of 600.

Solution

This problem dss that we determine the ASTM grain size number if 8 grains per square inch are measured
at a magnification of 600. In order to solve this problem we make use of Equation 4.17:

2
§M n 1

N * S—
M @001

whereN,, = the number of grains per square inch agnificationM, and nis the ASTM grain size number.

Solving the above equation foy and realizing thal,, = 8, whileM = 600, we have

&M -
log N 2log =—
N 9 m 9 @00+
log 2
log8 2log %)81
1 92
log 2
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4.36 Determine the ASTM grain size number if 20 grains per sguaheare measured at a magnification
of 50.

Solution

This problem asks that we determine the ASTM grain size number if 20 grains per square inch are

measured at a magnification of 50. In order to solve this problem we make use of Equation 4.17—viz.

2

M @00+

whereN,, = the number of grains per square inch at magnificatiorandl nis the ASTM grain size number.

Solving the above equation foy and realizing tha,, = 20, whileM = 50, we have

&M -
log N 2log =—
9 m 9 @00+
n 1
log 2
log20 2log Z?T%l
1 33
log 2
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DESIGN PROBLEMS

Specification of Composition

4.D1 Aluminumlithium alloys have been developed by the aircraft industry to reduce the weight and
improve the performance of its aircraft. A commercial aircraft skin material having a density of 2.55igg/cm

desired. Compute the concentration of Li (in wt%) that is required.

Solution

Solution of thisproblem requires the use of Equation 4.10a, which takes the form

inasmuch as G + C,; = 100. According to the table inside the front cover, the respective densities of Li and Al

are 0.534 and 2.71 g/émUpon solving folC, ; from the above equation, we get

c = 100 §; (Y Yye)

! T CYD)

And incorporating specified values into the above equation leads to

c o= 100 (0.534g/cm3)(2.71g/cm®  2.55g/cm?)
H (2.55g/cm?)(2.71g/cm®  0.534g/cm?)

= 1.540wt%
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4.D2 Iron and vanadium both have the BCC crystal structure and V forms a substitutional solid solution
in Fe for concentrations up to approximately 20 wt% V at room temperatDetermine the concentration in

weight percent of V that must be added to iropi¢td a unit cell edge length of 0.289 nm.
Solution

To begin, itis necessary to employ Equation 3.5, and solve for the unit cell vélgnees

VC — nAélve
WveNa

whereA_ .and | care the atomic weight and dgty, respectively, of the P alloy. Inasmuch as both of these

materials have the ®C crystal structure, which has cubic symmetry,i¥/just the cube of the unit cell length, a

That is
Ve = a® = (0.289 nm§

(2.89 u108cm)® 2.414 u10 Bcm?

It is now necessary to construct expression®\fgr.and U .in terms of the concentration of vanadiuty,, using
Equations 4.11a and 4.10a. Fgf we have

100
¢, (o ¢,)
Ay Are

Aave =

100

Cv (100 ¢Cy)
50.94g/mol  55.85g/mol

whereas forU
ave

U = 100
v~ ¢, (W0 G
W e
100

Cy (100 ¢y)
6.10g/cm®  7.87g/cm3
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Within the BCC unit cell there are éqjuivalent atoms, and thus, the value df fiequation 3.5 is 2; hence, this

expression may be written farms of the concentration of i weightpercent as follows:

Ve =2.414u102 cm®

_ _Mae
%veNA
a [o]
« »
. 100
2 atomd unit cell) « »
( Ve, w0 G,) .
_ «0.94g/mol  55.85g/mol ¥,
~ a [)
« »
100
« 6.022 u 1023 atoms/mol
« Cy (100 cy) ig )

$%.10g/cm®  7.87g/cm’ ¥,

And solving this expression f@,, leads toC,, = 12.9wt%.
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CHAPTER 5

DIFFUSION

PROBLEM SOLUTIONS

Introduction

5.1 Briefly explain the difference between siffusion and interdiffusion.
Solution

Self-diffusion is atomic migration in pure metaise., when all atoms exchanging positions are of theesa

type. Interdiffusion is diffusion of atoms of one metal into another metal.
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5.2 Selfdiffusion involves the motion of atoms that are all of the same type; therefore it is not subject to
observation by compositional changes, as with interdiffusion. Suggest one way in whiiffuseh may be

monitored.

Solution

Self-diffusion may be monitored by using radioactive isotopes of the metal being studied. The motion of

these isotopic atoms may be monitored by measurement of radioactivity level.
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Diffusion Mechanisms

5.3 (a) Compare interstitial and vacancy atomic mechanisms for diffusion.

(b) Cite two reasons why interstitial diffusion is normally more rapid than vacancy diffusion.

Solution

(&) With vacancy diffusion, atomic motion i®fn one lattice site to an adjacent vacancy. -&iéifision
and the diffusion of substitutional impurities proceed via this mechanism. On the other hand, atomic motion is from
interstitial site to adjacent interstitial site for the interstitial diffusion mechanism.

(b) Interstitial diffusion is normally more rapid than vacancy diffusion because: (1) interstitial atoms,
being smaller, are more mobile; and (2) the probability of an empty adjacent interstitial site is greater than for a

vacancy adjacenbta host (or substitutional impurity) atom.
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Steady-State Diffusion

5.4 Briefly explain the concept of steady state as it applies to diffusion.
Solution

Steadystate diffusion is the situation wherein the rate of diffusion into a given system is just equal to the
rate of diffusion out, such that there is no net accumulation or depletion of diffusing specid¢se diffusion flux

is independent of time.
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5.5 (@) Briefly explain the concept of a driving force.

(b) What is the driving force fasteadystate diffusion?

Solution

(a) The driving force is that which compels a reaction to occur.

(b) The driving force for steaestate diffusion is the concentration gradient.
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5.6 The purification of hydrogen gas by diffusion through a palladium sheet was discussed in Section 5.3.
Compute the number of kilograms of hydrogen that pass per hour throughnatkick sheet of palladium having
an area of 0.20 fat 500&. Assume a diffusion coefficient of 1.A0® /s, that the concentrations #te high-
and lowpressure sides of the plate are 2.4 and 0.6 kg of hydrogen per cubic meter of palladium, and that steady

state conditions have been attained.

Solution

This problem calls for the mass of hydrogen, per hour, that diffuses througkreétd It first becomes

necessary to employ both Equations 5.1a and 5.3. Combining these expressions and solving for the mass yields

M = JAt= DAL=
X

3 C
= (1.0 u108 m%s)(0.20 n?) (3600 s/h;p 6 2.4kgim”
-~ 5u103m 1

= 2.6 u103kg/h
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5.7 A sheet of steel 1.5 mm thick has nitrogemoapheres on both sides at 12p(and is permitted to
achieve a steadgtate diffusion condition. The diffusion coefficient for nitrogen in steel at this temperature is 6
10" n/s, and the diffusion flux is found to be 120" kg/nf-s. Also, it isknown that the concentration of
nitrogen in the steel at the higiressure surface is 4 kgilmHow far into the sheet from this highessure side will

the concentration be 2.0 kg Assume a linear concentration profile.

Solution

This problem is alved by using Equation 5.3 in the form

If we take G, to be the point at which the concentration of nitrogen is 4?<glmen it becomes necessary to solve

for Xg, as

C Cg ¢
XB:XA+D«u:

- 1
Assumex, is zero at the surface, which case

4 kg/m®  2kg/md
1.2 u107kg/m2-s:

xg = 0+ (6 u10t m?s)

=1 ul03m=1mm

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of thisabitkatbgermitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



5.8 A sheet of BCC iron 1 mm thick was exposed to a carburizing gas atmosphere on one side and a
decarburizing atmosphere on the other side at 25 After having reached steady state, the iras wuickly
cooled to room temperature. The carbon concentrations at the two surfaces of the sheet were determined to be
0.012 and 0.0075 wt%. Compute the diffusion coefficient if the diffusion flux i& 104 kg/nf-s. Hint: Use

Equation 4.9 to convethe concentrations from weight percent to kilograms of carbon per cubic meter of iron.

Solution

Let us first convert the carbon concentrations from weight percent to kilograms carbon per meter cubed
using Equation 4.9a. For 0.012 wt% C

C
c.= —C ___ y103
¢ C  Cre
& Y
B 0.012
T T 0012 gog8s Y 1O

2.25g/cn?®  7.87g/cn?

0.944 kg C/m

Similarly, for 0.0075 wt% C

0.0075
0.0075 99905 U1

2.25g/cn?®  7.87 glcnd

Ce=

=0.590 kg C/m
Now, using a rearranged form of Equation 5.3
aX X C
D= J«A B
£, Cga

C

a 3
= (1.40 u10® kg/m?-9) « 107 m ;
9.944kg/m®  0.590 kg/n? 1
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=3.95u10M m?/s
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5.9 When Biron is subjected to an atmosphere of hydrogen gas, the concentration of hydrogen in the iron,
Cu (in weight percent), is a function of hydrogen pressupig, (in MPa), and absolute temperature (T) according

to

8§ 27.2 kJ/mol -
2 ~
Cq 1.34 u 10 ,/sz exp —RT ! (5.14)

Furthermore, the values offand Q; for this diffusion system are 1.410° m’/s and 13,400 J/mol, respectively.
Consider a thin iron membrane 1 mm thick that is at @&50Compute the diffusion flux through this membrane if
the hydrogen pressuren one side of the membrane is 0.15 MPa (1.48 atm), and on the other side 7.5 MPa (74

atm).
Solution

Ultimately we will employ Equation 5.3 to solve this problem. However, it first becomes necessary to

determine the concentration of hydrogen at dach using Equation 5.14. At the low pressure (or B) side

27,200 J/mb ‘
(8.31 J/motK)(250 273 K) 1

a
Chg) = (1.34 u102)4/0.15 MPaexp «

9.93 u10® wt%

Whereas, for the high pressure (or A) side

a 27,200 J/mol ¢
C = (1.34 u102),/7.5 MPaex ’ .
e = ) P« 831 ImotK)(250 273 K) !

7.02 ul0™ wt%

We now convert concentrations in weight percent to mass of nitrogen per unit volume of solid. At face B there are

9.93 u10¥® g (or 9.93 a0 kg) of hydrogen in 100 g of Fe, which is virtually pure iron. From the density of iron
(7.87 glen?), the volume iron in 100 9/) is just

100 g
Vs

ErTpr=n 12.7 cn? = 1.27 u10° m3
7.87 g/cm

Therefore, th concentration of hydrogen at the B face in kilograms of H per cubic meter of@ﬂ@g)l is just
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Ch)

CIl =
H(B) Ve
9
= M: 7.82 u10% kg/md
1.27 ul0°m3

At the A face the volume of iron in 100 g /) will also be 1.27u10° m3, and

. _ G
Chw =7y,

8
_ 1.02ul0°Kg _ g o 103 kg/m?
1.27 u10 > m3

Thus, the concentration gradient is just the difference between these concentrations of nitrogen divided by the
thickness of the iron membrane; that is
c_ S%e Cua
‘X X XA

4 3 3 3
_ 7.82ul0 " kg/m® 5.53ul0 °kg/m* _ 4.75 kgl
10°m

At this time it becomes necessary to calculate the value of the diffusion coefficient@t &60g Equation 5.8.
Thus,

8§ .
D = Dyexp ~ &
©RT !
8§
= (1.4 ulo 7 m2/s) exp” 13400 J/mol

©(8.31J/mol K)(250 273K) 1

=6.41 ul0° m%s

And, finally, the diffusion flux is computed using Equation 5.3 king the negative product of this diffusion

coefficient and the concentration gradient, as
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(6.41 u10° m&s)( 4.75 kg/m?*) = 3.05 u 108 kg/m?-s
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NonsteadyState Diffusion

5.10 Show that
8 x2

Cy = B exp
/Dt © 4Dt i

is also a solution to Equation 5.4b. The parameter B is a constant, being independent of both x and t.

Solution

It can be shown that

is a solution to

& WC
- D=
7 WZ

simply by taking appropriate derivatives of igexpression. When this is carried out,

. ®C _ B 52 - 8y
=D = 1exp—,
w?  2DY23/2 @Dt 1 4Dt ;

=&
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5.11 Determine the carburizing time necessary to achieve a carbon concentration of 0.45 wt% at a
position 2 mm into an irorearbon alloy that initially contains 0.20 wt% C. The surface concentration is to be
maintained at 1.30 wt%, and the treatment is to be conducted at 1800Use the diffusion data fagFe in Table
5.2.

Solution
In order to solve this problem it is first necessary to use Equation 5.5:

c, C
=X 0 =1 erf 3 X
C. Co @Dt

wherein,CX = O.45,C0 = 0.20,CS: 1.30, andk = 2 mm = 2ul03 m. Thus,

Cy Co_ 045 020_ (. pog_q o3 X °
Cs C, 1.30 0.20 @Dt !
or
8 x

;: 1 0.2273= 0.7727

By linear interpolation using data from Table 5.1

z erf(z)
0.85 0.7707

z 0.7727
0.90 0.7970

z 0.850 _ 0.7727 0.7707
0.900 0.850 0.7970 0.7707

From which

Now, from Tale 5.2, at 100009(1273 K)
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C

a
D = (2.3 u10® m%s) exp « 148000 J/mol
- (8.31 J/mol- K)(1273 K) 1

=1.93u10 m?%s
Thus,

2 ul03m

0.854=
(24/(2.93 u10 1 m?/9) (t)

Solving for tyields

t=7.1ul0*s=19.7h
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5.12 An FCC irorrcarbon alloy initially containing 0.35 wt% C is exposed to an oxygdnand virtually
carbonfree atmosphere at 1400 K (112%). Under these circumstances the carbon diffuses from the alloy and
reacts at the surface with the oxygen in the atmosphere; that is, the carbon concentration at the surface position is
maintained essentially at 0 wt% C. ($hprocess of carbon depletion is termed decarburizatitrwhat position

will the carbon concentration be 0.15 wt% after aHLreatment? The value of D at 1400 K is 680 mé/s.
Solution

This problem asks that we determine the position athwtiie carbon concentration is 0.15 wt% after a 10-
h heat treatment at 1325 K wh€g= 0.35 wt% C. From Equation 5.5

Ce Co 015 035_ (g o3 % -
Cs Cp 0 0.35 @Dt !
Thus,
§ x -
erf = = 0.428¢
@4/t *

Using data in Table 5.1 and linear interpolation

z erf (2
0.40 0.4284

z 04286
0.45 0.4755

z 040 _ 0.4286 0.4284
0.45 0.40 0.4755 0.4284

And,
z=0.4002
Which means that
X
——— = 0.4002
2Dt ‘

And, finally

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of thisabitkatbgermitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



x = 2(0.4002)/Dt = (0.8004)/ (6.9 u10 1t m?/s)(3.6 u10* )

=1.26 ul03m = 1.26 mm

Note: this problem may also be solved using the “Diffusion” module in the Vas8#&are. Open the “Diffusion”
module, click on the “Diffusion Design” submodule, and then do the following:

1. Enter the given data in lditand window that appears. In the window below the label “D Value” enter
the value of the diffusion coefficientviz. “6.9e-11".

2. In the window just below the label “Initial 0Center the initial concentratierviz. “0.35".

3. In the window the lies below “Surfaces’@nter the surface concentratiewiz. “0”.

4. Then in the “Diffusion Time t” window enter the time in seconds; in 10 h there are (60 s/min)(60
min/h)(10 h) = 36,000-s-so enter the value “3.6e4".

5. Next, at the bottom of this window click on the button labeled “Add curve”.

6. On the right portion of the screen will appear a concentration profile for this particular diffusion
situation. A diamondshaped cursor will appear at the uppertefhd corner of the resulting curve. Click and drag
this cursor down the curve to the point at which the number below “Concentration:” reads “0.15 wt%". @hen rea
the value under the “Distance:”. For this problem, this value (the solution to the problem) is ranges between 1.24

and 1.30 mm.
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5.13 Nitrogen from a gaseous phase is to be diffused into pure iron a€700the surface concentration
is maintained at 0.1 wt% N, what will be the concentration 1 mm from the surface after 10 h? The diffusion

coefficient for nitrogen in iron at 70 is 2.5 v10™ m/s.

Solution

This problem asks us to compute the nitrogen concentraigra{ the 1 mm positionfer a 10 h diffusion

time, when diffusion is nonsteadyate. From Equation 5.5

Ck C _ C 0 _ 8 x
= =1 erf
Cs GCo 0.1 O @+/Dt !
a C
3
=1 erf« 10°m

42)\/ (2.5 u10 1 m?/s) (10 h)(3600s/ h) )

=1-erf (0.527)

Using data in Table 5.1 and linear interpolation

z erf (2)
0.500 0.5205
0.527 y
0.550 0.5633
0.527 0.500 _ y  0.5205

0.550 0.500 0.5633 0.5205

from which
y =erf (0.527) = 0.5436
Thus,
0 = 1.0 0.5436
01 O
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This expression gives
C, = 0.046 wt% N

Note: this problem may also be solved using the “Diffusion” module in the Vas8#are. Open the “Diffusion”
module, clickon the “Diffusion Design” submodule, and then do the following:

1. Enter the given data in ldfand window that appears. In the window below the label “D Value” enter
the value of the diffusion coefficieptviz. “2.5e11".

2. In the window just belowhe label “Initial, @" enter the initial concentratierviz. “0”.

3. In the window the lies below “Surfaces’@nter the surface concentratiewiz. “0.1".

4. Then in the “Diffusion Time t” window enter the time in seconds; in 10 h there are (60 s/min)(60
min/h)(10 h) = 36,000-s-so enter the value “3.6e4".

5. Next, at the bottom of this window click on the button labeled “Add curve”.

6. On the right portion of the screen will appear a concentration profile for this particular diffusion
situation. A diamondshaped cursor will appear at the uppertefhd corner of the resulting curve. Click and drag
this cursor down the curve to the point at which the number below “Distance:” reads “1.00 mm”. Then read the

value under the “Concentration:”. Fdiig problem, this value (the solution to the problem) is 0.05 wt%.
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5.14 Consider a diffusion couple composed of two-g#mite solids of the same metal, and that each
side of the diffusion couple has a different concentration of the same elemegnitatyinfiurthermore, assume each
impurity level is constant throughout its side of the diffusion couple. For this situation, the solution to Fick's second

law (assuming that the diffusion coefficient for the impurity is independent of concentratiorfjllisves:

_E G B Cz'f..§x

C er '
X © 2 t© 2 i @Dt?

(5.15)

In this expression, when the x = 0 position is taken as the initial diffusion couple interface tiseth&impurity
concentration for x < 0; likewise, {ds the impurity content for x > 0.

A diffusion coupleomposed of two silvagold alloys is formed; these alloys have compositions of 98 wt%
Ag-2 wt% Au and 95 wt% A&-wt% Au. Determine the time this diffusion couple must be heated at 750°C (1023 K)
in order for the composition to be 2.5 wt% Au at theri® position into the 2 wt% Au side of the diffusion couple.
Preexponential and activation energy values for Au diffusion in Ag are:8l8™> mé/s and 202,100 J/mol,

respectively.

Solution

For this platinurrgold diffusion couple for which £= 5 wt% AuandC, = 2 wt% Au, we are asked to

determine the diffusion time at 730D tipat will give a composition of 2.5 wt% Au at the 5@ Position. Thusfor

this problem, Equation 5.1takes the form

% 2- & 2- %Bouwobm-
25 = erf
©2 t ©2 t @ 24Dt i

It now becomes necessary to compute the diffusion coefficient a€713023 K) given that D= 8.5 uLo® m?/s
andQy4 = 202,100 J/mol. From Equation 5.8 we have

§Q, -
D = Dyexp ~ —4
0P oRT ;

a C
= (8.5 U105 m?s) exp « 202100 J/mol )
= (8.31J/mol K)(1023K) 1

=4.03u10®m?s

Substitution of this value into the above equation leads to
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C
. . 6
o5 D 2 % Zierf « 50 u10 % m )

©2 * ©2 ©4/(4.03 u10 15 m?/s) () 2

This expression reduces to the followirgrh:

0.6667 = erfiz%gg;‘\/75
© t

T

Using data in Table 5.1, it is necessary to determine the valuéoofahich the error function is 0.6667 We use

linear interpolation as follows:

z erf (2
0.650 0.6420

y 0.6667
0.700 0.6778

y 0650 _ 0.6667 0.642C
0.700 0.650 0.6778 0.6420

from which

393.
y = 0.6844 = —?\/_S

Jt

And, solving fort gives

t=3.31ul®s=92h
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5.15 For a steel alloy it has been determined that a carburizing heat treatmenhafut@tion will raise
the carbon concentration to 0.45 wt% at a point 2.5 mm fiteensurface. Estimate the time necessary to achieve

the same concentration at a 5w position for an identical steel and at the same carburizing temperature.
Solution

This problem calls for an estimate of the time necessary to achieve a carbon concentration of 0.45 wt% at a

point 5.0 mm from the surface. From Equation 5.6b,

N
— = constant
Dt

But since the temperature is constant, so alBodsnstant, and

X
T = constant

or
2 2
x_ %
h b
Thus,
(2.5mm?2 _ (5.0mm)2
10h ts
from which
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Factors That Influence Diffusion
5.16 Cite the values of the diffusion coefficients for the interdiffusion of carbon in4oin (BCC) and
-iron (FCC) at 900°C. Which is larger? Explain why this is the case.
Solution

We are asked to compute the diffusion coefficients of C in baihdDiron at 900@. Using the data in

Table 5.2,

a C
Dp = (6.2 u107 m?/s) expe 80,000 J/md ,
S '(8.31J/mok- K)(1173 K) !

=1.69 u1010 m?/s

a C
D;= (2.3 u10® m%s) exp, 148000 J/md i
= (8.31J/mol- K)(1173 K) 1

=5.86 ul012m?s

The D for diffusion of C in BCCDiron is larger, the reason being that the atomic packing factor is smaller
than for FCC iton (0.68 versus 0.74—Section 3.4); this means that there is slightlyimenstitial void space in

the BCC Fe, and, therefore, the motion of the interstitial carbon atoms occurs more easily.
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5.17 Using the data in Table 5.2, compute the value of D for the diffusion of zinc in copper at 650°C.
Solution

Incorporating theppropriate data from Table 5.2 into Equation 5.8 leads to

a C
D = (2.4 u10® m?/s) exp 189,000 J/mol \
S (8.31J/mol-K)(650 273 K)

= 4.8 u1016méss

Note: this problem may also be solved using the “Diffusion” module in the Vad8#are. Open the “Diffusion”
module, click on the “D vs 1/T Plotudmodule, and then do the following:

1. In the lefthand window that appears, click on the “€n* pair under the “Diffusing SpeciesHost
Metal” headings.

2. Next, at the bottom of this window, click the “Add Curve” button.

3. A log D versus 1/T pt then appears, with a line for the temperature dependence of the diffusion
coefficient for Zn in Cu. Now under “Temp Range” in the boxes appearing below “T Max” change the temperature
to either “650” C or “923" K. At the top of this curve is a diamatdped cursor. Clicknddrag this cursor down
the line to the point at which the entry under the “Temperature (T):” label reads 923 K (inasmuch as this is the

Kelvin equivalent of 650°C). Finally, the diffusion coefficient value at this temperature is given under the label

“Diff Coeff (D):". For this problem, the value is 471016 mZs,
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5.18 At what temperature will the diffusion coefficient for the diffusion of copper in nickel have a value of

6.5 t10Y m?/s. Use the diffusion data in Table5.
Solution

Solving for Tfrom Equation 5.9a

Qq

T =
R(nD InDy)

and using the data from Table 5.2 for the diffusion of Cu in Ni @g= 2.7 ul0® mé/s andQy = 256,000 J/mol) ,

we get

256,000 J/mol
(8.31J/motK) B»(6.5 u10” m%s) In(2.7 u10® m?s) @

= 1152 K = 879

Note: thisproblem may also be solved using the “Diffusion” module in the Vst8f#vare. Open the “Diffusion”
module, click on the “D vs 1/T Plot” submodule, and then do the following:

1. In the lefthand window that appears, there is a preset set of data foalsgiffeision systems. Click on
the box for which Cu is the diffusing species and Ni is the host metal. Next, at the bottom of this window, click the
“Add Curve” button.

2. Alog D versus 1/T plot then appears, with a line for the temperature deperafethe diffusion

coefficient for Cu in Ni. At the top of this curve is a diamatdped cursor. Clicknddrag this cursor down the
line to the point at which the entry under the “Diff Coeff (D):” label reads 61517 m%s. The temperature at
which the diffusion coefficient has this value is given under the label “Temperature (T):". For this problem, the

value is 1153 K.
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5.19 The preexponential and activation energy for the diffusion of iron in cobalt are10iin’/s and

253,300 J/mol, respéively. At what temperature will the diffusion coefficient have a value of201* né/s?

Solution

For this problem we are given,1.1 u10®) and Q (253,300 J/mol) for the diffusion of Fe in Co, and

asked to compute the temperature at which2.1 u104 m?/s. Solving forT from Equation 5.9a yields

_ Qq
T= R(nD, InD)

_ 253,300 J/mol
(8.31J/mol-K) B»(1.1 u10® m%s) - In (2.1 u10* m¥s) |

=1518 K = 12453

Note: this problem may also be solved using the “Diffusion” module in the Vad8#are. Open the “Diffusion”
module, click on the “D vs 1/T Plot” submodule, and then do the following:

1. In the lefthand window that appears, click on the “CustorndX.

2. In the column on the rigliand side of this window enter the data for this problem. In the window
under “D0” enter preexponential valaeviz. “1.1e5”. Next just below the “@ window enter the activation
energy value-viz. “253.3". It is nextnecessary to specify a temperature range over which the data is to be plotted.
The temperature at whidh has the stipulated value is probably between 1000°C and 1500°C, so enter “1000” in the
“T Min” box that is beside “C”; and similarly for the maximutemperature—enter “1500” in the box below “T
Max”.

3. Next, at the bottom of this window, click the “Add Curve” button.

4. A log D versus 1/T plot then appears, with a line for the temperature dependence of the diffusion

coefficient for Fe in Co. Athe top of this curve is a diamosttaped cursor. Clicknddrag this cursor down the
line to the point at which the entry under the “Diff Coeff (D):" label reads @014 ms. The temperature at

which the diffusion coefficient has this value is given under the label “Temperature (T):". For this problem, the

value is 1519 K.
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5.20 The activation energy for the diffusion of carbon in chromium is 111,000 J/mol.

diffusion coefficient at 1100 K (82F), given that D at 1400 K (112€) is 6.25 v10™ né/s.

Solution
To solve this problem it first becomes necessary to solve férom Equation 5.8 as

& .

Do =D exp@{_l_j

111,000 J/mol
1J/mol- K)(1400 K) 1

a
= (6.25 u 10 /) eXP g3

=8.7 ul0’ m?s

Now, solving forD at 1100 K (again using Equation 5.8) gives

a (
D = (8.7 ul107 m?/s)exp« 111,000 J/mol ‘
= (8.31J/mol- K)(1100K) !

=4.6 ul02m¥s

Calculate the
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5.21The diffusion coefficients for iron in nickel are given at two temperatures:

T (K) D (nfls)
1273 9.4 x 101°
1473 2.4 x 10

(a) Determine the values ofy[and the activation energy Q

(b) What ighe magnitude of D at 1100°C (1373 K)?

Solution

(@) Using Equation 5.9a, we set up two simultaneous equationQyéhdD, as unknowns as follows:

8 -

InDl InDO &i
R@la

§
In D, InD0 &ii,
R@23

Now, solving forQy in terms of temperaturég; andT, (1273K and 147X) andD, andD,, (9.4 u10*®and 2.4u
101 m%s), we get

In D In D

_ 1 2
%= "1 1
L)

B»(9.4 u101) In(2.4 u1014)
= (8.31J/mol-K) 1 1

1273 K 1473 K

= 252,400 J/mol
Now, solving forD, from Equation 5.8 (and using the 1273 K valu®pf

5 -
Do = Dyexps—,

@BTla
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252400J/mol ¢
1J/mol- K)(1273 K) !

a
= (9.4 u1016 m2/s)ex
( ) p%s.s
=2.2 ul0° m?/s

(b) Using these values Bf, andQ, D at 1373K is just

a C
D = (2.2 u10® m?/s)exp« 252,400 J/mol ]
= (8.31 J/mok K)(1373 K) 1

=54 ul0¥®m¥s

Note: this problem may also be solved using the “Diffusion” module in the Vadd8®are. Open the “Diffusion”
module, click on the “D and Ql from Experimental Data” submodule, and then do the following:

1. In the lefthand window that appears, enter the two temperatures from the table in the book (viz. “1273”
and “1473", in the first two boxes under the columbelad “T (K)”. Next, enter the corresponding diffusion
coefficient values (viz. “9.46” and “2.4e14").

3. Next, at the bottom of this window, click the “Plot data” button.

4. Alog D versus 1/T plot then appears, with a line for the temperature dependence for this diffusion

system. At the top of this window are give values fgraRdQy; for this specific problem these values are 2uL7

10° m?/s and 252 kJ/mol, respectively
5. To solve the (b) part of the problem we utilize the diansiraped arsor that is located at the top of
the line on this plotClick-anddrag this cursor down the line to the point at which the entry under the “Temperature

(T):" label reads “1373". The value of the diffusion coefficient at this temperature is giventhedabel “Diff

Coeff (D):". For our problem, this value is 5uL0 15 m?s.
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5.22 The diffusion coefficients for silver in copper are given at two temperatures:

T(°C) D (nrls)
650 5.5x 10"
900 1.3 x 10"
(a) Determine the values ofjland Q.
(b) What is the magnitude of D at 875°C?

Solution

(a) Using Equation 5.9a, we set up two simultaneous equationQyahdD, as unknowns as follows:

8 -
InD1 InD0 &i
R@la

§, -

InD, InD, &i
R@zi

Solving for Q in terms of temperatures, Bnd T, (923K [650 €] and 117X [900 €]) and D, andD, (5.5 ul0

16 and 1.3u103 m?s), we get

InD InD

_ 1 2
Q = 1 1
T

(8.31 J/motK) B»(5.5 u10-16) In(1.3 u1019)
1 1
923K 1173K

= 196,700 J/mol

Now, solving forD, from Equation 5.8 (and using the 680vglue ofD)

D, =D exp&:
0 l @-Iii
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a (¢
= (5.5 u 106 m?/s)exp. 196700J/mol
18.313/mol- K)(923K) !

=7.5ul0° m?/s

(b) Using these values Bfy andQy, D at 1148K (875€) is just

a (
D = (7.5 u10® m%s)exp 196,700 J/mol ‘
= (8.31J/mol- K)(1148K) !

=8.3 ul04méss

Note: this problem may also be solved using the “Diffusion” module in the Vat8iare. Open the “Diffusion”
module, click on the “Dand Qi from Experimental Data” submodule, and then do the following:

1. In the lefthand window that appears, enter the two temperatures from the table in the book (converted
from degrees Celsius to Kelvins) (viz. “923” (650°C) and “1173” (900°C), in the first two boxes under the column
labeled “T (K)”. Next, enter the corresponding diffusion coefficient values (viz. “BS3@and “1.3e13").

3. Next, at the bottom of this window, click the “Plot data” buit

4. Alog D versus 1/T plot then appears, with a line for the temperature dependence for this diffusion

system. At the top of this window are give values fgraRdQy; for this specific problem these values are 765

10° m?/s and 196 kJ/mol, respectively
5. To solve the (b) part of the problem we utilize the diangiraped cursor that is located at the top of
the line on this plotClick-anddrag this cursor down the line to the point at which the entry under the “Temperature

(T):" label reads “1148" (i.e., 875°C). The value of the diffusion coefficient at this temperature is given under the

label “Diff Coeff (D):”. For our problem, this value is 8181014 m?s.
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5.23 Below is shown a plot of the logarithm (to the base 10) of the diffusion coefficient versus reciprocal
of the absolute temperature, for the diffusion of iron in chromium. Determine values for the activation energy and

preexponential.

Solution

This problem asks us to determine the valueQ pandD, for the diffusion of Fe in Cr from the plot of

log D versus 1IT. According to Equation 5.9b the slope of this plot is equal—é%‘TQ (rather than Q—R? since we

are using log rather than ID) and the intercept at T~ 0 gives the valuef log D,. The slope is equal to

' (log D) _ logD; log D,
g 11
g * LI

slope =

Taking 17, and 1T, as 0.65 103 and 0.60 103K, respectively, then the corresponding values pabdD,,

are 2.81u10%and 1.82u101®, as noted in the figure below.
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The values blog D, and logD, are-15.60 and-14.74, and therefore,

Qy = 2.3R(slope;

_ logD; log D,
Q4 = 23R 11
LLP
2 15.60 ( 14.79 ‘
= (2.3)(8.31 J/molK) : :

{065u103 0.60 u103) K L

= 329,000 J/mol

Rather than trying to make a graphical extrapolation to deterjpn@ more accurate value is obtained

analytically using Equation 5.9b taking a specific value of botanB T (from 1/T) from the plot given in the
problem; for example = 1.0 u101®m?s atT = 1626 K (1T = 0.615 u10> K1), Therefore

& .

Do =D exp@_l_j

329000J/mol
1J/mol- K)(1626K) 1

a
= (1.0 u1015 m?ss) exp%&3

=3.75 ul0® m?/s
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5.24 Carbon is allowed to diffuse through a steel plate 15 mm thick. The concentrations of carbon at the
two faces are 0.65 and 0.30 kg €/Fe, which are maintained constant. If the preexponential and activation
energy are 6.2u10" mé/s and 80,000 J/mol, respectively, compute the temperature at which the diffusion flux is
1.43 110° kg/nt-s.

Solution

Combining Equations 5.3 and 5.8 yields

3= DS

X
: 8§ .

= Do_Ce p- &
"X ©RT1
Solving forT from this expressiorehds to
eR 1t 8D,'C -
In~

© J'x 1

And incorporation of values provided in the problem statement yields

_ §0,000J/md - 1
®31J/mok-K * 6.2 u10 7 m?/s)(0.65kg/m* 0.30 kg/n?) °

&

S (@43u10%kgm?-9)(15 u103m) 1

=1044 K = 771Q@
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5.25 The steadgtate diffusion flux through a metal plate is 540"° kg/nf-s at a temperature of 72¢
(1000 K) and when the concentration gradientds0 kg/Ml. Calculate the diffusion flux at 10Z¥ (1300 K) for

the same concentration gradient and assuming an activation energy for diffusion of 125,000 J/mol.

Solution

In order to solve this problenwe must first compute the value of om the data given at 72C 1000

K); this requires the combining of both Equations 5.3 and 5.8 as

J=D £

X

' 8§
'X ©RT!

Solving forD, from the above expression gives
DA = liexp& .
0 cTTarT:
"X

&4 u1010 kg/mz-s'expa 125000J/mol
© 350 kg/m* 1" 48.31J/mol K)(1000K) 1

=5.26 u10® ms

The value othe diffusion flux at 1300 K may be computed using these same two equations as follows:

& . g .
J = DO_C exp“&‘
©@x1t @ERT!

a C
= (526 u108 m2/s)( 350 kginf) exp (22000 %mol -
€ (831 J/mol- K)(L300K) }

= 1.74 u108 kg/mP-s
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5.26 At approximately what temperature would a specimesdiroh have to be carburized fd h to

produce the same diffusion result as at gD@or 15 h?
Solution

To solve this problem it is necessary to employ Equation 5.7

Dt = constan

Which, for this problem, takes the form
Dgootgoo = Drtr

At 900 €, and using the data from Table 5.2, for the diffusion of carbaliron—i.e.,
Do = 2.3 ul0° m?/s
Qg4 = 148,000 J/mol

the diffusion coefficient is equal to

(

a
Dggo = (2.3 u10® m2/s)exp« 148000 J/mol :
- (8.31J/mol- K)(900 273 K)

=5.9 U102 m?/s
Thus, from the above equation
(5.9 u1012 m2/s) (15 h) = Dr(2 h)
And, solving forD

_ (5.9 u10™? m?/s)(15h)
2h

Dt = 4.43 u10 m?/s

Now, solving forT from Equation 5.9a gives

Qq
R(nD; InD,)
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148,000 J/mol
(8.31 I/mot K) Br(4.43 u10 m?/s)  In (2.3 u10® m¥s) @

=1353K=1080G
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5.27 (a) Calculate the diffusion coefficient for copper in aluminum at 500°C.
(b) What time will be required at 600°C to produce the same diffusion result (in terms of concentration at a
specific point) as for 10 h at 500°C?

Solution

(a) We are asked to calculate the diffusion coefficient for Cu in Al afi0@sing the data in ée 5.2
and Equation 5.8

§ :
D = Dyexp” &
©RT

C

a
= (6.5 u 105 m%s)exp« 136000 J/mol }
- (8.31J/mol- K)(500 273 K)

= 4.15 u10 4 m?s

(b) This portion of the problem calls for the time required at 60 groduce the same diffusion result as
for 10 h at 500@ Equation 5.7 is employed as

Dsootsoo = Dsooteoo
Now, from Equation 5.8 the value of the diffusion coefficient at 608 galculated as

C

a
Deoo = (6.5 u10° m%s)exp« 136,000 J/mol )
- (8.31J/mol- K)(600 273K) 1

= 4.69 u10 13 m?/s

Thus,
_ Dsoots00

ts00
Dsoo

_ (415 u10 ¥ m?/s) (10h) _

0.88
(4.69 u10 13m2/s)
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5.28 A coppenickel diffusion couplaimilar to that shown in Figure 5.1a is fashioned. After a F00-
heat treatment at 1108 (1373 K) the concentration of Cu is 2.5 wt% at therBrB-position within the nickel. At
what temperature must the diffusion couple need to be heated to produce this same concentration (i.e., 2.5 wt% Cu)
at a 2.0mm position after 700 h? The preexponential and activation energy for the diffusion of Cu in Ni are given
in Table 5.2.

Solution

In order to determine the temperature to which the diffusion couple beuseated so as to produce a
concentration of 2.5 wt% Ni at the 2n@m position, we must first utilize Equation 5.6b with titrieing a constant.
That is

.
Z_ = constant
D
Or
2 2
X100 - *T
D1100 T

Now, solving for B from this equation, yiekl

2
D.. = X7 P1100
T 2
%1100

and incorporating the temperature dependence;gffutilizing Equation (5.8), realizing that for the diffusion of
Cuin Ni (Table 5.2)

Dy = 2.7 u10° m?/s

Q4 = 256,000 J/mol

then

§Q °

a
2
T Lo®P T

DT:

2
X1100

(o]

y 5
(2 mm)2 §2.7 u10 5m2/s)exp : 256000 J/mol >
. © (8.31J/mol- K)(1373K) 3

(3 mm)?2
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=2.16 ul0 5 m?s

We now need to find the &t which Dhas this value. This is accomplished by rearranging Equation 5.9a and

solving forT as

T = R
R(InD, InD)

_ 256,000 J/mol
(8.31 J/mokK) B»(2.7 u10® m%s) In(2.16 u 1015 m?/s)

= 1325 K = 1052Q)
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5.29 A diffusion couple simildo that shown in Figure 5.1a is prepared using two hypothetical metals A
and B. After a 30t heat treatment at 1000 K (and subsequently cooling to room temperature) the concentration of
A in B is 3.2 wt% at the 1515m position within metal B. If anothkeat treatment is conducted on an identical
diffusion couple, only at 800 K for 30 h, at what position will the composition be 3.2 wt% A? Assume that the

preexponential and activation energy for the diffusion coefficient are @B° m’/s and 152,000 /dhol,

respectively.
Solution

In order to determine the position within the diffusion couple at which the concentration of A in B is 3.2

wt%, we must employ Equation 5.6b witbonstant. That is

2
— = constant
D

Or
2 2
X300 _ *1000
Dgoo  P1ooo

It is first necessary to compute values for Hogh,andD,oyq this is accomplished using Equation 5.8 as follows:

C

a
Daoo = (L8 u10% m2s) exp  —ro2000%/mol
< (8-313/mol- K)(800K)

=212 u105m?s

a (
Di1ooo = (1.8 ul0® mz/s) exp « 152,000 J/mol ‘
= (8.31J/mol- K)(1000K) !

=2.05ul0 13 m?/s

Now, solving the above expression fgg,, yields

Dgoo
D1000

X800 = *100
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2.12 u10 13 m2/s
2.05 u10 13 m2/s

:a55mmv

=1.6 mm
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5.30 The outer surface of a steel gear is to be hardened by increasing its carbon content. The carbon is to
be supplied from an external carboich atmosphere, which is maintained at davated temperature. A diffusion
heat treatment at 85 (1123 K) for 10 min increases the carbon concentration to 0.90 wt% at a position 1.0 mm
below the surface. Estimate the diffusion time required a®%®23 K) to achieve this same concentratisoat
a 1.0mm position. Assume that the surface carbon content is the same for both heat treatments, which is

maintained constant. Use the diffusion data in Table 5.2 for C diffusid®&
Solution

In order to compute the diffusion time at 660tg produce a carbon concentration of 0.90 wt% at a

position 1.0 mm below the surface we must employ Equation 5.6b with pgsiticonstant; that is
Dt = constant

Or

Dgsotgso = Desoteso

In addition, it is necessary to compute values for bgth andDgg using Equation 5.8. From Table 5.2, for the
diffusion of C in DFe,Q, = 80,000 J/mol an®, = 6.2 ul0’ mé/s. Therefore,

C

a
D850 = (62 u 107 mZ/S) exp « 80’0003/m0| 3
€ (8.31J/mok-K)(850 273 K) i

=1.17 u100m?s

(

a
Deso = (6.2 U107 m2/s)exp 80,000 J/mol :
$8.313/mol-K)(650 273 K) !

=1.83 ul0 1l m?s

Now, solving the original equation ft§-,gives

_ Dgsolgso

ts50
Des0
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_ (1.17 u 10 10 m%/s) (10 min)
1.83 u10 11m2/s

=63.9 min

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of thisabitkatbgermitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



5.31 An FCC irorcarbon alloy initially containing 0.20 wt% C is carburized at an elevated temperature
and in an atmosphere wherein the surface carbon concentration is maintained at 1.0 wt%. If after 49.5 h the
concentration of carbon is 8 wt% at a position 4.0 mm below the surface, determine the temperature at which the

treatment was carried out.
Solution

This problem asks us to compute the temperature at which a nonstatsd$9.5 h diffusion anneal was
carried out in order to give a carbon concentration of 0.35 wt% C in FCC Fe at a position 4.0 mm below the surface.

From Equation 5.5

8§ .
C, Cy _ 0.35 0.20 — 041875= 1 erf :
Cs Cg 1.0 0.20 @4/ Dt i
Or
8 x

= 0.812
1

erf @\/T

Now it becomes necessary, using the data in Table 5.1 and linear interpolation, to detexnaiaet ofﬁ.

Thus

z erf (z)
0.90 0.7970
y 0.8125
0.95 0.8209

y 090 _ 08125 0.797C
095 090 0.8209 0.7970

From which
y=0.9324

Thus,
X

2,/Dt

= 0.932¢

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of thisabitkatbgermitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



And sincet = 49.5 h (178,200 s) and= 4.0 mm (4.0u10'3 m), solving for Dfrom the above equation yields

X2

D= ———
(41)(0.9324)2

(4.0 u10 3 m)2

= = 2,58 u10 m?/s
(4)(1782009)(0.869)

Now, in order to determine the temperature at wtichas the above value, we must employ Equation 5.9a;

solving this equation fof yields

T :L
R(InD, InD)

From Table &, D, andQy for the diffusion of C in FCC Fe are 2.316° m%/s and 148,000 J/mol, respectively.
Therefore

T = 148,000 J/mol
(8.31 J/mot K) B»(2.3 u10® m?/s) - In(2.58 u 10t m?/s)

= 1300 K = 1027Q)
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Diffusion in Semiconducting Materials

5.32 Phosphorus atoms are to be diffused into a silicon wafer using both predeposition asil okeve
treatments; the background concentration of P in this silicon material is known to d0% atoms/m. The
predeposition treatment is to be conducted at 950°C for 45 minutes; the surface concentration of P is to be
maintained at a constant level of 1807 atoms/m. Drive-in diffusion will be carried out at 1200°C for a period
of 2.5 h. For the ditfsion of P in Si, values ofs@nd D, are 3.40 eV and 1.1/10* n/s, respectively.

(a) Calculate the value of

(b) Determine the value of for the drivein diffusion treatment.

(c) Also for the driven treatment, compute the position x at which the concentration of P atonfé is 10

Solution

(@) For this portion of the problem we are asked to determine the valug ofl@s is possible using
Equation 5.12. However, it is first necessary to determine the valdoofthe predepositiotreatmentlpp atTp =

950°C (1223 K)] using Equation 5.8. Thus

a C
(1.1 ul04 m?/s)exp« 3.40 ev N
- (8.62 u10° eV/atom K)(1223 K)1

1.08 u 1018 m2/s

The value ofQ, may be determined as follows:

D t
2C 4|—PP
QO S S

(915 u10% atoms/m3)\/ (L.08 u 10 ¥ m?/5)(45 min)(80 s/min)
s

= 9.14 u 108 atomym?

(b) Computation of the junction depth requires that we use Equation 5.13. However, before this is
possible it is necessary to calculxat the temperature of the drivetreatmentD  at 1200°C (1473 K)]. Thus,
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a C
Dy @L1ul0* m?/s)expc 3.40 eV .
- (8.62 u10° eV/atom K)(1473 K) 1

258 u1016 m?/s
Now from Equation 5.13

a a/2
§ .
. Q »

X, €4Dgty)Ini—~0
: g @B’\j S|Ddtd w,

/2
° a 8 2 ot
@)(2.58 u 10 16 M2/9(9000 §) In< 9.14 u10'® atoms'm s

45 u10'° atoms'm3)4/(9(2.58 u 10 16 m?/5)(9000 ) %}

121 ul0° m 12.1 Bn

(c) For a concentration of 4HP atoms/mfor the drivein treatment, we compute the value ofising
Equation 5.11. However, it is first necessary to manipulate Equation 5.11 soish#iexdependent variable.

Taking natural logarithms of both sides leads to

§ ‘ 2
nCcixt) Ini_ X

Now, rearranging and solving faleads to

a 01}2/2

° QO

@Dt ) In«—0 5,

< £(X, 1) Dyty ’?96

Now, incorporating values fa@, and D, determined above and taki@{x,t) = 10** P atoms/myields

a

o o 2
x  @)(2.58 u 10 16)(9000 In « 9.14 u 10%0 Yy
- 410%%)4/( 9(2.58 u 10 16)(9000
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336 U10® m 3.36 Pn
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5.33 Aluminum atoms are to be diffused into a silicon wafer using both predeposition arith thead
treatments; the background conamtion of Al in this silicon material is known to be 810" atoms/m. The
drive-in diffusion treatment is to be carried out at 1050°C for a period of 4.0 h, which gives a junction jdefpth x
3.0 A. Compute the predeposition diffusion time at 950tkeiurface concentration is maintained at a constant
level of 2 ¢10% atoms/m. For the diffusion of Al in Si, values of;@nd D, are 3.41 eV and 1.38/10* n/s,

respectively.

Solution

This problem asks that we compute the time for the predepositat treatment for the diffusion of Al in
Si. In order to do this it is necessary to determine the valug 6@ Equation 5.13. However, before doing this

we must first calculat® ;, using Equation 5.8. Therefore

a C
(1.38 U104 m?/s) exp« 341 ev .
(862 U105 eViatom K)1050G 273 K)

1.43 u10Y m?/s

Now, solving for Q in Equation 5.13 leads to

8 X%
Q Cpral Dyt exp- :
0 B d'd 4Dty -

In the problem statement we are given the following values:

Cg=3 u10' atoms/mi
ty=4h (14,400 s)
X =3.0 fn=3.0 ul0®m

Therefoe, incorporating these values into the above equation yields

(

(3.0 U106 m)? ‘
4)(1.43 u 10 17 m?/s)(14,400 s) 1

Q, (Pu10® atomgm3)+/(9(1.43 u10 Y7 m2/s)(14,400 ) @:{
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1.34 u 10'8 atomym?

We may now compute the value (BfLIsing Equation 5.12. However, before this is possible it is necessary to

determiner (at 950°C) using Equiain 5.8. Thus

a C
D, (L38 ul0% m2/s)exp« 3.41 eV ;
P - (8.62 u10° eV/atom K)(950¢ 273 K) i

1.24 u1018 m2/s

Now, solving for 5 in Equation 5.12 we get

G,
P 4acip,

And incorporating the value of @rovided in the problem statement (2.06° atoms/mi) as well as values for Q

ande determined above, leads to

2
S1.34 u 10'8 atoms/m?

2
(4) 2 u10%® atomgm® “(1.24 u 1018 m2/s)

2.84 Uul0® s  47.4 min
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DESIGN PROBLEMS

Steady-State Diffusion

5.D1 Itis desired to enrich the partial pressure of hydrogen in a hydratteogen gas mixture for which
the partial pressures of both gases are 0.1013 MPa (1 atm). It has been proposed to accomplish this by passing
both gases through a thin sheet of some metal at an elevated temperature; inasmuch as hydrogen diffuses through
the plate at a higher rate than does nitrogen, the papgiaksure of hydrogen will be higher on the exit side of the

sheet. The design calls for partial pressures of 0.0709 MPa (0.7 atm) and 0.02026 MPa (0.2 atm), respectively, for
hydrogen and nitrogen. The concentrations of hydrogen and nitroggraii@ G, in mol/n?) in this metal are
functions of gas partial pressureq_(é)and N, in MPa) and absolute temperature and are given by the following

expressions:

§ 27.8 kJ/mol

C 2.5 u 103 ex _— 5.16a
H Pr, &XP © RT : ( )
§ 37.6 kJ/mol:

3 x
Cn 2.75 u 10 °,/pn, €Xp TRT (5.16b)

Furthermore, the diffusion coeffents for the diffusion of these gases in this metal are functions of the absolute

temperature as follows:

§ 13.4 kJ/mol-
Dy(m?/s) 1.4 u10 "exp” =" — 5.17a
H (M=/s) p© RT . ( )
§ 76.15 kJ/mol
Dy(M2/s) 3.0 u10 7exp” ———— — 5.17b
n (M</s) IO© RT , ( )

Is it possible to purify hydrogen gas in this manner? |If so, specify a temperature at which the process may be
carried out, and also the thickness of metal sheet that would be required. If this procedure is not possible, then state

the reason(s) why.

Solution

This problem calls for us to ascertain whether or not a hydrogergen gas mixture may be enriched
with respect to hydrogen partial pressure by allowing the gases to diffuse through a metal sheet at an elevated
temperature. If this is possible, the temperature and sheet thickness are to be specified; if such is not possible, then
we are to state the reasons why. Since this situation involves -stagediffusion, we employ Fick's first law,
Equation 5.3. Inasmuch as the partial pressures on theteghure side of the sheet are the same, and the pressure

of hydrogen on the low pressure side is 3.5 times that of nitrogen, and concentrations are proportional to the square
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root of the partial pressure, the diffusion flux of hydroggnisithe square root of 3.5 times the diffusion flux of

nitrogenJdy--i.e.

Iy 4353y

Thus, equating the Fick's law expressions incorporating the given equations for the diffusion coefficients and

concentrations in terms of partial pressures leads to the following

I
1
-— u
X
§ - § -
(2.5 u10®) 4/0.1013MPa ,/0.0709MPa exp" 27.8kJ (1.4 u10 "m2/s)exp” 134k
© RT 1 © RT 1
353y
435
'_ u
X
8§ - 8§ -
(2.75 u10®) /0.1013MPa  4/0.02026MPa exp" 37.6KJ (3.0 u10 "m2/s)exp” 76.15kJ
© RT 1 © RT 1

The 'X's cancel out, which means that the process is independent of sheet thickness. Now solving the above

expression for the absolute temperafliggves

T=23237 K

which value is extremelfigh (surely above the melting point of the metal). Thus, such a diffusion process is

possible
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5.D2 A gas mixture is found to contain two diatomic A and B species for which the partial pressures of
both are 0.05065 MPa (0.5 atm). This mixtwged be enriched in the partial pressure of the A species by passing
both gases through a thin sheet of some metal at an elevated temperature. The resulting enriched mixture is to have
a partial pressure of 0.02026 MPa (0.2 atm) for gas A, and 0.01013(MPatm) for gas B. The concentrations of
A and B (G and G, in mol/nf) are functions of gas partial pressuresA&oand B in MPa) and absolute

temperature according to the following expressions:

§ 25.0 kJ/mol
Ca 200,/pa, exp o RT (5.18a)
§ 30.0 kJ/mol-
CB 1.0 ulo 31”)82 exp ©T . (518b)

Furthermore, the diffusion coefficients for the diffusion of these gases in the metal are functions of the absolute

temperature as follows:
§ 15.0 kJ/mol

Da (M2 /s 4.0 u 10 "ex
Al ) p© RT

(5.19a)

§ 24.0 kd/mol-

Dg (M2 /s 2.5 u 10 %ex
g(M=/s) p BT

(5.19b)

Is it possible to purify the A gas this manner? If so, specify a temperature at which the process may be carried
out, and also the thickness of metal sheet that would be required. If this procedure is not possible, then state the

reason(s) why.

Solution

This problem calls for us to eartain whether or not an,AB, gas mixture may be enriched with respect to

the A partial pressure by allowing the gases to diffuse through a metal sheet at an elevated temperature. If this is
possible, the temperature and sheet thickness are to bdespedifsuch is not possible, then we are to state the

reasons why. Since this situation involves stestdie diffusion, we employ Fick's first law, Equation 5.3.
Inasmuch as the partial pressures on the prglisure side of the sheet are the sanwettapressure of fon the

low pressure side is 2.0 times that of, Bnd concentrations are proportional to the square root of the partial
pressure, the diffusion flux of A, is the square root of 2.0 times the diffusion flux of nitrogigni.e.

Jp = /2035

Thus, equating the Fick's law expressions incorporating the given equations for the diffusion coefficients and

concentrations in terms of partial pressures leads to the following
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Ia

1
= —u
X

§ .
4.0 ul0 7 m?/s)exp” 15.0kJ
© RT

8 25.0kJ -(

(200) {0.05065MPa  {/0.02026MPa exp” ==

203,

§24.0 kJ -
© RT ¢

3300 kJ (2.5 u10 6m2/s)exp

1.0 u1c® 0.05065MP 0.01013MP -
(1.0 u1c®) 4 a 4 aexp = |

The 'x's cancel out, which means that the process is independent of sheet thickness. Now solving the above

expression for the absolute temperafliggves
T=401K (128@)

Thus, it is possible to carry out this procedure at 401 K ord.28 q
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NonsteadyState Diffusion

5.D3 The wear resistance of a steel shaft is to be improved by hardening its surface. This is to be
accomplished by increasing the nitrogen content within an outer surface layer as a result of nitrogen diffusion into
the steel. The nitrogeis to be supplied from an external nitrogéch gas at an elevated and constant
temperature. The initial nitrogen content of the steel is 0.002 wt%, whereas the surface concentration is to be
maintained at 0.50 wt%. For this treatment to be effectivétragen content of 0.10 wt% must be established at a
position 0.40 mm below the surface. Specify appropriate heat treatments in terms of temperature and time for
temperatures between 485 and 625¢. The preexponential and activation energy for thiaisiibn of nitrogen in

iron are 3 t10" n/s and 76,150 J/mol, respectively, over this temperature range.
Solution

This is a nonsteadstate diffusion situation; thus, it is necessary to employ Equation 5.5, utilizing the

following values for the concération parameters:

C,=0.002 wt% N
Cy=0.50 wt% N
C,=0.10 wt% N

Therefore
Cy Co _ 0.10 0.002
Cs Cp, 0.50 0.002
§ x -
=0.1968=1 erf*™
@4/Dt ?
And thus
1 0.1968=0.8032= erf > X"
' ' @Dt *

Using linear interpolation and the data presented in Table 5.1
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z erf (2)
0.9000 0.7970

y 0.8032
0.9500 0.8209
0.8032 0.7970 _ y 0.9000

0.8209 0.7970  0.9500 0.9000

From which

y =~ _ = 0.913(

24/Dt

The problem stipulates that= 0.40 mm = 4.0u10% m. Therefore

4
40uld™m _ g5

24/Dt

Which leads to

Dt = 4.80 u10°® m?

Furthermore, the diffusion coeffamt depends on temperature according to Equation 5.8; and, as stipulated in the
problem statemenb, = 3 ul0’ més andQ4 = 76,150 J/mol. Hence

Dt = Dyexp> 24 (1) = 4.80 u10® m?
©RT?

o]

a
76,150 J/mol g) 480108 m?
A

(3.0 U107 m/s)exp
= (8.31J/mol- K)(T)

And solving for the time

. 0.160
tins) = —¢ 91637
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Thus, the required diffusion time may be computed for some specified temperature (in K). Below are tabulated t

values for three different temperatures that lie within the range stipulated in the problem.

Temperature Time
(€) s h
500 22,500 6.3
550 11,000 3.1
600 5800 1.6
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Diffusion in Semiconducting Materials

5.D4 One integrated circuit design calls for the diffusion of arsenic into silicon wafers; the background
concentration of As in Si is 2.510°° atoms/m. The predeposition heat treatment is to be conducted at 1000°C for
45 minutes, with a constant surface concentration @f18° As atoms/rh At a drivein treatment temperature of
1100°C, determine the diffusion time required for a junction depth offh.2For this system, values of @nd Dy
are 4.10 eV and 2.2910° n'/s, respectively.

Solution

This problem asks that we compute the diivaiffusion timefor arsenic diffusion in silicon. It is first
necessary to determine the value gfuling Equation 5.12. But before this is possible, the valuepcﬁt[l000°C

must be computed with the aid of Equation 5.8. Thus,

a C

. u m</s) exp« p
229 U103 m? 4.10 eV

- (8.62 u 10 ® eV/atom K)(1000G 273 K)1

1.36 u10 19 m?/s

Now for the computation d@, using Equation 5.12:

(1.36 u 10 19 m2/s)(45 min(60 s/min)
S

(2(8 u10? atoms/rﬁ")\/

1.73 u 109 atoms/n?

We now desire to calculatgin Equation 5.13. Algebraic manipulation and rearrangement of this expression leads

to
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8§ x2 - Q

j
exp- JR—
@Pdla 2 Cgy Pyly

At this point it is necessary to detgine the value oD, (at 1100°C). Thus

2 (
Dy (2.29 u 10 3 m?/s)exp« 4.10 eV }
- (8.62 u10°® eV/atom K)(1100G 273 K) !

2.06 u10 18 m?/s
And incorporation of values of all parameters extgpt the above expression yields

a (o]

(1.2 u10% m)? 1.73 u 10 atoms/n?
< »
{4)(2.06 u10 B M9ty ¥4 (2.5 u 10?0 atoms/n?)/( 9(2.06 u 10 18 m¥/s)t

exp

which expression reduces to

§75 0105 s 272 u107 sV2
exp

© ty i \/ﬂ

Solving for {; is not a simple matter. One possibility is to use a graphing technique. Let us take the logarithm of

both sides of the above equation, which gives

L75u1 s $.72 u107 sv2-

td © ﬁ 1

Now if we plot the terms on both left and right hand sides of this equation vgrsies value of tat the point of

intersection of the two resulting curves is correct answer. Below is such a plot:
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As noted, the two curves intersect at about 13,900 s, which correspages3tg6 h.
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we Y
A

For staticequilibrium in thex' direction the following condition must be met:

Fx‘ =0
which means that
PO PcosT=0
Or that
P'= Pcos1

Now it is possible to write an expression for the str&m terms of P'andA' using the above expression and the

relationship betweeA andA' [Figure (a)]:

1]

v=FC¢
AC
_ PcosT:ECOSZ_I
A A
cosT

However, it is the case th&/A = \] and, after making this substitution into the above expression, we ha
Equation 6.4athat is

V= Veod T
Now, for static equilibrium in thg' direction, it is necessary that

FyC): 0

= VO+ Psin1
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Or
V' =PsinT

We now write an expression fohas

ToSRAS
AC

And, substitution of the above equation Yéiand also the expression fargives

VC

AC

_PsinT
A
cosT

Esin TcosT
A

= VsinTcosT

which is just Equation 6.4b.
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6.2 (a)Equations 6.4a and &b are expressions for normal¢ DQG VKHDU 2« VWUHVVHV UH
IXQFWLRQ RI WKH DSSOLHG WHQVLOH VWUHVV 1 DQG WKH LQFOLQDWLR
of Figure 6.4). Make a plot on which is presented the orientation parameters of these expressions (i.eD @&

VLQ FRV YHUVXV
(b) From this plot, at what angle of inclination is the normal stress a maximum?

(c) Also, at what inclination angle is the shear stress a maximum?

Solution

(a) Below are plotted curves of @O'E(for V) and sin dos T(for Wversus T.

(b) The maximum normal stress occurs at an inclination angle of 0 g

(c) The maximum shear stress occurs at an inclination angle .of 45 q

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright ovemétiis unl



Stress-Strain Behavior

6.3 A specimen of alumim having a rectangular cross section 10 nuh2.7 mm (0.4 in.z0.5 in.) is

pulled in tension with 35,500 N (800Q)lforce, producing only elastic deformation. Calculate the resulting strain.
Solution

This problem calls for us to calculate thesgila strain that results for an aluminum specimen stressed in
tension. The crossectional area is just (10 mm)12.7 mm) = 127 mih(= 1.27 W04 m2 = 0.20 in?); also, the
elastic modulus for Al is given in Table 6.1 as 69 GPa (or 9° N/mz). Cambining Equations 6.1 and 6.5 and

solving for the strain yields

V_ F 35,500 N

= 4.1 ul03

E_ AE  (L27 ul0 *m2)(69 u10® N/m?)
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6.4 A cylindrical specimen of a titanium alloy having an elastic modulus of 107 GPa {16 %si) and
an original diameter of 3.8 mm (0.15 in.) will experience only elastic deformation when a tensile load of 2000 N
(450 Ib) is applied. Compute the maximum length of the specimen before deformation if the maximum allowable

elongation is 0.42 mm (0.0165 in.).

Solution
We are asked to compute the maximum length of a cylindrical titanium alloy specimen (before

deformation) that is deformed elastically in tension. For a cylindrical specimen

&,
o= S5,

whered, is the original diameter. Combining Equations 6.1, 6.2, and 6.5 and solvideadsto

&, ?
1 ES=Q , 2
EE= e 1 _ | ESd0

|
F F 4F
)

|| _ || R 1
E

_ (0.42 u10 3m)(107 u10°N/m?) (9(3.8 ul0 3m)2
- (4)(2000 N)

=0.255 m = 255 mm (10.0 in.)
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6.5 A steel bar 100 mm (4.0 in.) long and having a square cross section 20 mm (0.8 in.) on an edge is
pulled in tension with a load of 89,000 N (20,00§),lland experiaces an elongation of 0.10 mm (407 in.).

Assuming that the deformation is entirely elastic, calculate the elastic modulus of the steel.

Solution
This problem asks us to compute the elastic modulus of steel. For a squasectiossA, = tg where

by is the edge length. Combining Equations 6.1, 6.2, and 6.5 and solvigléads to

_ (89,000 N)(100 u10 3m)
(20 u10 3m)?(0.10 u10 3m)

=223 u10® N/m2 = 223 GPa (31.3110f psi)
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6.6 Consider a cylindrical titanium wér3.0 mm (0.12 in.) in diameter and 2.A0* mm (1000 in.) long.

Calculate its elongation when a load of 500 N (112 ikbapplied. Assume that the deformation is totally elastic.

Solution

In order to compute the elongation of the Ti wire when 388 N load is applied we must employ

Equation V DQG | &@RdOedlizipgl thaRfor TE: = 107 GPa (15.51106 psi) (Table 6.1),
IF IF 414F
1= lgH= 'o%/: EOAO: > ;2
8, E
ES-Q 0
@1
(4)(25 m)(500 N)

=0.0165m =16.5mm (0.65in.)

(107 u10°N/m2)( (3 u10 3m)2
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6.7 For a bronze alloy, the stress at which plastic deformation begins is 275 MPa (40,000 psi), and the
modulus of elasticity is 115 GPa (16.0° psi).

(a) What is the maximum load that may be applied to a specimen with asegigmal area of 325 nfm
(0.5 in?) without plastic deformation?

(b) If the original specimen length is 115 mm (4.5,imhat is the maximum length to which it may be

stretched without causing plastic deformation?

Solution
(&) This portion of the problem calls for a determination of the maximum load that can be applied without

plastic deformationF(y). Taking the y&ld strength to be 275 MPa, and employment of Equation 6.1 leads to

Fy = LA = (275 u10% N/m?)(325 u10® m?)

=89,375N (20,000 Jp

(b) The maximum length to which the sample may be deformed without plastic deformation is determined

from Equations 6.2 and 6.5 as
V.
. = | § —
i 0 o E:

(o]

a
- smmya —2PMPa 15 28 mm(4.51in)
-~ 115 ul0®MPal,
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6.8 A cylindrical rod of copper (E = 110 GPa, 16L0° psi) having a yield strength of 240 MPa (35,000
psi) is to be subjected to a load of 6660 N (15QP I the length of the rod is 380 mm (15.0,imhat must be the

diameter to allow an elongation of 0.50 mm (0.020 in.)?

Solution
This problem asks us to compute the diameter of a cylindrical specimen of copper in order to allow an

elongation of 0.50 mm. Employing Equations 6.1, 6.2, and 6.8masg that deformation is entirely elastic

F F J
V=—=—_ =

ooglE b
o 1

Or, solving ford,

415F
d:/ 0
0 <=

_ (4)(380 u10 3m) (6660 N)
(9(110 u10° N/m?)(0.50 u10 3m)

=7.65u103m = 7.65 mm (0.30 in.)
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6.9 Compute the elastic moduli for the following metal alloys, whose -strags behaviors may be
observed in the “Tensile Tests” module of Virtual Materials Science and Engineering (VMSE): (a) titanium, (b)
tempered steel, (c) aluminum, and (d) carbon steel. How do these values compare with those presented in Table 6.1

for the same metals?

Solution

The elastic modulus is the slope in the linear elastic region (Equation 6.10) as

el V. % Y
'H B K
Since stresstrain curves for all of the metals/alloys pass through the origin, we makefaké® and H= 0.

Determinations of vand H are possible by moving the cursor to some arbitrary point in the linear region of the

curve and then reading corresponding values in the “Stress” and “Strain” windows that are located below the plot.

(@) Fo the titanium alloy, we selected, = 404.2 MPa with its correspondinig = 0.0038. Therefore,

V, M 4042 MPa 0 MPa
H H 0.0038 O

E = 106400 MPa  106.4 GPa

The elastic modulus for titanium given in Table 6.1 is 107 GPa, which is in very good agreement with this

value.

(b) For the tempred steel, we selected = 962.2 MPa with its corresponding = 0.0047. Therefore,

V, '\, 9622MPa 0 MPa
H o 0.0047 0

E = 204700 MPa  204.7 GPa
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The elastic modulus for steel given in Table 6.1 is 207 GPa, which is in reasonably good agreement with

this value.

(c) For the aluminum, we selectdd = 145.1 MPa with its correspondirlg = 0.0021. Therefore,

v
E= 2 M 1451MPa O MPa 49,00 \pa  69.1GPs

H oo 0.0021 0

The elastic modulus for aluminum given in Table 6.1 is 69 GPa, which is in excellent agreement with this

value.
(d) For the carbon steel, we selectgd= 129 MPa with its corresponding = 0.0006. Therefore,
E-_2 M 129MPa O MPa .50 \pa 215 GPa
H H 0.0006 O
The elastic modulus for steel given in Table 6.1 is 207 GPa, which is in reasonable agreement with this
value.
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6.10 Consider a cylindrical specimen of a steel alleigijre 6.21) 10.0 mm (0.39 in.) in diameter and 75

mm (3.0 in.) long that is pulled in tension. Determine its elongation when a load of 20,000 N (4,E0a@dplied.

Solution

7KLY SUREOHP DVNV WKDW Z HoffaBaeEinied DBEH they d€relsstdein Benha ool R Q
which is shown in Figure 6.21. First it becomes necessary to compute the stress when a load of 20,000 N is applied

using Equation 6.1 as

vet - F - 200N . 555wmpa (37,700 psi
oo 8 c10.0 u103m
e 1 © 2 i

Referring to Figure 6.21, at this stress level we arbdretastic region on the strestsain curve, which corresponds

to a strain of 0.0012. Now, utilization of Equation 6.2 to compute the valtle of

"I = Hy = (0.0012)(75mm) = 0.090 mm(0.0036 in.
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6.11 Figure 6.22 shows, for a gray cast iron, the tensile engineering-sthess curve in the elastic
region. Determine (a) the tangent modulus at 10.3 MPa (1500 psi), and (b) the secant modulus taken to 6.9 MPa

(1000 ps.

Solution
(&) This portion of the problem asks that the tangent modulus be determined for the gray cast iron, the
stressstrain behavior of which is shown in Figure 6.22. In the figure below is shown a tangent draw on the curve at

a stress of 10.B1Pa (1500 psi).

7KH VORSH RI WK'Ihih©tar@eht nioddlus, is computed as follows:

_V _ 15MPa SMPa _ 10 Mpa= 1.41 GPa (2.04u 105 psi)

"H 0.0074 0.0003

(b) The secant modulus taken from the origin is calculated by taking the slope of a secant drawn from the

origin through the stresstrain curveat 6.9 MPa (1,000 psi). This secant is drawn on the curve shown below:
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7KH VORSH RI WK'Ilih®©decant madis, is computed as follows:

_V _ 15MPa OMPa _ 414, \mpa= 3.19 GPa (4.63u 10° psi)
H 0.0047 0
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6.12 As noted in Section 3.15, for single crystals of some substances, the physical properties are
anisotropic; that is, they are dependent on crystallographic direction. One such property is the modulus of

elasticity. For cubic single crystals, the modulus of elasticity in a general [uvw] directign, i€ described by the

relationship
1 1 51 1
3 .DBE B} P
Eow Eiog &9 Euaip s
where E<100> and E<11]> are the moduli of elasticity inlp0] and[111] directions, respectively; . DQG DUH WKl

cosines of the angles betweawy] and the respectivelp0], [010], and PO1] directions. Verify that theE 44

values for aluminum, copper, and iron in Table 3.3 are correct.

Solution
We are asked, using the etjaa given in the problem statement, to verify that the modulus of elasticity
values along [110] directions given in Table 3.3 for aluminum, copper, and iron are correct., Bhand J
parameters in the equation correspond, respectively, to the cosittes angles between the [110] direction and
[100], [010] and [001] directions. Since these angles are #&qoand 90,¢he values of ,DE and Are 0.707,

0.707, and 0O, respectively. Thus, the given equation takes the form

1

E 1101

§ .
1 3t 1 709207092 (0.70720)2 (0)2(0.7092
E 1001 & 1000 E11mt

8§
= 1 (0.75)~ 1 1

E 1001 & 1001 E 1111 ¢

Utilizing the values oE<100>andE<111>from Table 3.3 for Al

a C

1 _ 1
E 101 63.7GPa

1 1

0.75) ¢ ;
( )53.7GPa 76.1GPa’

Which leads toE = 72.6 GPa, the value cited in the table.

<110>
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For Cu,

a C
E 1101 66.7GPa $6.7GPa 191.1GPa!

Thus,E =130.3 GPa, which is also the value cited in the table.

<110>

Similarly, for Fe

a C

1 1
E 101 125.0GPa

1 1
425.0GPa 272.7GPai

(0.75)

And E<110>: 210.5 GPa, which is also the value given in the table.
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6.13 In Section 2.6 it was noted that the net bonding enefdydiveen two isolategositive and negative
ions is a function of interionic distance r as follows:

A B

E
N r N

(6.25)
where A, B, and n are constants for the particular ion pair. Equation 6.25 is also valid for the bonding energy
between adjacent ions in solid materials. The modulus of elasticity E is proportional to the slope of the interionic

force-separation curve at the equilibrium interionic separation; that is,

EV§£
@r 2

To

Derive an expression for the dependence of the modulus of elasticity on these A, B, and n parameters (for the two-
ion system) using the following procedure:
1. Establish a relationship for the force F as a function of r, realizing that
dEy
dr
2. Now take the derivative dF/dr.

3. Develop an expression fop, the equilibrium separation. Since corresponds to the value of r at the
minimum of the F-versusr curve (Figure 2.8b), take the derivative dHr, set it equal to zero, and solve for r,

which corresponds togr

4. Finally, substitute this expressi for ry into the relationship obtained by taking dF/dr.

Solution
This problem asks that we derive an expression for the dependence of the modulus of eastititie

parameterg\, B, and nn Equation 6.25. It is first necessary to takg it in order to obtain an expression for the

forceF; this is accomplished as follows:

. 8§g -
gS A gB
E = dEN _ ©r 1 + @n 1
dr dr dr
_ A _nB
2 (D

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright ovemétiis unl



The second step is to set tIuiEN/dr expression equal to zero and then solve f¢r ry). The algebra for this

procedure is carried out in Problem 2.14, with the result that

ga M@ N

0~ @B:

Next it becomes necessary to take the derivative of the fdFedr}, which is accomplished as follows:

8A - 8§ nB
dF _ @21+ ©r(n 1)1
dr  dr dr

2A + (n(n DB
) (02

r

Now, substitutiorof the above expression fgyinto this equation yields

8F - _ 2A . _(n 1B
Q@r }0 INEACRD ga (0 2/A
@B * @B *

which is the expression to which the modulus of elasticity is proportional.

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright ovemétiis unl



6.14 Using the solution to Problem 6.13, rank the magnitudes of the moduli of elastidity folldwing
hypothetical X, Y, and Z materials from the greatest to the least. The appropriate A, B, and n parameters (Equation

6.25) for these three materials are tabulated below; they yiglioh Enits of electron volts and r in nanometers:

Material A B n
X 2.5 2.0 x 10° 8
2.3 8.0 x 10° 10.5
z 3.0 1.5 x 10° 9
Solution

This problem asks that we rank the magnitudes of the moduli of elasticity of the three hypothetical metals
X, Y, and Z. From Problem 6.13, it was shown for materials in wtiiehbonding energy is dependent on the

interatomic distanceaccording to Equation 6.25, that the modulus of elasti€is/proportional to

2A + (n(n 1B
5p S ) sa (0 2L n)

@B ! @B !

For metal XA=2.5B=2.0 u1(T5, andn = 8. Therefore,

E v 225 . ©®@ 1)(2u109)
a /(1 8 8 2)/(1 8
© s f( ) e ,. & 209
Y L K —F =~ »
1) (2 u10 %)z, 49) (2 u10°) v,
= 1097
For metal YA=2.3,B=8 ul0 andn=10.5. Hence
E v (2.3 . (10.510.5 1)(8 u10 ®)
a /(1 10. 10.5 2)/(1 10.
: 23 f( 5  a 03 § )i 105
Y TS &K~ »
€10.9(8 u10 %) 3, £0.5(8 u10°6) v,

=551

And, for metal ZA=3.0,B=1.5 u10®, andn=9. Thus
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2(3.0 L (906 1)(1.5 u10 °)

a S/(1 9 9 2)/(1 9
© 30 : @9 a 30 69 211 9
Sy S K7 = »
€9) (1.5 u10 %) 2, 49 (1.5 u105) 1,

= 1024

Therefore, metal X has the highest modulus of elasticity.
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Elastic Properties of Materials

6.15 A cylindrical specimen of aluminum having a diameter of 19 mm (0.75 in.) and length of 200 mm (8.0
in.) is deformed elastically in tension with a force of 48,800 N (11,090 Using the data contained in Table 6.1,
determine the following:

(a) The amount by which this specimen will elongate in the direction of the applied stress.

(b) The change in diameter of the specimen. Will the diameter increase or decrease?

Solution

(&) We are asked, in this portiontbe problem, to determine the elongation of a cylindrical specimen of

aluminum. Combining Equations 6.1, 6.2, and 6.5, leads to

(4)(48,800 N) (200 u10 3m)

= 5 ul0* m = 0.50mm (0.02in.
(9(19 u10 3m)2(69 u10°N/m?) ( )

(b) We are now called upon to determine the change in diametet)sing Equation 6.8

0= i _ 'd /d,
H g
From Table 6.1, for aluminunQ 1RZ VROYLQJ WKH DE&RNMH H[SUHVVLRQ IRU ~

Qldy _  (0.33(0.50 mn)(19 mn)
o 200 mm

ld:

=-1.6 u102mm (6.2 ul04in.)
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The diameter will decrease.
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6.16 A cylindrical bar of steel 10 mm (0.4 in.) in diameter is to be deformed elastically by application of a

force along the bar axis. Using the data in Table 6.1, determine the force that will produce an elastic reduction of 3
t10° mm (1.2 ¢110*in.) in the diameter.

Solution

This problem asks that we calculate the force necessary to produce a reduction in diamets0 dh@nu

for a cylindrical bar of steelFor a cylindrical specimen, the cressctional area is equal to

Now, combining Equations 6.1 and 6.5 leads to

V=

n & ©

And, since from Equation 6.8

Substitution of this equation inthe above expression gives

F 8 4
— E: —,
4
And, solving forF leads to
F = dy'd SE
40

From Table 6.1, for steel 0.30 ance = 207 GPa. Thus,
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(10 u10 3m)( 3.0 u10 m)(9(207 u10° N/m?)
(4)(0.30

F =

=16,250 N (3770 1p
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6.17 A cylindrical specimen of some alloy 8 mm (0.31 in.) in diameter is stressed elastically in tension. A
force of 15,700 N (3530 {pproduces a reduction in specimen diameter ofB° mm (2 v10“ in.). Compute

Poisson's ratio for this material if its modulus of elasticity is 140 GPa (20 psi).

Solution

This problem asks that we compute Poisson's ratio for the metal alloy. From Equations 6.5 and 6.1

_ V_ F _ F _ 4F
I—2|_E_AOE_ & 2 SdgE
s 9 E
@ 1
Since the transverse stralgis just
_'d
g
0

and Poisson's ratio is defined by Equation 6.8, then

e H._ i | G
B Sap - 4F
SSIPE

(8 u103m)( 5 u10®m) (9(140 u10? N/m?) _ o
(415700 N) o
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6.18 A cylindrical specimen of a hypothetical metal alloy is stressed in compression. If its original and
final diameters are 20.000 and 20.025 mm, respectively, and its final length is 74.96 mm, compute its original
length if the deformation is totally elastic. The elastic and shear moduli for this alloy are 105 GPa and 39.7 GPa,

respectively.
Solution
This pioblem asks that we compute the original length of a cylindrical specimen that is stressed in

compression. It is first convenient to compute the lateral stjza

20.025 mm 20.000 mm_ 1.25 u103
20.000 mm

_d_
H=g "

In order to determine the longitudinal straifwe need Poisson's ratio, which may be computed using Equation 6.9;

solving for Qyields

o= E - 105 ul*MPa . _ oo
2G (2)(39.7 u10° MPa)

Now Hmay be computed from Equation 6.8 as

3
H = K- 125u107_ 540103
Q 0.322
Now solving forly using Equation 6.2
o= —
= 1496mM ___ 2555 mm
1 3.88ul03
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6.19 Consider a cylindrical specimen of some hypothetical metal alloy that has a diameter of 8.0 mm (0.31

in.). A tensile force of 1000 N (225)lIproduces an elastic reduction in diameter of 280* mm (1.10¢10° in.).

Compute the modulus of elasticity for this alloy, given that Poisson's ratio is 0.30.

Solution

This problem asks that we calculate the modulus of elasticity of a metal thagdsestrin tension.

Combining Equations 6.5 and 6.1 leads to

_ vV _F _ F _ 4F

E=— = - 2 2

H  AH HS%- B Sdg
@21

From the definition of Poisson's ratio, (Equation 6.8) and realizing that for the transverselii;tr%%n,

0
_ R_
77707 4
0
Therefore, sulitution of this expression fotinto the above equation yields
_ 4F _ 4FQ
E = 5 = ,
H Sdg Sy d
(4)L000 N(0-39 =1.705 ul10'! Pa=170.5 GPa (24.7u 10° psi)

- 98 u103m)(2.8 u10 ’m)
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6.20 A brass alloy is known to have a yield strength of 275 MPa (40,000 psi), a tensile strength of 380
MPa (55,000 psi), and an elastic modulus of 103 GPa (1BL0° psi). A cylindrical specimen of this alloy 12.7
mm (0.50 in.) in diameter and 250 mm (10.0 in.) long is stressed in tension and found to elongate 7.6 mm (0.30 in.).
On the basis of the information given, is it possible dmpute the magnitude of the load that is necessary to

produce this change in length? If so, calculate the load. If not, explain why.
Solution
We are asked to ascertain whether or not it is possible to compute, for brass, the magnitude of the load
necessary to produce an elongation of 7.6 mm (0.30 in.). It is first necessary to compute the strain at yielding from
the yield strength and the elastic modulus, and then the strain experienced by the test specimen. Then, if

Ktest) < Kyield)
deformation $ elastic, and the load may be computed using Equations 6.1 and 6.5. However, if
Ktest) > Kyield)
computation of the load is not possible inasmuch as deformation is plastic and we have neithestaagtresst

nor a mathematical expression relatpigstic stress and strain. We compute these two strain values as

est) = _I: 7.6 mm _

——— = 0.0¢
lp 250 mm

and

Therefore, computation of the loadnist possiblesince Ktest) > Kyield).
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6.21 A cylindrical metal specimen 12.7 mm (0.5 in.) in diameter and 250 mm (10 in.) long is to be
subjected to a tensile stress of 28 MPa (4000 psi); at this stress level the resulting deformation will be totally
elastic.

(a) If the elongation must be less than 0.080 mm 81D in.), which of the metalsiiTable 6.1 are
suitable candidates? Why?

(b) If, in addition, the maximum permissible diameter decrease iZ/112° mm (4.7 #10° in.) when the
tensile stress of 28 MPa is applied, which of the metals that satisfy the criterion in part (a) doestdatadidates?

Why?

Solution
(&) This part of the problem asks that we ascertain which of the metals in Table 6.1 experience an
elongation of less than 0.080 mm when subjected to a testisies of 28 MPa. The maximum strain that may be

sustained(using Equation 6.2) is just

H= _I: 0.080 mm_ 392 u104
lp 250 mm

Since the stress level is given (50 MPa), using Equation 6.5 it is possible to compute the minimum modulus of

elasticity which is required to yield this minimum strain. Hence

Which means that those metals with moduli of elasticity greater than this value are acceptable candidabs
brass, Cu, Ni, steel, Ti and W.

(b) This portion of the problem further stipulates that the maximum permissible diameter decrease is 1.2
10"3 mm when the tensile stress of 28 MPa is applied. This translates into a maximum later&)(steapas

- 3
R = 0 = L2 U07mM _ g 45405
dg 12.7 mm

But, since the specimen contracts in this lateral direction, and we are concerned that this strain be less than 9.45 u

10, then the criterion for this part of the problem may be stipulatedaaqs 9.45 u 10°.
0

Now, Poisson’s ratio is defined by Equation 6.8 as
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O
N s

For each of the metal alloys let us consider a possible lateral st;gain?. Furthermore, since the deformation is
0

elastic, then, from Equation 6.5, the longitudinal strajits equal to
\
? E

Substituting these expressions fgrand Hinto the definition of Poisson’s ratio we have

d
d
Q i ~0
oV
E
which leads to the following:
4
dy E

Using values forandE found in Table 6.1 for the six metal alloys that satisfy the criterion for part (a), and-=for

28 MPa, we are able to compute %E for each alloy as follows:

0
' 6 2
_d brass) {0398 U1 N/MT) g 49 105
do 97 u10® N/m?
' 6 2
—d(copper) (03428 ulQ° N/m%) = g oo 1105
do 110 u10® N/m?

! 6 2
(03428 u10° N/m2) o o0 s

d,. .
— (titanium) >
do 107 u10° N/m

6 2
(0:3)(28 ul0P N/m?) o 0

d, .
— (nickel
do ( ) 207 ul0® N/m?

"d (0.30(28 u108 N/m?) 4.06 UL0 5

— (steel
do (stee) 207 u10® N/m?
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. ] )
—d(tungsten) (0.28(28 u10° N/m?)
do 407 ul0% N/m?

1.93ul0®

Thus, of the above six alloys, only brass will have a negative transverse strain that is greater tha69.4bhis
means that the following alloys satisfy the criteria for both parts (a)(l@ndf the problem: copper, titanium,

nickel, steel, and tungsten.
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6.22 Consider the brass alloy for which the stretsain behavior is shown in Figure 6.12. A cylindrical
specimen of this material 6 mm (0.24 in.) in diameter and 50 mm (2 in.) long is pulled in tension with a force of

5000 N (1125 1p. If it is known that this alloy has a Poisson's ratio of 0.30, compatethe specimen elongation,
and (b) the reduction in specimen diameter.

Solution

(&) This portion of the problem asks thvee compute the elongation of the brass specimen. The first

calculation necessary is that of the applied stress using Equation 6.1, as

= = S00ON 1770108 Nim? =177 MPa (25,000 psi

5 =
S%' & u03m*

@: S
© 2 i

From the stresstrain plot in Figure 6.12, this stress corresponds to a strain of about@® From the definition

of strain, Equation 6.2
'l = Hp = (2.0 u103)(50 mm) = 0.10 mm (4 u103in.)

E ,Q RUGHU WR GHWHUPLQH dwtKdnedddsany FoNiEeREYudtiQn &8 &ne ithey H U
definition of lateral strain (i.e.lj 'd/do) as follows

'd = dyld = dyQd = (6 mm)(0.30Y2.0 u1073)

=-3.6 U103 mm (1.4 u104in.)
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6.23 A cylindrical rod 100 mm long and having a diameter of 10.0 mm is to be deformed using a tensile
load of 27,500 N. It must not experience either plastic deformation or a diameter reduction of mar® thaé®

mm. Of the materials listed as follows, which are possible candidates? Justify your choice(s).

Modulus of Elasticity Yield Strength
Material (GPa) (MPa) Poisson’s Ratio
Aluminum alloy 70 200 0.33
Brass alloy 101 300 0.34
Steel alloy 207 400 0.30
Titanium alloy 107 650 0.34
Solution

This problem asks that we assess the four alloys relative to the two criteria presented. The first criterion is
that the material not experience plastic deformation when the tensile load of 27,500 N is applied; this means that

the stress corresponding to this load not exceed the yield strength of the material. Upon computing the stress

F - 27,500 N - = 350 U100 N/m? = 350 MP
s 80 u103m"
@ S,

© 2 1

V=

F
Ao

Of the alloys listed, the Ti and steel alloys have yield strengths greater than 350 MPa.

Relatve to the second criterion (i.e., thadl be less than 7.5 1073 mm), it is necessary to calculate the

FKDQJH LQ Gitrinede Wirddallays. From Equation 6.8

'd
Q: i = i ﬂ
B Voovg,
E
1RZ VROY dfoh this@xpression,
d = Qvd,
E

For the steel alloy
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d = (0.30(350 MPa(10 mm): 51 U102 mm
207 ul03MPa
Therefore, the steel is a candidate.
For the Ti alloy
d = (0.34(350 MP3(10 mn) - 111 u103 mm

107 ul03 MPa

Hence, the titanium alloy isota candidate.
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6.24 A cylindrical rod 380 mm (15.0 in.) long, having a diameter df &0n (0.40 in.), is to be subjected
to a tensile load. If the rod is to experience neither plastic deformation nor an elongation of more than 0.9 mm
(0.035 in.) when the applied load is 24,500 N (55Q)) Wbhich of the four metals or alloys listed below possible

candidates? Justify your choice(s).

Modulus of Elasticity Yield Strength Tensile Strength
Material (GPa) (MPa) (MPa)
Aluminum alloy 70 255 420
Brass alloy 100 345 420
Copper 110 250 290
Steel alloy 207 450 550
Solution

This problem aks that we ascertain which of four metal alloys will not (1) experience plastic deformation,
and (2) elongate more than 0.9 mm when a tensile load of 24,500 N is applied. It is first necessary to compute the
stress using Equation 6.1; a material to be used for this application must necessarily have a yield strength greater

than this value. Thus,

V= i = 24’500 N 5 = 312 MPe¢
Ao S,io.o u103m"
© 2 i

Of the metal alloys listed, only brass and steel have yield strengths greater than this stress.
Next, we must compute the elongation produced in both brass and steel using Equations 6.2 and 6.5 in

order to determine whether or not this elongation is less than 0.9 mm. For brass

Mg _ (312 MP3(380 mn)
E 100 u 103 MPa

=1.19 mm

Thus, brass is not a candidate. However, for steel

| _ Mg _ (312 MP3(380 mn) _ 0.57 mm
E 207 u103MPa

Therebre, of these four alloys, only steel satisfies the stipulated criteria.
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Tensile Properties

6.25 Figure 6.21 shows the tensile engineering strssain behavior for a steel alloy.
(a) What is the modulus of elasticity?

(b) What is the proportiondimit?

(c) What is the yield strength at a strain offset of 0.0027?

(d) What is the tensile strength?

Solution

Using the stresstrain plot for a steel alloy (Figure 6.21), we are asked to determine several of its
mechanical characteristics.
(a) Theelastic modulus is just the slope of the initial linear portion of the curve; or, from the inset and

using Equation 6.10

V., \, _ (200 0) MPa

5= W H (00010 0)

=200 u10® MPa = 200 GPa (29 u 10° psi)

The value given in Table 6.1 is 207 GPa.
(b) The proportional limit is the stress level at which linganit the stresstrain curve ends, which is
approximately 300 MPa (43,500 psi).
(c) The 0.002 strain offset line intersects the steéis8n curve at approximately 400 MPa (58,000 psi).
(d) The tensile strength (the maximum on the curve) is appreadyrit5 MPa (74,700 psi).
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6.26 A cylindrical specimen of a brass alloy having a length of 60 mm (2.36 in.) must elongate only 10.8

mm (0.425 in.) when a tensile load of 50,000 N (11,240dapplied. Under these circumstances, what must be

the radius of the specimen? Consider this brass alloy to have the sth@ssbehavior shown in Figure 6.12.

Solution

We are asked to calculate the radius of a cylindrical brass specimen in order to produce an elongation of

10.8 mm when a load of 50,000 Napplied. It first becomes necessary to compute the strain corresponding to this

elongation using Equation 6.2 as

From Figure 6.12, a stress of 420 MPa (61,000 psi) corresponds to this strain.

stress, force, and initial radiugare related as

Since for a cylindrical specimen,

V-t
Sl
then
o= | = [ S50000N ___ 0060 m=6.2mm (0.24in)
SV | (420 u105 N/m?)
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6.27 A load of 85,000 N (19,100¢)bis applied to a cylindrical specimen of a steel alloy (displaying the
stressstrain behavior shown in Figure 6.21) that has a crssstional diameter of 15 mm (0.59 in.).

(a) Will the specimen experience elastic and/or plastic deformation? Why?

(b) If the original specimen length is 250 mm (10 in.), how much will it increase in length when this load is

applied?

Solution

This problem asks us to determine the deformation characteristics of a steel specimen, thagtress
behavior for which is shown in Figure 6.21.
(&) In order to ascertain whether the deformation is elastic or plastic, we must firstteahgpstress, then

locate it on the stresstrain curve, and, finally, note whether this point is on the elastic or plastic region. Thus, from

Equation 6.1
v=rt - 800N __ 51106 Nim? =481 MPa (69,900 psi)
o S§5 u10 3m
© 2 1

The 481 MPa point is beyond the linear portion of the curve, andfaheréhe deformation will be both elastic and
plastic.
(b) This portion of the problem asks us to compute the increase in specimen length. From thigastress

curve, the strain at 481 MPa is approximately 0.0135. Thus, from Equation 6.2

'l = Wy = (0.0135)(250mm) = 3.4 mm (0.135in.)
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6.28 A bar of a steel alloy that exhibits the stretsain behavior shown in Figure 6.21 is subjected to a
tensile load; the specimen is 300 mm (12 in.) long, and of square cross section 4.5 mm (0.175 in.) on a side.
(a) Compute the magnitude of the load necessary to produce an elongation of 0.45 mm (0.018 in.).

(b) What will be the deformation after the load has been released?

Solution

(&) We are asked to compute the magnitude of the load necessary to produce an elongdfianroffor
the steel displaying the stressain behavior shown in Figure 6.21. First, calculate the strain, and then the

corresponding stress from the plot.

This is near the end of the elastic region; from the inset of Figure 6.21, this corresponds to a stress of about 300
MPa (43,500 psi). Now, from Equation 6.1

F = \A,O = \bz
in whichbis the crosssection side length. Thus,

F = (300 u108 N/m2)(4.5 u10® m)2 = 6075 N (1366Ib;)

(b) After the load is released there will be no deformatilecesthe material was strained only elastically.
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6.29 A cylindrical specimen of aluminum having a diameter of 0.505 in. (12.8 mm) and a gauge length of
2.000 in. (50.800 mm) is pulled in tension. Use the lektgation characteristics tabulated below to complete

parts (a) through (f)

Load Length

N Ib¢ mm in.

0 0 50.800 2.000
7,330 1,650 50.851 2.002
15,100 3,400 50.902 2.004
23,100 5,200 50.952 2.006
30,400 6,850 51.003 2.008
34,400 7,750 51.054 2.010
38,400 8,650 51.308 2.020
41,300 9,300 51.816 2.040
44,800 10,100 52.832 2.080
46,200 10,400 53.848 2.120
47,300 10,650 54.864 2.160
47,500 10,700 55.880 2.200
46,100 10,400 56.896 2.240
44,800 10,100 57.658 2.270
42,600 9,600 58.420 2.300
36,400 8,200 59.182 2.330

Fracture

(a) Plotthe data as engineering stress versus engineering strain.
(b) Compute the modulus of elasticity.

(c) Determine the yield strength at a strain offset of 0.002.

(d) Determine the tensile strength of this alloy.

(e) What is the approximate ductility, iengent elongation?

(f) Compute the modulus of resilience.

Solution

This problem calls for us to make a strefimin plot for aluminum, given its tensile lokhgth data, and

then to determine some of its mechanical characteristics.
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(a) The data arplotted below on two plots: the first corresponds to the entire-strags curve, while

for the second, the curve extends to just beyond the elastic region of deformation.

(b) The elastic modulus is the slope in the linear elastic regiara{ibg 6.10) as

'V _ 200 MPa 0 MPa

E=— =
"H 0.0032 O

=62.5 u10® MPa= 62.5GPa (9.1 u 10° psi)
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(c) For the yield strength, the 0.002 strain offset line is drawn dashed. It intersects thetrsiressirve
at approximately 285 MPa (41,000 psi ).
(d) The tensile strength is approximately 370 MPa (5430)) corresponding to the maximum stress on
the complete stresstrain plot.
(e) The ductility, in percent elongation, is just the plastic strain at fracture, multiplied Hyuodesd.
The total fracture strain at fracture is 0.165; subtracting out the elastic strain (which is about 0.005) leaves a plastic
strain of 0.160. Thus, the ductility is about 16%EL.

(f) From Equation 6.14, the modulus of resilience is just

\2

Ur :_y
2E

which, using data computed above gives a value of

_ (285MPg)2
(2 (62.5 u10® MPa)

= 0.65MN/m2 0.65 u 106 N/m?2 6.5 u10® J/n? (93.8in.- Ibs/in.3)

r
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6.30 A specimen of ductile cast iron having a rectangular cross section of dimensions 485m8nmm
(3/16 in. u5/8 in.) is deformed in tension. Using the lagldngation data tabulated below, complete problems (a)
through (f).

Load Length

N Ib; mm in.

0 0 75.000 2.953
4,740 1,065 75.025 2.954
9,140 2,055 75.050 2.955
12,920 2,900 75.075 2.956
16,540 3,720 75.113 2.957
18,300 4,110 75.150 2.959
20,170 4,530 75.225 2.962
22,900 5,145 75.375 2.968
25,070 5,635 75.525 2.973
26,800 6,025 75.750 2.982
28,640 6,440 76.500 3.012
30,240 6,800 78.000 3.071
31,100 7,000 79.500 3.130
31,280 7,030 81.000 3.189
30,820 6,930 82.500 3.248
29,180 6,560 84.000 3.307
27,190 6,110 85.500 3.366
24,140 5,430 87.000 3.425
18,970 4,265 88.725 3.493

Fracture

(a) Plot the data as engineering stress versus engineering strain.
(b) Compute the modulus of elasticity.

(c) Determine the yield strength at a strain offset of 0.002.

(d) Determine the tensile strength of this alloy.

(e) Compute the modulus of resilience.

(f) What is the ductility, in percent elongation?

Solution
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This problem calls for us to make a strsfimin plot for a ductile cast iron, given its tensile leayth

data, and then to determine some of its mechadizahcteristics.

(a) The data are plotted below on two plots: the first corresponds to the entireststi@ssurve, while

for the second, the curve extends just beyond the elastic region of deformation.

(b) The elastic modulus is the slapehe linear elastic region (Equation 6.10) as
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"V_100MPa 0 MPa

— = 200 u10° MPa= 200 GPa (29 u 10° psi)
"H 0.0005 0

E =

(c) For the yield strength, the 0.002 strain offset line is drawn dashed. It intersects thstrsiressirve
at approximately 280 MPa (40,500 psi).

(d) The tensile strengtls mpproximately 410 MPa (59,500 psi), corresponding to the maximum stress on
the complete stresstrain plot.

(e) From Equation 6.14, the modulus of resilience is just

C
I
S

which, using data computed above, yields a value of

(280 u106 N/m?2)2

= =1.96 u10® Jim? (28.3in-Ibs/in.3
2 (200 u10° N/m?) u (28.3 in- Iby/in.3)

r

() The ductility, in percent elongation, is just the plastic strain at fracture, multiplied bByunieed. The
total fracture strain at fracture is 0.185; subtracting out the elastic strain (which is about 0.001) leaves a plastic
strain of 0.184. Thus, the ductility is about 18.4%EL.
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6.31 For the titanium alloy, whose stress strain behavior may be observed in the “Tensile Tests” module
of Virtual Materials Science and Engineering (VMSE), determine the following:

(a) the approximate yield strength (0.002 strain offset),

(b) the tensile strength, and

(c) the approximate ductility, in percent elongation.

How do these values compare with those for the tw&AF4V alloys presented in Table B.4 of Appendix B?

Solution

() It is possible to do a screen capture and then print out the entiresstagssurve for the Ti alloy.
The intersection of a straight line parallel to the initial linear region of the curve and offset at a strain of 0.002 with
this curve is at approximateV20 MPa.

(b) The maximum reading in the stress window located below the plot as the curser point is dragged along
the stresstrain curve is 1000 MPa, the value of the tensile strength.

(c) The approximate percent elongation corresponds to the atrixacture multiplied by 100 (i.e., 12%)
minus the maximum elastic strain (i.e., value of strain at which the linearity of the curve ends multiplied by 100—in

this case about 0.5%); this gives a value of about 11.5%EL.

From Table B.4 in Appendix B, gid strength, tensile strength, and percent elongation values for the
anneal Ti6Al-4V are 830 MPa, 900 MPa, and 14%EL, while for the solution heat treated and aged alloy, the
corresponding values are 1103 MPa, 1172 MPa, and 10%EL. Thus, tensile strehgtrcent elongation values
for the VMSEalloy are slightly lower than for the annealed material in Table B.4 (720 vs 830 MPa, and 11.5 vs. 14

%EL), whereas the tensile strength is slightly higher (1000 vs. 900 MPa).
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6.32 For the tempered steel allayhose stress strain behavior may be observed in the “Tensile Tests”
module of Virtual Materials Science and Engineering (VMSE), determine the following:

(a) the approximate yield strength (0.002 strain offset),

(b) the tensile strength, and

(c) the approximate ductility, in percent elongation.
How do these values compare with those for thguwéinched and tempered 4140 and 4340 steel alloys presented in

Table B.4 of Appendix B?

Solution

() It is possible to do a screen capture and then prirthewtntire stresstrain curve for the tempered
steel alloy. The intersection of a straight line parallel to the initial linear region of the curve and offset at & strain o
0.002 with this curve is at approximately 1430 MPa.

(b) The maximum reading iime stress window located below the plot as the curser point is dragged along
the stressstrain curve is 1656 MPa, the value of the tensile strength.

(c) The approximate percent elongation corresponds to the strain at fracture multiplied by 100 (i.e., 14.8%)
minus the maximum elastic strain (i.e., value of strain at which the linearity of the curve ends multiplied by 100—in

this case about 0.8%); this gives a value of about 14.0%EL.

For the oitlquenched and tempered 4140 and 4340 steel alloys, yietdydt values presented in Table B.4
of Appendix B are 1570 MPa and 1620 MPa, respectively; these values are somewhat larger than the 1430 MPa for
the tempered steel alloy of VMSHensile strength values for these 4140 and 4340 alloys are, respectively 1720
MPa and 1760 MPa (compared to 1656 MPa for the VBt8&). And, finally, the respective ductilities for the
4140 and 4340 alloys are 11.5%EL and 12%EL, which are slightly lower than the 14%EL valueAdiSsteel.

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright ovemétiis unl



6.33 For the aluminum alloywhose stress strain behavior may be observed in the “Tensile Tests” module
of Virtual Materials Science and Engineering (VMSE), determine the following:
(a) the approximate yield strength (0.002 strain offset),
(b) the tensile strength, and
(c) the approximate ductility, in percent elongation.
How do these values compare with those for the 2024 aluminum alloy (T351 temper) presented in Table B.4 of

Appendix B?

Solution

(&) Itis possible to do a screen capture and then print out the entiresstm@ssurve for the aluminum
alloy. The intersection of a straight line parallel to the initial linear region of the curve and offset at a strai@ of 0.00
with this curve is at approximately 300 MPa.

(b) The maximum reading in the stress window locatldw the plot as the curser point is dragged along
the stressstrain curve is 484 MPa, the value of the tensile strength.

(c) The approximate percent elongation corresponds to the strain at fracture multiplied by 100 (i.e., 22.4%)
minus the maximum elés strain (i.e., value of strain at which the linearity of the curve ends multiplied byih00

this case about 0.5%); this gives a value of about 21.9%EL.

For the 2024 aluminum alloy (T351 temper), the yield strength value presented in Table B.4 of Appendix
B is 325, which is slightly larger than the 300 MPa for the aluminum alloy of VM$E tensile strength value for
the 20247351 is 470 MPa (compared to 484 MPa forW#éSEalloy). And, finally, the ductility for 2024351 is
20%EL, which is about the same as for WMSEaluminum (21.9%EL).
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6.34 For the (plain) carbon steel alloy, whose stress strain behavior may be observed in the “Tensile
Tests” module of Virtual Materials Science and Engineering (VMSE), determine the following:

(a) the approximate yield strength,

(b) the tensile strength, and

(c) the approximate ductility, in percent elongation.

Solution

(a) Itis possible to do a screen capture and then print out the entiressta@ssurve for the plain carbon
steel alloy. Inamuch as the stresdrain curve displays the yield point phenomenon, we take the yield strength as
the lower yield point, which, for this steel, is about 225 MPa.

(b) The maximum reading in the stress window located below the plot as the curser ¢gr@iggéxd along
the stressstrain curve is 274 MPa, the value of the tensile strength.

(c) The approximate percent elongation corresponds to the strain at fracture multiplied by 100 (i.e., 43.0%)
minus the maximum elastic strain (i.e., value of straintdatkvthe linearity of the curve ends multiplied by 100—in

this case about 0.6%); this gives a value of about 42.4%EL.
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6.35 A cylindrical metal specimen having an original diameter of 12.8 mm (0.505 in.) and gauge length of
50.80 mm (2.000 in.) is pudein tension until fracture occurs. The diameter at the point of fracture is 6.60 mm

(0.260 in.), and the fractured gauge length is 72.14 mm (2.840 in.). Calculate the ductility in terms of percent
reduction in area and percent elongation.

Solution

This problem calls for the computation of ductility in both percent reduction in area and percent

elongation. Percent reduction in area is computed using Equation 6.12 as

in whichd, andd; are, respectively, the original and fracture cresstional areas. Thus,

.2 -2
S,§12.8 mm S_§3.60 mm

31 1
%RA = © 2 ©2 2 u 100 = 73.4%
§2.8 mm-
87
© 2 E

While, for percent elongation, we use Equation 6.11 as

§ lp-
%EL = - u 100
© lg
_ 72.14 mm 50.80 mm U100 = 42%

50.80 mm
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6.36 Calculate the moduli of resilience for the materials having the sstes; behaviors shown in
Figures 6.12 and 6.21.

Solution

This problem asks us to calculate the moduli of resilience for the materials having thestetinss
behaviors shown in Figures 6.12 and 6.21. According to Equation 6.14, the modulus of resjlisnedudction

of the yield strength and the modulus of elasticity as

C
I
S

The values for yVandE for the brass in Figure 6.12 are determined in Example Problem 6.3 as 250 MPa (36,000

psi) and 93.8 GPa (13.610° psi), respectively. Thus

(250 MP3?

- = 3.32 ul10° Jn® (48.2in- Ib¢/in3
(2)(93.8 u103MPg) . (48.2 in- Ib/in2)

r

Values of the corresponding parameters for the steel alloy (Figure 6.21) are determined in Problem 6.25 as
400 MPa (58,000 psi) and 200 GPa (L’HBO6 psi), respectively, and therefore

_ (400 MPy?
(2 (200 u10® MPa)

= 4.0 u10° Jn? (58 in.- Ibs/in.3)

r
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6.37 Determine the modulus of resilience for each of the following alloys:

Yield Strength

Material MPa psi
Steel alloy 550 80,000
Brass alloy 350 50,750

Aluminum alloy 250 36,250
Titanium alloy 800 116,000

Use modulus of elasticity values in Table 6.1.

Solution

The moduli of resilience of the alloys listed in the table may be determined using Equation 6.14. Yiel

strength values are provided in this table, whereas the elastic moduli are tabulated in Table 6.1.
For steel

C
1
N
m |~<§\)

_ (550 u10° N/m?)2
(2) (207 u10° N/m?2)

=7.31 u10° Jn? (107 in.- Ibs/in.3)

For the brass

6 2\2
= (350 ul0® N/m*)® _ ¢ o1 105 i (92.0 in.- Ib¢/in.3)
(2(97 u10° N/m?)

For the aluminum alloy

_ (250 u10® N/m?)?
2 (69 u10® N/m?2)

r

= 4.53 u10° J/in? (65.7 in.- Ib/in.3)

And, for the titanium alloy

_ (800 u10°N/m?)2
2 (107 u10® N/m?)

r

=30.0u10° J/m? (434 in.- Ibs/in.3)
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6.38 A brass alloy to be used for a spring application must have a modulus of resilience of at least 0.75
MPa (110 psi). What must be its minimum yield strength?

Solution
The modulus of resilience, yield strength, and elastic modulus of elasticity are related to one another

through Equation 6.14; the value ofd brass given in Table 6.1 is 97 GPa. Solving fyfrc)m this expression

yields

Vy =+/2U,E =4/(2(0.75 MP3(97 u103 MP3)

=381 MPa (55,500 psi)
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True Stress and Strain

6.39 Show that Equations 6.18a and 6.18b are valid when there is no volume change during deformation.
Solution

To show that Equation 6.18a is valid, we must first rearrange Equation 6.17 as

Alo
A =_JvUY
|
Substituting lhis expression into Equation 6.15 yields
\4- = i = i §_| . = V§_|
A Al @
But, from Equation 6.2
[
H=-1 1
lo
Or
|
L= H+ 1
lo
Thus,
§.

For Equation 6.18b

H=In@+ k

is valid since, from Equation 6.16
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=
I
=3
I

and

from above.
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6.40Demonstrate that Equation 6.16, the expression defining true strain, may also be represented by

UT =1In % )
] ]
when specimen volume remains constant during deformation. Which of these two expressions is more valid during

necking? Why?

Solution

This problem asks us to demonstrate that true strain may also be represented by

Rearrangement of Equation 6.17 leads to

Thus, Equation 6.16 takes the form

The expression; = In % j is more valid during necking becausgs taken as the area of the neck.
i
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6.41 Using the data in Problem 6.28 and Equations 6.15, 6.16, and 6.18a, generate a tru&usiress
strain plot for aluminum. Equation 6.18a becomes invalid past the point at which necking begins; therefore,

measured diameters are given below for the last four data points, which should be used in truerafrattions.

Load Length Diameter
N Ib¢ mm in. mm in.
46,100 10,400 56.896 2.240 11.71 0.461
42,400 10,100 57.658 2.270 10.95 0.431
42,600 9,600 58.420 2.300 10.62 0.418
36,400 8,200 59.182 2.330 9.40 0.370
Solution

These true stresstrain dataare plotted below.
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6.42 A tensile test is performed on a metal specimen, and it is found that a true plastic strain of 0.20 is
produced when a true stress of 575 MPa (83,500 psi) is applied; for the same metal, the value of K in Equation 6.19
is 860MPa (125,000 psi). Calculate the true strain that results from the application of a true stress of 600 MPa
(87,000 psi).

Solution

It first becomes necessary to solve fanrEquation 6.19. Taking logarithms of this expression and after

rearrangemernwe have

lo
= gV logK
log K

And, incorporating values of the parameters provided in the problem statement leads to

= log (575 MPa log (860 MPa — 0.25C

log (0.20

ExpressingH as the dependent variable (Equation 6.19), and then solving for its value from the data stipulated in

the problem statement, leads to

Un g0 Mpa /o250

= = 0.237
t @60 MPat

_ ™
"
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6.43 For some metal alloy, a true stress of 415 MPa (60,175 psi) produces a plastic true strain of 0.475.
How much will a specimen of this material elongate when a true stress of 32%4BIRa5 psi) is applied if the

original length is 300 mm (11.8 in.)? Assume a value of 0.25 for the s@aitening exponent n.

Solution
Solution of this problem requires that we utilize Equation 6.19. It is first necessary to sdfvizdor the

given true stress and strain. Rearrangement of this equation yields

K = M _ 415MPa
(W) (047907

=500 MPa (72,500 psi)

Next we must solve for the true strain produced when a true stress of 325 MPa is applied, also using Equation 6.19.
Thus

1/n 1/0.25 -
_ BB MPaT_ o 12g -y 2L

.-
€K ? @00 MPat @ !
Now, solvingfor |; gives

li =1pe9179 = (300 mm)e179 = 358.8 mm (14.11in.)

$QG ILQDOO\ WHKHusiORQJIJDWLRQ

"=l lg=358.8mm 300 mm=58.8mm (2.31 in.)
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6.44 The following true stresses produce the corresponding true plastic strains for a brass alloy:

True Stress (psi) True Strain
50,000 0.10
60,000 0.20

What true stress is necessanyptroduce a true plastic strain of 0.25?

Solution
For this problem, we are given two values gfahtl \f, from which we are asked to calculate the true

stress which produces a true plastic strain of 0.25. Employing Equation 6.19, we may set uputtsoesos

equations with two unknowns (the unknowns bd{rgndn), as
log (50,000 psi) = logK + nlog (0.10
log (60,000 psi) = logK + nlog (0.20

Solving forn from these two expressions yields

o = 10g (50000 log (60,000 _ .,
log (0.10) log (0.20 o

and forK
log K = 4.96 oK = 10*96= 91,623 psi

Thus, fo H= 0.25

Vr = K(H)" = (91,623 psi)(0.259-263 = 63,700 psi (440 MPa)
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6.45 For a brass alloy, the following engineering stresses produce the corresponding plastic engineering

strains, prior to necking:

Engineering Stress (MPa) Engineering Strain
235 0.194
250 0.296

On the basis ohis information, compute trengineeringstress necessary to produceemngineeringstrain of 0.25.
Solution

For this problem we first need to convert engineering stresses and strains to true stresses and strains so that
the constant& andn in Equaton 6.19 may be determined. Singe= {1 + hithen

Vf, = (235 MPa)(1+ 0.194)= 280 MPa

\f, = (250 MPa)(1+ 0.296)= 324 MPa

Similarly for strains, sinceq = In(1 + hithen

W, =In (1 +0.194)= 0.177

h, =In (1 + 0.296)= 0.25¢

Taking logarithms of Equation 6.19, we get

log \f =logK + nlog K

which allows usd set up two simultaneous equations for the above pairs of true stresses and true stréires)dvith

nas unknowns. Thus

log (280)=log K + nlog (0.177)

log (324) = log K + nlog (0.259)

Solving for these two expressions yiels 543 MPa ana = 0.383.
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Now, converting H= 0.25 to true strain

H = In(1+ 0.25) = 0.22¢

The correspondingy4 to give this value ofi} (using Equation 6.19) is just

=K H = (543 MPa)(0.223§-383 = 306 MPa
v

Now converting this value 0¥ to an engineering stress using Equation 6.18a gives

M _ 306 MPa_ 55 mpa
1 H 1 025
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6.46 Find the toughness (or energy to cause fracture) for a metal that experiences both elastic and plastic
deformation. Assume Equation 6.5 for elastic deformation, that the modulus of elasticity is 172 GR&(@28),
and that elastic deformation terminates at a strain of 0.01. For plastic deformation, assume that the relationship
between stress and strain is described by Equation 6.19, in which the values for K and n are 6900V @41)

and 0.30, respectively. Furthermore, plasticalefation occurs between strain values of 0.01 and 0.75, at which
point fracture occurs

Solution

This problem calls for us to compute the toughness (or energy to cause fracture). The easiest way to do
this is to integrate both elastic and plastic oegi and then add them together.

Toughness 3vd H

0.01 0.75
= ¥EHH+ XAd!
0 0.01
eA 0.01 K ) 0.75
2 (n 1 0.01

172 ul0® N/m?

_ (0.01)2 + 6900 u10° N/m?
> :

(1.0 0.3)

®.7513  (0.01}3

= 3.65u10° J/m? (5.29 ulCPin.-lb./in.3)
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6.47 For a tensile test, it can be demonstrated that necking begins when

av
T VA (6.26)

Using Equation 6.19, determine the value of the true strain at this onset of necking.

Solution

Let us take the derivative of Equation 6.19, set it equalifoand then solve forq from the resulting

expression. Thus

al) -
T@”('T')( D=y

However, from Equation 6.1 = K( Iil)n, which, when substituted into the above expression, yields
Kn(k)(" 1 = K (k)"
Now solving for ifrom this equation leads to
Iﬁl =n

as the value of the true strain at the onseteaking.
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6.48Taking the logarithm of both sides of Equation 6.19 yields
ORJ=1ogK +nlog Ur (6.27)

7KXV D SORWrsislio®R ih the plastic region to the point of necking should yield a straight line having

a slope of nand an intetd SW  D;W OoRIdg K.
8VLQJ WKH DSSURSULDWH GDWD WD E X O D Wetssis loQU3 ah& de@ihme PDNF
the values of n and K. It will be necessary to convert engineering stresses and strains to true stresses and strains

using Equations 6.18a and 6.18b.
Solution

This problem calls for us to utilize the appropriate data from Problem 6.29 in order to determine the values
of nandK for this material. From Equation 6.27 the slope and intercept of &legrsus log Hlot will yield n
and log K respectively. However, Equation 6.19 is only valid in the region of plastic deformation to the point of
necking; thus, only the 7th, 8th, 9th, and 10th data points may be utilized. Tlbg lnlgt with these data points is

givenbelow.

The slope vyields a value of 0.136 for whereas the intercept gives a value of 2.7497 for Ipgridl thus K=
10%-7497= 562 MPa.
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Elastic Recovery After Plastic Deformation

6.49 A cylindrical specimen of a brass alloy 7.5 mm (0.30 ird)Jameter and 90.0 mm (3.54 in.) long is
pulled in tension with a force of 6000 N (135¢);Ithe force is subsequently released.

(a) Compute the final length of the specimen at this time. The tensile-straissbehavior for this alloy is
shown in Figure 6.12.

(b) Compute the final specimen length when the load is increased to 16,500 N (320@ lthen released.
Solution

(&) In order to determine the final length of the brass specimen when the load is released, it first becomes

necessary to copute the applied stress using Equation 6.1; thus

F 6000 N

F
A 2 2
oo B F5u103m’
(G2 S

© 2 i

=136 MPa (19,000 psi)

Upon locating this point on the strestsain curve (Figure 6.12), we note that it is in the linear, elastic region;
therefore, when the load is released the specimen will regurs original length of 90 mm (3.54 in.).

(b) In this portion of the problem we are asked to calculate the final length, after load release, when the
load is increased to 16,500 N (370¢) IbAgain, computing the stress

y=__ 16500N 5 =373 MPa (52,300 psi)
Y5 u10°%m’
© 2 L

The point on the stresstrain curve corresponding to this stress is in the plastic region. We are able to estimate the

amount of permanent strain by drawing a straight line parallel to the linear elastic region; this line intersects the
strain axis at a st of about 0.08 which is the amount of plastic strain. The final specimen lemgéy lbe

determined from a rearranged form of Equation 6.2 as

l; =1g(1 + Hi= (90 mm)(1 + 0.08) = 97.20 mm (3.82 in.)
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6.50 A steel alloy specimen having a rectangular cross section of dimensions 12.7 mm x 6.4 mm (0.5 in. x
0.25 in.) has the stresstrain behavior shown in Figure 6.21. If this specimen is subjected to detémsie of
38,000 N (8540 Ip) then

(a) Determine the elastic and plastic strain values.

(b) If its original length is 460 mm (18.0 in.), what will be its final length after the load in part (a) is

applied and then released?
Solution

(&) We are asld to determine both the elastic and plastic strain values when a tensile force of 38,000 N
(8540 IR) is applied to the steel specimen and then released. First it becomes necessary to determine the applied

stress using Equation 6.1; thus

=

body

V=

F
Ao
whereb, andd, are crosssectional width and depth (12.7 mm and 6.4 mm, respectively). Thus

38000 N

V= = 468 u105 N/m? 468 MPa (68,300 psi
(12.7 u103m)(6.4 u103m) ( Ps)

From Figure 6.21, this point is in the plastic region so the specimen will be both elastic and plastic strains. The total

strain at this point, Hs about 0.010. We are able to estimate the amount of permanent strain regduary

Hooke's law, Equation 6.5 as

aT
1]
ml<

And, sinceE = 207 GPa for steel (Table 6.1)

468 MPa
|é —

=— 2 =% =0.00226
207 ul0®MPa

The value of the plastic strairrg is just the difference between the total and elastic strains; that is

|a: t— H=0.010-0.00226 = 0.00774
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(b) If the initial length is 460 mm (18.0 in.) then the final specimen lehgtiay be determined from a

rearranged form of Equation 6.2 migithe plastic strain value as

I =1o(1 + K) = (460 mm)(L + 0.00774) = 463.6 mm (18.14 in.)
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Hardness

6.51 (a) A 10mm<diameter Brinell hardness indenter produced an indentation 1.62 mm in diameter in a

steel alloy when a load of 500 kg was used. Compute the HB of this material.

(b) What will be the diameter of an indentation to yield a hardness of 450 HB when a 500 kg load is used?

Solution

(&) We are asked to compute the Brinell hardness for the given indentation. It is necessary to use the

equation in Table 6.5 for HB, where 500 kg, d= 1.62 mm, and D= 10 mm. Thus, the Brinell hardness is
computed as

2P

D D> 1/D2 d2

HB =

_ (2)(500 k9 a1
(S0 mm) Pmm \/(1Omm)2 (1.62mm)?2 @

(b) This part of the problem calls for us to determine the indentation diagnetéch will yield a 450 HB
whenP = 500 kg. Solving fod from the equation in Table 6.5 gives

2
d=p2 p 2P
a (HB) D v,

a 2
=, @Oomm)?2  20mm __(AB00kY) ' _ 1 19 my
S (450( 910 mm) ¥,

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright ovemétiis unl



6.52 Estimate the Brinell and Rockwell hardnesses for the following:
(a) The naval brass for which the stressain behavior is shown in Figure 6.12.

(b) The steel alloy for which the strestain behavior is shown in Figure 6.21.
Solution

This problem calls for estimations of Brinell and Rockwell hardnesses.

(a) For the brass specimen, the stsissin behavior for which is shown in Figure 6.12, the tensile
strength is 450 MPa (65,000 psi). From Figure 6.19, the hardness for brass corresponding to this tensile strength is
about 125 HB or 70 HRB.

(b) The steel alloy (Figure 6.21) has a tensile stten§about 515 MPa (74,700 psi) [Problem 6.25(d)].

This corresponds to a hardness of about 160 HB or ~90 HRB from the line for steels in Figure 6.19. Alternately,

using Equation 6.20a

TS(MPg 515MPa
3.45 3.45

HB 149
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6.53 Using the data represented in Figure 6.19, specify equations relating tensile strength and Brinell

hardness for brass and nodular cast iron, similar to Equations 6.20a and 6.20b for steels.
Solution

These equations, for a straight line, are of the form
TS=C+ (E)(HB)

where TS is the ensile strength, HB is the Brinell hardness, andr@ E are constants, which need to be
determined.
One way to solve for @ndE is analytically-establishing two equations using @&d HB data points on

the plot, as

(T, =C+ (BE)BH),
(T9,=C+ (E)BH),

Solving forE from these two expressions yields

c_ (19, @9,
(HB), (HB);

For nodular cast iron, if we make the arbitrary choice of ¢Hi)d (HB), as 200 and 300, respectively, then, from

Figure 6.19, 19, and TS, take on values of 600 MPa (87,000 psi) and 1100 MPa (160,000 psi), respectively.

Substituting these values into the above expression and solviegfees

_ 600 MPa 1100MPa
200 HB 300 HB

= 5.0 MPa/HB (730 psi/HB)

Now, solving for Cyields

C= (19, - (E)(BH),

= 600 MPa (5.0 MPa/HB)(200 HB) = 400 MPa { 59,000psi)

Thus, for nodular cast iron, these two equations take the form
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TYMPa) =—400 + 5.0 x HB
TYpsi) =—59,000 + 730 x HB

Now for brass, we take (HBand (HB), as 100 and 200, respectively, then, from Figure 7.3, (and
(TS, take on values 0870 MPa (54,000 psi) and 660 MPa (95,000 psi), respectively. Substituting these values

into the above expression and solvingHEagives

_ 370MPa 660MPa

= 2.9 MPa/HB (410 psi/HB)
100 HB 200 HB

Now, solving forC yields

C= (19, - (E)(BH),

= 370 MPa- (2.9 MPa/HB)(100 HB) = 80 MP#13,000 psi)

Thus, for brass these two equations take the form

TYMPa) = 80 + 2.9 x HB
TSpsi) = 13,000 + 410 x HB
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Variability of Material Properties

6.54 Cite five factors that lead to scatter in measured material properties.
Solution

The fivefactors that lead to scatter in measured material properties are the following: (1) test method; (2)
variation in specimen fabrication procedure; (3) operator bias; (4) apparatus calibration; and (5) material

inhomogeneities and/or compositional difnces.
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6.55 Below are tabulated a number of Rockwell B hardness values that were measured on a single steel

specimen. Compute average and standard deviation hardness values.

83.3 80.7 86.4
88.3 84.7 85.2
82.8 87.8 86.9
86.2 83.5 84.4
87.2 85.5 86.3

Solution
The average of the given hardness values is calculated using Equation 6.21 as

15
| HRB

_833 883 f§8 ... 86.3_ 85.3

And we compute the standard deviation using Equation 6.22 as follows:

15

I —_— 2
! HRB; HRB
s = it
15 1
a 2 2 2 412
%833 8532 (883 8532 .... (86.3 85.3
- & »
« 14 Vi
_ 60.31 — 508
14
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Design/Safety Factors

6.56 Upon what three criteria are factors of safety based?
Solution

The criteria upon which factors of safety are based are (1) consequences of failure, (2) previous

experience, (3) accuracy of measurement of mechanical forces and/or material properties, and (4) economics.
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6.57 Determine working stresses for the two alloys that have the-stregs behaviors shown in Figures
6.12 and 6.21.

Solution

The working stresses for the twtogs the stresstrain behaviors of which are shown in Figures 6.12 and
6.21 are calculated by dividing the yield strength by a factor of safety, which we will take to be 2. For the brass
alloy (Figure 6.12), sincey\# 250 MPa (36,000 psi), the working stress is 125 MPa (18,000 psi), whereas for the
steel alloy (Figure 6.21)\{, =400 MPa (58,000 psi), and, therefok¢, = 200 MPa (29,000 psi).
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DESIGN PROBLEMS

6.D1 A large tower is to be supported by a series of steel wires. It is estimated tbatltbe each wire
will be 11,100 N (2500 . Determine the minimum required wire diameter assuming a factor of safety of 2 and a
yield strength of 1030 MPa (150,000 psi).

Solution

For this problem the working stress is computed using Equatiomét2dN = 2, as

v
V== %: 515 MPa (75,000 psi )

Since the force is given, the area may be determined from Equation 6.1, and subsequently the original giameter d
may be calculated as
2
§j0

_F _ 3o
AU_TW_S©_21

And

oo [2F (4)(L1,100 N)
074 sy, (515 u106 N/m?)

=5.23u103m =5.23 nm (0.206 in.)
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6.D2 (a)Gaseous hydrogen at a constant pressure of 1.013 MPa (10 atm) is to flow within the inside of a
thin-walled cylindrical tube of nickel that has a radius of 0.1 m. The temperature of the tube is top@aB@@he
pressure of hybgen outside of the tube will be maintained at 0.01013 MPa (0.1 atm). Calculate the minimum wall
thickness if the diffusion flux is to be no greater thaw10’ mol/nf-s. The concentration of hydrogen in the

nickel, Gy (in moles hydrogen per hof Ni) is a function of hydrogen pressure,,.zP(in MPa) and absolute

temperature (T) according to

§ 12.3kJ/mol -
Cq 30.8/py, expéT3 (6.28)

Furthermore, the diffusion coefficient for the diffusion of H in Ni depends on temperature as

§ 39.56 kJ/mol -

Dy 4.76 ul0 7ex 6.29
H Pe" RT : ©29

(b) For thin-walled cylindical tubes that are pressurized, the circumferential stress is a function of the
SUHVVXUH GLIITHUHQFH DFURVV WKH ZDOO 0S F\OLQGHU UDGLXV U

_r'’p
V=— 6.30
4'x ( )

Compute the circumferential stress to which thdsaaf this pressurized cylinder are exposed.

(c) The roorrtemperature yield strength of Ni is 100 MPa (15,000 psi) and, furthermigrdiminishes
about 5 MPa for every 5@ rise in temperature. Would you expect the wall thickness computed in partgp) to
suitable for this Ni cylinder at 30&€? Why or why not?

(d) If this thickness is found to be suitable, compute the minimum thickness that could be used without any
deformation of the tube walls. How much would the diffusion flux increase with this reduction in thickness? On the
other hand, if the thickness determined in part (c) is found to be unsuitable, then specify a minimum thickness that

you would use. In this case, how much of a diminishment in diffusion flux would result?
Solution

(&) Thisportion of the problem asks for us to compute the wall thickness of avéied cylindrical Ni
tube at 300 through which hydrogen gas diffuses. The inside and outside pressures are, respectively, 1.1013 and
0.01013 MPa, and the diffusion flux is to be no greater tharl@ “unol/m?-s. This is a steadstate diffusion
problem, which necessitates that wepdog Equation 5.3. The concentrations at the inside and outside wall faces
may be determined using Equation 6.28, and, furthermore, the diffusion coefficient is computed using Equation

6.29. Solving for' x (using Equation 5.3)

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright ovemétiis unl



1
L
1 ul0 " mol/m? s

]
(476 u107) exp ~ 39,560 J/mol )
©(8.31 J/motK)(300 273 K) 1

§ .
(30.8)exp” 12,300 J/mol J0.01013MPa  +/1.1013 MPa
© (8.31/mol- K)(300 273 K) 1

=0.0025 m=2.5mm

(b) Now we are asked to determine the circumferential stress:

V:Q

"X

_ (0.10m)(1.013MPa__ 0.01013 MP3)
(4)(0.0025 m)

= 10.0 MPa

(c) Now we are to compare thislue of stress to the yield strength of Ni at 3D0fepm which it is

possible to determine whether or not the 2.5 mm wall thickness is suitable. From the information given in the
problem, we may write an equation for the dependence of yield stre\@;mn(temperature'l'o as follows:

V, = 100MPa >MP21 ¢
y 50 G

whereT, is room temperature and for temperature in degrees Celsius. Thus,@t 300 q

\y =100 MPa (0.1 MPa/§) (300§ 20 §) = 72 MPa

Inasmuch as the circumferential stress (10 MPa) is much less than the yield strength (72 MPa), this thickness is

entirely suitable.
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(d) And, finally, this part of the problem asks that we specify how much this thickness may be reduced and
still retain a safe design. Let us use a working stress by dividing the yield stress by a factor of safety, according to

Equation 6.24. On the basisour experience, let us use a value of 2.0NfoiThus

Using this value for\, and Equation 6.30, we now compute the tube thickness as

_r'e
4\,

'X

(0.10 m)(1.013MPa 0.01013 MPg)
4(36 MP3)

=0.00070 m = 0.70 mm

Substitution of this value into Fick's first law we calculate the diffusion flux as follows:

o}

a
= (4.76 u107) exp « 39,560 J/mol "
- (8.31 J/mol-K)(300 273 K) 14

a

(o]

(30.9 exp« 12,300 J/mol »,[0.01013MPa  ,/1.013 MPa
€ (8.313/mol-K)(300 273 K) )
0.0007 m

= 3.53 u10/ mol/m?-s

Thus, the flux increases by approximately a factor of 3.5, fromi@’ to 3.53 u10™’ mol/m?-s with this reduction

in thickness.
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6.D3 Consider the steadbtate diffusion of hydrogethrough the walls of a cylindrical nickel tube as
described in Problem 6.D2. One design calls for a diffusion flux @f®® mol/nf-s, a tube radius of 0.125 m, and
inside and outside pressures of 2.026 MPa (20 atm) and 0.0203 MPa (0.2 atm), respedtirecimaximum
allowable temperature is 45@¢. Specify a suitable temperature and wall thickness to give this diffusion flux and

yet ensure that the tube walls will not experience any permanent deformation.
Solution

This problem calls for the spedifition of a temperature and cylindrical tube wall thickness that will give a
diffusion flux of 5 u10® mol/mé-s for the diffusion of hydrogen in nickel; the tube radius is 0.125 m and the
inside and outside pressures are 2.026 and 0.0203 MPa, respgectieere are probably several different
approaches that may be used; and, of course, there is not one unique solution. Let us employ the following
procedure to solve this problem: (1) assume some wall thickness, and, then, using Fick's first law for diffusion
(which also employs Equations 5.3 and 6.29), compute the temperature at which the diffusion flux is that required;
(2) compute the yield strength of the nickel at this temperature using the dependence of yield strength on
temperature as stated Problem 6.D2; (3) calculate the circumferential stress on the tube walls using Equation
6.30; and (4) compare the yield strength and circumferential stress-whleigteld strength should probably be at
least twice the stress in order to make certain that no permanent deformation occurs. If this condition is not met
then another iteration of the procedure should be conducted with a more educated choice of wall thickness.

As a starting point, let us arbitrarily choose a wall thickness of 2 mm 1@ 3Lm). The steadytate

diffusion equation, Equation 5.3, takes the form

=5 ul10°® mol/im?-s

(o]

a
C (476 u107)expy 39860 Imol °
< (831 JImol-K)(T) V4

a (o]

12,300 J/mol
(30.8 exp<_<| @.31 JImo- K (M) i}}/ 0.0203MPa  4/2.026 MPa
0.002 m

Solving this expression for the temperaturgiviesT = 514 K = 241@; this value s satisfactory inasmuch as it is
less than the maximum allowable value (450 q

The next step is to compute the stress on the wall using Equation 6.30; thus
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V:ﬂ

x

_ (0.125 m)(2.026 MPa 0.0203 MPg)
@ (2 u103m)

=31.3 MPa

Now, the yield strength‘(,) of Ni at this temperature may be computed using the expression

V, = 100MPa >MP21 ¢
y 50 G

whereT, is room temperature. Thus,

\| = 100 MPa- (0.1 MPa/§)(241¢ — 20 §) = 77.9 MPa

Inasmuch as this yield strength is greater than twice the circumferential stedsshickness and temperature

values of 2 mm and 24C @re satisfactory design parameters.
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7.2 Consider two edge dislocations of opposite sign and having slip planes that are separated by several
atomic distances as indicated in the diagram. Briefly describe the defect that results when these two dislocations

become aligned with each other.

Solution

When the two edge dislocations become aligned, a planar region of vacancies will exishkiatvee

dislocations as:
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7.3 Is it possible for two screw dislocations of opposite sign to annihilate each other? Explain your

answer.

Solution

It is possible for two screw dislocations of opposite sign to annihilate one another if their dislocation lines
are parallel. This is demonstrated in the figure below.
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7.4 For each of edge, screw, and mixed dislocations, cite the relationship between the direction of the

applied shear stress and the direction of dislocation line motion.

Solution

For the various dislocation types, the relationships between the direction of the applied shear stress and the
direction of dislocation line motion are as follows:

edge dislocation--parallel

screw dislocationperpendicular

mixed dislocationneither paallel nor perpendicular
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Slip Systems

7.5 (a) Define a slip system.

(b) Do all metals have the same slip system? Why or why not?
Solution

(&) A slip system is a crystallographic plane, and, within that plane, a direction along which dislocation
motion (or slip) occurs.

(b) All metals do not have the same slip system. The reason for this is that for most metals, the slip system
will consist of the most densely packed crystallographic plane, and within that plane the most closely packed

direction This plane and direction will vary from crystal structure to crystal structure.
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7.6 (a)Compare planar densities (Section 3.11 and Problem 3.54) for the (100), (110), and (111) planes
for FCC.
(b) Compare planar densities (Problem 3.55) for the (100), (110), and (111) planes for BCC.

Solution
(a) Forthe FCC crystal structure, the planar density for the (110) plane is given in Equation 3.11 as
1 0.177

4R%\[2  R?

Furthermore, the planar densities of the (100) and (111) planes are edlénlatomework Problem 3.54,

which are as follows:

_ 1 025
PDoFCO) = 5~
1 029
PD,1,(FCO
i 2R%,[3 R

(b) For the BCC crystal structure, the planar densities of the (100) and (110) planes were determined in

Homework Problem 3.55, which are as follows:

3 0.19

PD,,(BCC) = —>— =27
100 16R2  R2

3 0.27

PD, , (BCO) 221
110 8R2 (2 R?

Below is a BCC unit cell, within which is shown a (111) plane.
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@)

The centers of the three corner atoms, denoted by A, B, and C lie on this plane. Furthermore, the (111) plane does
not pass through the center of atom D, which is located at the unit cell center. The atomic packing of this plane is

presented in the following figure; the corresponding atom positions from the Fajjare @lso noted.

(b)

Inasmuch as this plane does not pass throlugleenter of atom D, it is not included in the atom count. One sixth of
each of the three atoms labeled A, B, and C is associated with this plane, which gives an equivalerielfof one
atom.

In Figure p) the triangle with A, B, and C at its cornessain equilateral triangle. And, from Figui®, (

the area of this triangle I%(ZX The triangle edge lengtk, is equal to the length of a face diagonal, as indicated in

Figure @). And its length is related to the unit cell edgeglid, a, as
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or

EL

NE

For BCC, a (Equation 3.3), and, therefore,

X4/ 3
which leads toy T\/_ And, substitution for the above expressionXdgields

x3 BR2 §/3° 4Ry2

2 43 i i 2

Thus, the area of this triangle is equal to

) . . 2
AREA 1xy % §1Rﬁ &Rﬁ 8R
2 @1©\/§ i 2 i ,\/73

And, finally, the planar density for this (111) plane is

0.5atom 4/3  0.11
8R?  16R? R?

NE

PD, ;,(BCO)
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7.7 One slip system for the BCC crystal structure’liiso‘(ll]). In a manner similar to Figure 7.6b,
sketch a 2410 -type plane for the BCC structure, representing atom positions with circles. Now, using,arrows

indicate two differen{111) slip directions within this plane.

Solution

Below is shown the atomic packing for a BCEL0 -type plane. The arrows indicate two differéhu}-

type directions.
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7.8 One slip system for the HCP crystal structure’B§01‘<11§O>. In a manner similar to Figure 7.6b,
sketch a®001 -type plane for the HCP structure and, using arrows, indicate three diff(éleﬁo> slip directions

within this plane. You might find Figure 3.8 helpful.

Solution

Below is shown the atomic packing for an HCB001 -type plane. The arrows indicate three different
<11§0>-type directions.
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7.9 Equationg.la and 7.1b, expressions for Burgers vectors for FCC and BCC crystal structures, are of

the form
b E(uvvv)
2
where a is the unit cell edge length. Also, since the magnitudes of these Burgers vectors may be determined from the
following equaibn:
1/2
a2 2 g2 (7.10)
2
determine values ob| for aluminum and chromium. You may want to consult Table 3.1.

b

Solution

For Al, which has an FCC crystal structure=R0.1431 nm (Table 3.1) and=a ZW = 0.4047 nm

(Equdion 3.1); also, from Equation 7.1a, the Burgers vector for FCC metals is

b 2¢102
2

Therefore, the values for, M, and win Equation 7.10 are 1, 1, and 0, respectively. Hence, the magnitude of the

Burgers vector for Al is

_ O.4O47nm\/(1)2

= 5 @)2 (0)% = 0.2862 nm

4R

NE

For Cr which has a BCC crystal structures 0.1249 nm (Table 3.1) anal = 0.2884 nm (Equation

3.3); also, from Equation 7.1b, the Burgers vector for BCC metals is

b 2¢112
2

Therefore, the values for, M, and win Equation 7.10 are 1, 1, and 1, respectively. Hence, the magnitude of the

Burgers vector for Cr is

b = %ﬂ/aﬂ @)2 (1)2 = 0.2498 nn
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7.10 (a) In the manner of Equations 7.1a, 7.1b, and 7.1c, specify the Burgers vectorsfomtieecubic
crystal structure. Its unit cell is shown in Figure 3.24. Also, simple cubic is the crystal structure for the edge
dislocation of Figure 4.3, and for its motion as presented in Figure 7.1. You may also want to consult the answer to
Concept Chck 7.1.

(b) On the basis of Equation 7.10, formulate an expression for the magnitude of the Burgershyeictor, |

simple cubic.
Solution

(8) This part of the problem asks that we specify the Burgers vector for the simple cubic crystal structure

(and suggests that we consult the answer to Concept Check 7.1). This Concept Check asks that we select the slip
system for simple cubic from four possibilities. The correct answérO'@‘(OlO). Thus, the Burgers vector will lie

in a (010)—type direction. Also, the unit slip distance iqi., the unit cell edge length, Figures 4.3 and 7.1).

Therefore, the Burgers vector for simple cubic is

b = &010

Or, equivalently

(=2
1

a(100)
(b) The manitude of the Burgers vectdb|, for simple cubic is

|b| — a(lz + 02 + 02)1/2 = a
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Slip in Single Crystals

7.11 Sometimes cokcos an Equation 7.2 is termed the Schmid factor. Determine the magnitude of the

Schmid factor for an FCC single crystal emited with it§100] direction parallel to the loading axis.

Solution

We are asked to compute the Schmid fafioan FCC crystal oriented with its [100] direction parallel to
the loading axis. With this scheme, slip may occur on the (111) plania éinel[110] direction as noted in the

figure below.

The angle between the [100] afidl0] directions, Qmay be determined using Equation 7.6

a

Ia)

« u.u ViV W, W.
OCOSl 1-2 12 172

TR

VRV

where (for [100])u1 =1, v, = O,W1 =0, and for [110]) u,= 1,v2 =-1, W, = 0. Therefore,ds equal to

O cos? z @@ O (OO )
4 B 0° 0°@ (12 07

§, -
coslii, 45 (
21
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Now, the angle is equal to the angle between the normal to the (111) plane (which is the [111] direction), and the
[100] direction. Again from Equation 7.6, and f.(lr: 1 v, = 1,w1 =1, andJ2 = 1,v2 =0, ano\/\/2 =0, we have

a (

| cost€ OO MO OO
4 @ 0 02@ 02 02(

§ .
coslil 547 q

@31i
Therefore, the Schmid factor is equal to

'=0.408

2181
@2 i@3?

cos @os | = cos (45 cos (54.7)g=
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7.12 Consider a metal singteystal oriented such that the normal to the slip plane and the slip direction
are at angles of 43.8and 47.9grespectively, with the tensile axis. If the critical resolved shear stress is 20.7 MPa
(3000 psi), will an applied stress of 45 MPa (6500 pause the single crystal to yield? If not, what stress will be

necessary?

Solution

This problem calls for us to determine whether or not a metal single crystal having a specific orientation
and of given critical resolved shear stress will yield. akkegiven that £ 43.1 qO= 47.9 gand that the values of
the critical resolved shear stress and applied tensile stress are 20.7 MPa (3000 psi) and 45 MPa (6500 psi),

respectively. From Equation 7.2

W = Vcos Icos O= (45 MPa)(cos 43.§(cos 47.9) = 22.0 MPa (3181 psi

Since the resolved shear stress (22 MPajyéster than the critical resolved shear stress (20.7 MPa), the single

crystal will yield.
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7.13 A single crystal of aluminum is oriented for a tensile test such that its slip plane normal makes an
angle of 28.1gwith the tensile axis. Three possibligp slirections make angles of 62¢#2.0gand 81.1gwith the
same tensile axis.

(a) Which of these three slip directions is most favored?

(b) If plastic deformation begins at a tensile stress of 1.95 MPa (280 psi), determine the critical resolved

shearstress for aluminum.
Solution

We are asked to compute the critical resolved shear stress for Al. As stipulated in the preb28r, g
while possible values fo€are 62.4372.0g and 81.1.q
(&) Slip will occur along that direction for whicho& | cos @ is a maximum, or, in this case, for the

largest cosO Cosines for the possibl@values are given below.

cos(62.4)= 0.46
cos(72.0)= 0.31
cos(81.1)a= 0.15

Thus, the slip direction is at an angle of 62umtlg the tensile axis.

(b) Fram Equation 7.4, the critical resolved shear stress is just

Wss = Vy (COs 1c0S Qpax

= (1.95 MPa)zos (28.1 ycos ( N@& 0.80 MPa (114 psi,
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7.14 Consider a single crystal of silver oriented such that a tensile stress is applied along a [001]
direction. If slip occurs on &111)planeand in a[101] direction, and is initiated at an applied tensile stress of 1.1

MPa (160 psi), compute the critical resolved shear stress.

Solution

This problem asks that we compute the critical resolved shear stress for silver. In order to do this, we must

employ Equation 7.4, but first it is necessary to solve for the ar@led | which are shown in the sketch below.

The angle Ois the angle between the tensile axi®., along the [001] direction—and the slip directieie.,
[101]. The angleOmay be determined using Equation 7.6 as

a

P

1¢ Ujlp  VqVp  WiWp

Ocos«22 > o >
g‘/ul Vi wy Uy v5 w5

VRV

where (for [OOl])ul =0, v, = O,Wl =1, and (for{ 101]) u,= -1, v, = O,W2 =1. Therefore,ds equal to

a C

O cos!? Z O(1) OO OO )
4 0 0@ 0° 0

Ccos 45

R
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Furthermore,l is the angle between the tensile axthe [001] direction—and the normal to the slip plaae., the

(111) plane; for this case this normal is along a [111] direction. Therefore, again using Equation 7.6

o1¢ 00 (01 @@ }
g\/a»z 02 0> @ 0> 02

I co

54.7q

§ .

coS 1 .L s

q3i

And, finally, using Equation 7.4, the critical resolved shear stress is equal to

Wes = Vy(cos Icos §

= (1.1 MPa) Bos64.7 jcos@5 ) @ (1.1MPa) i L = 0.45MPa (65.1 psi

81 81
&3ig2i
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7.15 A single crystal of a metal that has the FCC crystal structure is orientddthat a tensile stress is
applied parallel to theJ10] direction. If the critical resolved shear stress for this material is 1.75 MPa, calculate

the magnitude(s) of applied stress(es) necessary to cause slip to occur (@t Ihglane in each of th¢110],
[101] and [011] directions.

Solution

In order to solve this problem it is necessary to employ Equation 7.4, but first we need to solve for the for
(and | angles for the three slip systems.

For each of these three slip systems, theill be the same-i.e., the angle between the direction of the

applied stress, [110] and the normal to the (111) plane, that is, the [111] direction. Theraaglbel determined
using Equation 7.6 as

a

« u.u V.V W, W.
| cosle 1Yz ViVp WiWp

TR

Y N

where (for [110])ul =1, v, = 1,Wl =0, and (for [111])12 = 1,v2 = 1,W2 =1. Therefore, is equal to

a C

I coslé 0O OO OO
49 0 02@ 0 0 (

§ .
cosliZ 353 q

@6i

Let us now determine far the [110] slip direction. Again, using Equation 7.6 whe&ezul, v, = 1, w = 0 (for
[110]), andu2 = 1,v2 =-1, W, = 0 (for [110]. Therefore,ds determined as

a (

q  cosl Q@ @Y OO
110] [110] Z\/ (:E)Z (1)2 (0)2 @2 ( 1)2 (0)2 d
cos10 90q

Now, we solve for the yield strength for this (124f)10] slip system using Equation 7.4 as

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



\é{’SS

Y (cosl cosQ

1.75MPa 1.75MPa
cos(35.3cos(90y 0 8 )(0)

which means that slip will not occur on this (14ft)10] slip system.

Now, we must determine the value ofoDthe (111}[101] slip system—that is, the angle between the

[110] and[101] directions. Again using Equation 7.6

Qg oy co8? 0O O_0O(
110] [101] g\/ @2 (1)2 (0)2 @2 (0)2 ( 1)2 G
cosl - 60 (
CE

Now, we solve for the yield strength for this (12f)01] slip system using Equation 7.4 as

\é{’SS

Y (cosl cosQ

1.75MPa 1.75MPa

4.29 MPa
cos(35.3ycos(60y 0 81%(0.500

And, finally, for the (1113[011] slip system,ds computed using Equation 7.6 as follows:

a (

DO O OCD

_ cost¢
?110] [011] g\/ B2 @2 (02 @2 M2 (12 G
§_ .
1=
cos ot 60q

Thus, since the values ofahd Cfor this (110)-[011] slip system are the same as for (:1P1], so also will y

be the ame—viz 4.29 MPa.
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7.16 (a) A single crystal of a metal that has the BCC crystal structure is oriented such that a tensile stress
is applied in thg010]direction. If the magnitude of this stress is 2.75 MPa, compute the resolved shear stress in the
[111] direction on each of thel{0)and(101)planes.

(b) On the basis of these resolved shear stress values, which slip system(s) is (are) most favorably

oriented?
Solution

(@) This part of the problem asks, for a BCC metal, thatamepute the resolved shear stress in[thiel]

direction on each of the (110) and (101) planes. In order to solve this problem it is necessary to employ Equation
7.2, which means that we first need to solve for the for anghesl | for the three slip systems.

For each of these three slip systems, theill®@e the same-i.e., the angle between the direction of the
applied stress, [010] and the slip directiph11]. This angleQmay be determined using Equation 7.6

a

«

1 Ujlp  VqVp  W3Wp

C
>
O CcOos & 2 2 2 2 2 2)
iﬂ/“l Vi Wp Uz Vo Wy g

where (for [OlO])ul =0, v, = 1,wl =0, and (for{ 111]) u,= -1, v, = 1,w2 =1. Therefore,ds determined as

a C

0 cost$ O() VO OO
qj@Z (1)2 (0)2 @)2 (1)2 (1)2G

§ .
121 5474

a3:

cos

Let us now determine for the angle between thirection of the applied tensile stresse., the [010] direction—
and the normal to the (110) slip plaree., the [110] direction. Again, using Equation 7.6 whplre 0, v, = 1w,

1
= 0 (for [010]), andJ2 = 1,v2 = 1,w2 =0 (for [110]), | is equal to

I cosl& 09 OO OO
[010] [110] :;/ @2 (1)2 (0)2 @g (1)2 (0)2 G

§ .
cosl: 45

I\JH
v
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Now, using Equation 7.2

W Vcosl cosC

we solve for the resolved shear stress for this slip system as

Wiig iy (2-75MPa) 20s(54.7 Jeos(45 ) @(2.75MPa) (0.578(0.707  1.12MPa

Now, we must determine the value ofot the (101}[111] slip system—that is, the angle between the

direction of the applied stress, [010], and the normal to the (101)-plame the [101] direction. Again using
Equation 7.6

1« OO @®H)©O OO
Q10 oy €08 :\/ % 07 O @ OF 2 (

cos1(0) 90«

Thus, the resolved shestress for this (104] 111] slip system is

Wiop 1y (275MPa) 20s(54.7 jos(90 ) @(2.75MPa) (0.579(0) 0 MPa

(b) The most favored slip system(s) is (are) the one(s) that has (have) the\gmgaéae. Therefore, the
(110)-[111] is the most favored since its;, .12 MPa) is greater than thg/ value for (10J) [111] (viz., O

MPa).

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



7.17 Consider a single crystal of some hypothetical metal that has the FC@l stystture and is

oriented such that a tensile stress is applied alofigg@2] direction. If slip occurs on 111)plane and in g101]

direction, compute the stress at which the crystal yields if its critical rassivear stress is 3.42 MPa.
Solution

This problem asks for us to determine the tensile stress at which a FCC metal yields when the stress is
applied along 4102] direction such that slip occurs on a (111) plane and i0d] direction; the critical resolved
shear stress for this metal is 3.42 MPa. To solve this problem we use Equation 7.4; however it is first necessary to

determine the values of and O These determinations are possible using Equation 7.6. Kisvthe angle
between[102] and[101] directions. Therefore, relative to Equation 7.6 let us tgke-1,v, = 0, andw, = 2, as

well asu, = -1, v, = 0, ano\/v2 = 1. This leads to

a

C
O cosl : Yty Va¥p WiWp :
2 2 2 .2 2 2
(‘i/ ur vy wy u; vy w5 ;
cos! ® (D) 00 O

A\ ot

5 B2 02 22 @7 02 2

§ .
cos 1 i

@101

18.4

Now for the determination of, the normal to the (111) slip plane is the [111] direction. Again using Equation 7.6,
where we now take, =-1,v; = 0,w; = 2 (for [102]), andu, = 1,v, = 1,w, = 1 (for [111]). Thus,

W o\

N

1 g (D0 OO @
B 07 7@ 0 0@

| cos

40 ol

§ .
cosliS_ | 392 q

@151

It is now possible to compute the yield stress (using Equation 7.4) as
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Wes 3.42MPa
\A
Y coslcosO 83 ‘83

/10 ig/151

4.65MPa
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7.18 The critical resolved shear stress for iron is 27 MPa (4000 psi). Deteth@maaximum possible

yield strength for a single crystal of Fe pulled in tension.

Solution

In order to determine the maximum possible yield strength for a single crystal of Fe pulled in tension, we

simply employ Equation 7.5 as

Vy = 2 \Wes = (2)(27 MPa) = 54 MPa (8000 psi)
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Deformation by Twinning

7.19 List four major differences between deformation by twinning and deformation by slip relative to

mechanism, conditions of occurrence, and final result.
Solution

Four major differences between deformation by twinning deformation by slip are as follows: (1) with
slip deformation there is no crystallographic reorientation, whereas with twinning there is a reorientation; (2) for
slip, the atomic displacements occur in atomic spacing multiples, whereas for twihesg displacements may be
other than by atomic spacing multiples; (3) slip occurs in metals having many slip systems, whereas twinning
occurs in metals having relatively few slip systems; and (4) normally slip results in relatively large deformations,

whereas only small deformations result for twinning.
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Strengthening by Grain Size Reduction

7.20 Briefly explain why smadingle grain boundaries are not as effective in interfering with the slip

process as are highngle grain boundaries.
Solution

Small-angle grain boundaries are not as effective in interfering with the slip process as areghgbrain
boundaries because there is not as much crystallographic misalignment in the grain boundary regiorafoglsmall

and therefore not as much change in slip direction.
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7.21 Briefly explain why HCP metals are typically more brittle than FCC and BCC metals.

Solution

Hexagonal close packed metals are typically more brittle than FCC and BCC metals because there are

fewer slip systems in HCP.
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7.22 Describe in your own words the three strengthening mechanisms discussed in this chapter (i.e., grain
size reduction, solidolution strengthening, and strain hardening). Be sure to explain how dislocations are involved

in each of the strengthening techniques.

These three strengthening mechanisms are described in Sections 7.8, 7.9, and 7.10.
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7.23 (a) From the plot of yield strength versus (grain diamétefpr a 70 Cu-30 Zn cartridge brass,
JLIXUH GHWHUPLQH Y Ds@ndH\h ERUdtioN KH FRQVWDQWYV 1
(b) Now predict the yield strength of this alloy when the average grain diameter igd @0mm.

Solution

(a) Perhaps the easiest waytive for \; andky in Equation 7.7 is to pick two values each\ngfandd'lf2

from Figure 7.15, and then solve two simultaneous equations, which may be created. For example

d12 (mm)-112 \, (MPa)
4 75
12 175

The two equations are thus
75 = VO + 4ky

175 = \p + 12k,

Solution of these equations yield the values of

ky =12.5 MPa(mm)2 1810 psi(mm)/2
\} = 25 MPa (3630 psi)

(b) Whend = 1.0 u103 mm,d"¥/2= 31.6 mml/2, and, using Equation 7.7,

— -1/2
Vy = \p + kyd

a o)
= (25 MPa)+ §2.5 MPa(mm)"~ {31.6 mm/?) = 420 MPa (61,000 psi)
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7.24 The lower yield point for an iron that has an average grain diameter @f@® mm is 135 MPa
(19,500 psi). At a grain diameter of 8.0° mm, the yield point increases to 260 MPa (37,500 psi). At what grain
diameter will the lower yiel point be 205 MPa (30,000 psi)?

Solution

The best way to solve this problem is to first establish two simultaneous expressions of Equation 7.7, solve
for \§ andlg,, and finally determine the value dfvhen \§/ = 205 MPa. The data pertaining to this problem may be

tabulated as follows:

\{/ d (mm) d1/2 (mm)—l/Z
135 MPa 5 ul0? 4.47
260 MPa 8 u103 11.18

The two equations thus become

135 MPa= \ + (4.47)k,

260 MPa= \p + (11.18)k,
Which yield the values)j = 51.7 MPa andty =18.63 MPa(mni})/z. At a yield strength of 205 MPa

205MPa=51.7 MPa + I8.63MPa(mm).2 (P

ordl/2=8.23 (mm)¥2, which givesd = 1.48 u102 mm.

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



7.25 If it is assumed that the plothigure 7.15 is for noncoldvorked brass, determine the grain size of

the alloy in Figure 7.19; assume its composition is the same as the alloy in Figure 7.15.

Solution

This problem asks that we determine the grain size of the brass for which is the subject of Figure 7.19.
From Figure 7.19athe yield strength of brass at 0%CW is approximately 175 MPa (26,000 psi). This yield
strength from Figure 7.15 corresponds % value of approximately 12.0 (mm2. Thus,d = 6.9 u103 mm.
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Solid-Solution Strengthening

7.26 In the manner of Figures 7.17b and 7.18b, indicate the location in the vicinity of an edge dislocation
at which an interstitial impurity atom would be expected to be situated. Now briefly explain in terms of lattice

strains why itwould be situated at this position.
Solution

Below is shown an edge dislocation and where an interstitial impurity atom would be located.
Compressive lattice strains are introduced by the impurity atom. There will be a net reduction in lattice strain
energy when these lattice strains partially cancel tensile strains associated with the edge dislocation; such tensile

strains exist just below the bottom of the extra-pthe of atoms (Figure 7.4).
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Strain Hardening

7.27 (a) Show, for a tengdl test, that

wew 2 H oo
@1

if there is no change in specimen volume during the deformation processy(bes Al 4).
(b) Using the result of part (a), compute the percent cold work experienced by naval brass (the stress

strain behavior of which is shown in Figure 6.12) when a stress of 400 MPa (58,000 psi) is applied.

Solution

(&) From Equation 7.8

. § :
pew= 20 A 10023 A y100
© Ay 1 © At

Which is also equal to

sinceAy/A, = Iy/l4, the conservation of volume stipulation givarthe problem statement. Now, from the definition

of engineering strain (Equation 6.2)

Or,
I 1

ly H1

Substitution forly/ | j into the %CW expression above gives

8§ lo - 8§ 1 - § H -
%CW=1 - ul00=1 —— ul00=—— ul00
© gt © H 11 S 1t
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(b) From Figure 6.12, a stress of 400 MPa (58,000 psi) corresponds to a strain of 0.13. Using the above

expression

w

%ew= -1 u100= 213 1100=11.5%CW
11 ©13 1.001
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7.28 Two previously undeformed cylindrical specimens of an alloy are to be strain hardened by reducing
their crosssectional areas (whél maintaining their circular cross sections). For one specimen, the initial and
deformed radii are 16 mm and 11 mm, respectively. The second specimen, with an initial radius of 12 mm, must

have the same deformed hardness as the first specimen; cohgséednd specimen's radius after deformation.

Solution

In order for these two cylindrical specimens to have the same deformed hardness, they must be deformed
to the same percent cold work. For the first specimen

32 92
wew="20 A ulooond u 100

_ Saemm?2  S11mm)?
(16 mm)?2

u 100 = 52.7%CW

For the second specimen, the deformed radius is computed using the above equation and sgleisig for

r %CW
d =0 100

0,
=(12 mm)‘f 1 S2THEW _ 8.25mm
100
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7.29 Two previously undeformed specimens of the same metal are to be plasticaiheddfpreducing
their crosssectional areas. One has a circular cross section, and the other is rectangular; during deformation the
circular cross section is to remain circular, and the rectangular is to remain as such. Their original and deformed

dimensons are as follows:

Circular (diameter, mm)  Rectangular (mm)

Original dimensions 15.2 125 x 175
Deformed dimensions 11.4 75 x 200

Which of these specimens will be the hardest after plastic deformation, and why?

Solution

The hardest specimen Wile the one that has experienced the greatest degree of cold work. Therefore, all

we need do is to compute the %CW for each specimen using Equation 7.8. For the circular one

a (o]
%CW = A A Ay i} ul00
- f)
aS 2 82 [o]
= «0—2d» u 100
« 3§ Vs
j(s§15.2mm ? S,,§1.4 mm 2 ;
1 1
-« © 2 ©2 2 > u 100 = 43.8%CW
2 S§15.2 mm z
- © 2 E Y,

Forthe rectangular one

W= 125mm)(175mm) (75 mm)(200 mm) °

= @25mm)@75mm) a

u100= 31.4%CW

Therefore, the deformed circular specimen will be harder.
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7.30 A cylindrical specimen of celdorked copper has a ductility (%EL) of 25%. If its caldrked

radius is 10 mm (0.40 in.), what was its radigfore deformation?
Solution

This problem calls for us to calculate the preestitked radius of a cylindrical specimen of copper that
has a coldvorked ductility of 25%EL. From Figure 7.19copper that has a ductility of 25%EL will have

experience deformation of about 11%CW. For a cylindrical specimen, Equation 7.8 becomes

aS % S_ 5 [0}
%CW = “———— U 100
« g 0 Yy
Sincery =10 mm (0.40 in.), solving far, yields
fo = 'd - 10mMM 6 6mm (0.4241in.)
\/1 %CW 1 11.0
100 100
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7.31 (a) What is the approximate ductility (%EL) of a brass that has a yield strength of 275 MPa (40,000

psi)?
(b) What is the approximate Brinell hardness of a 1040 steel having a yield strength of 690 MPa (100,000

psi)?
Solution

(a) In order to solve this problem, it is necessary to consult Figuresahti9a19c From Figure 7.19aa
yield strength of 275 MPa for brass corresponds to 10%CW. A brass that has besorkeltl10% will have a
ductility of about 43%EL [Figure 7.19c

(b) This portion of the problem asks for the Brinell hardness of a 1040 steel hayigld strength of 690
MPa (100,000 psi). From Figure 7.1%ayield strength of 690 MPa for a 1040 steel corresponds to about 10%CW.
A 1040 steel that has been cold worked 10% will have a tensile strength of about 780 MPa [Figlire=had,
using Equation 6.20a

_ TS(MPg _ 780MPa
3.45 3.45

HB = 226
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7.32 Experimentally, it has been observed for single crystals of a number of metals that the critical
resolved shear stresgs LV D IXQFWLRQ RI WKHa&LVORFDWLRQ GHQVLW\ !

Wes W AJY

Z K H | &hd2A are constants. For copper, the critical resolved shear stress is 2.10 MPa (305 psi) at a dislocation
density of 1@mmZ. If it is known that the value of A foopper is 6.35¢10° MPa-mm (0.92 psinm), compute the

W at a dislocation density of 1@m?.
Solution

We are asked in this problem to compute the critical resolved shear stress at a dislocation der?sity of 10
mm2. It is first necessary to comfe the value of the constary (W the equation provided in the problem

statement) from the one set of data as

W Wes AV

2.10MPa  (6.35 u 10 3 MPa-mm) 4/10° mm 2 0.092MPa (13.3ps)

Now, the critical resolved shear stress may be determined at a dislocation dens?tpnof 1as

Wss= W+ A B

= (0.092MPa) + (6.35 u 103 MPa- mm)4/10’ mm 2 = 20.2 MPa (2920 psi)
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Recovery
Recrystallization
Grain Growth

7.33 Briefly cite the differences between recovery and recrystallization processes.
Solution

For recovery, there is some relief of internal strain energy by dislocation motion; however, there are
virtually no changes in either the grain structure or mechanical characteristics. During recrystallization, on the other

hand, a new set of strafree grains forms, and the material becomes softer and more ductile.
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7.34 Estimate the fraction of recrystallization from the photomicrograph in Figure 7.21c.

Solution

Below is shown a square grid onto which is superimposed the recrystallized regions from the micrograph.
Approximately 400 squares lie within the recrystallized areas, and since there are 672 total squares, the specimen is

about 60% recrystallized.
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7.35 Explain the differences in grain structure for a metal that has been cold worked and one that has

been cold worked and then recrystallized.

Solution

During coldworking, the grain structure of the metal has been distorted to accommodate the deformation.

Recrystallization produces grains that are equiaxed and smaller than the parent grains.
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7.36 (a) What is the driving force for recrystallization?

(b) For grain growth?
Solution

(&) The driving force for recrystallization is the difference in internal energy between the strained and
unstrained material.
(b) The driving force for grain growth is the reduction in grain boundary energy as the total grain

bounday area decreases.

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



7.37 (a) From Figure 7.25, compute the length of time required for the average grain diameter to increase
from 0.01 to 0.1 mm at 50 for this brass material.
(b) Repeat the calculation at 600°C.

Solution

(a) At 5006, the timenecessary for the average grain diameter to grow to increase from 0.01 to 0.1 mm is
approximately 3500 min.

(b) At 600¢ the time required for this same grain size increase is approximately 150 min.
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7.38 The average grain diameter for a brass material was measured as a function of time at 650°C, which

is tabulated below at two different times:

Time (min) Grain Diameter (mm)
30 3.9 x 102
90 6.6 x 107?

(a) What was the original grain diameter?
(b) What grain diameter would you predict after 150 at 650°C?

Solution

(a) Using the data given and Equation 7.9 (takirg2), we may set up two simultaneous equations with
dy andK as unknowns; thus

(3.9 U102 mm)?2 d2 = (30 min)K

(6.6 U102 mm)?2 d2 = (90 min)K

Solution of these expressions yields a vatredf, the original grain diameter, of

dg=0.01 mm,
and a value for 16f 4.73 u10® mm?/min

(b) At 150 min, the diameteris computed using a rearranged form of Equation 7.9 as

d=qdd Kt

=4/(0.01 mm?  (4.73 u10 5 mm?/min) (150 min) = 0.085mm
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7.39 An undeformed specimen of some alloy has an average grain diameter of 0.040 mm. You are asked

to reduce its average grain diameter to 0.010 mm. Is this possible? If so, explain the procedures you would use

and name the processes involved. If it is not possiblegiaxphy.

Solution

Yes, it is possible to reduce the average grain diameter of an undeformed alloy specimen from 0.040 mm to
0.010 mm. In order to do this, plastically deform the material at room temperature (i.e., cold work it), and then

anneal at an elevated temperature in order to allow recrystallization and some grain growth to occur until the

average grain diameter is 0.010 mm.
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7.40 Grain growth is strongly dependent on temperature (i.e., rate of grain growth increases with
increasing temperat@), yet temperature is not explicitly given as a part of Equation 7.9.
() Into which of the parameters in this expression would you expect temperature to be included?

(b) On the basis of your intuition, cite an explicit expression for this tempedgpendence.

Solution

(a) The temperature dependence of grain growth is incorporated into the cKriat&ufuation 7.9.

(b) The explicit expression for this temperature dependence is of the form

§ Q-
K =Knexp. —
0P RT
in which K; is a temperate-independent constant, the param&es an activation energy, amlandT are the gas

constant and absolute temperature, respectively.
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7.41 An uncoldworked brass specimen of average grain size 0.008 mm has a yield strength of 160 MPa
(23,500 psi).Estimate the yield strength of this alloy after it has been heated t€ 6601000 s, if it is known that
the value of kis 12.0 MPamm’? (1740 psimmt’).

Solution

In order to solve this problem, it is first necessary to calculate the congtanEquation 7.7 as
Vo=V, kydl?
=160MPa (12.0MPa mm'/2)(0.008mm) /2 25.8 MPa (4046 ps)

Next, we must determine the average grain size after the heat treatment. From Figure 7.2 aft&00000 s
(16.7 min) the average grain size of a brass material is about 0.20Timenefore, calculatingy‘at this new grain

size using Equation 7.7 we get
- -1/2
Wy =V kyd

=25.8MPa (12.0 MPa- mm*2)(0.20 mm)¥/2 = 52.6 MPa (7940 psi)
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DESIGN PROBLEMS

Strain Hardening
Recrystallization

7.D1 Determine whether or not it is possible to cold work steel $o gise a minimum Brinell hardness

of 225, and at the same time have a ductility of at least 12%EL. Justify your decision.

Solution

The tensile strength corresponding to a Brinell hardness of 225 may be determined using Equation 6.20a as

TS(MPa 3.45 uHB (3.495(225 776MPa

Furthermore, from Figure 7.1b9in order to achieve a tensile strength of 776 MPa, deformation of at least 9%CW is
necessary. Finally, if we cold work the steel to 9%CW, then the ductility is 17%EL from Figure TH&efore,

it is possibé to meet both of these criteria by plastically deforming the steel.
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7.D2 Determine whether or not it is possible to cold work brass so as to give a minimum Brinell hardness

of 120 and at the same time have a ductility of at least 20%EL. Justify your decision.
Solution

According to Figure 6.19, a Brinell hardness of 120 corresponds to a tensile strength of 440 MPa (63,500
psi.) Furthermore, from Figure 71,9in order to achieve a tensile strength of 440 MPa, deformation of at least
26%CW is necessy. Finally, if we are to achieve a ductility of at least 20%EL, then a maximum deformation of
23%CW is possible from Figure 7.19cTherefore, it imot possibleo meet both of these criteria by plastically

deforming brass.
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7.D3 A cylindrical speciran of coldworked steel has a Brinell hardness of 250.
(a) Estimate its ductility in percent elongation.
(b) If the specimen remained cylindrical during deformation and its original radius was 5 mm (0.20 in.),

determine its radius after deformation.
Solution

(a) From Figure 6.19, a Brinell hardness of 250 corresponds to a tensile strength of 860 MPa (125,000
psi), which, from Figure 7.19) requires a deformation of 25%CW. Furthermore, 25%CW yields a ductility of
about 11%EL for steel, Figure 7.19c¢

(b) We are now asked to determine the radius after deformation if the unadddd radius is 5 mm (0.20

in.). From Equation 7.8 and for a cylindrical specimen

a82 S_20
%ON:@Q—j—ﬂ»ulm
s 3y Vs

Now, solving for f from this expression, we get

Co [ ww
d ~ oy 100

= (5 mm),|1 25 4.33 mm (0.173in.)
100
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7.D4 It is necessary to select a metal alloy for an application that requires a yield strength of at least 345
MPa (50,000 psi) while maintaining a minimum ductility (%EL) of 20%. If the metal may be cold worked, decide

which of the following are candidates: copper, brass, and a 1040 steel. Why?
Solution

For each of these alloys, the minimum cold work necessary to achieve the yield strength may be
determined from Figure 7.19avhile the maximum possible cold work ftite ductility is found in Figure 7.19c

These data are tabulated below.

Yield Strength Ductility
(> 345 MPa) (> 20%EL)
Steel Any %CW < 5%CW
Brass > 20%CW < 23%CW
Copper > 54%CW < 15%CW

Thus, both the 1040 steel and brass are possible candidates since for these alloys there is an overlap of percents

coldwork to give the required minimum yield strength and ductility values.
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7.D5 A cylindrical rod of 1040 steel originally 15.2 mm (0.60 in.) in diameter is to be cold worked by
drawing; the circuhr cross section will be maintained during deformation. A ewaddked tensile strength in
excess of 840 MPa (122,000 psi) and a ductility of at least 12%EL are desired. Furthermore, the final diameter
must be 10 mm (0.40 in.). Explain how this may lbermgplished.

Solution

First let us calculate the percent cold work and attendant tensile strength and ductility if the drawing is

carried out without interruption. From Equation 7.8

1
= u 100 = 56%CW

At 56%CW, the steelvill have a tensile strength on the order of 920 MPa (133,000 psi) [Figure],Axdtibh is
adequate; however, the ductility will be less than 10%EL [Figure [ \4®ach is insufficient.

Instead of performing the drawing in a single operation, lenitislly draw some fraction of the total
deformation, then anneal to recrystallize, and, finally, -eadtk the material a second time in order to achieve the
final diameter, tensile strength, and ductility.

Reference to Figure 7.h9ndicates that 20%CW is necessary to yield a tensile strength of 840 MPa

(122,000 psi). Similarly, a maximum of 21%CW is possible for 12%EL [Figure ]7.1Bbe average of these
extremes is 20.5%CW. Again using Equation 7.8, if the final diameter after the first drawi'agﬂsen

2
2
sijscl gL0mm

-0,
., o2
20.5%CW = o u 100

sto |
R 1

And, solving the above expression fd'b, yields
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10 mm
\/1 20.5%CW
100

dg = = 11.2mm (0.45in
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7.D6 A cylindrical rod of copper originally 16.0 mm (0.625 in.) in diameter is to be cold worked by
drawing; the circular cross section will be maintained during deformation. Awoltked yield strength in excess
of 250 MPa (36,250 psi) and a ductility of at least 12%EL are desired. Furthermore, the final diameter must be
11.3 mm (0.445 in.). Explain how this may be accomplished.

Solution

Let us first calculate the percent cold work and attendant yield strength and ductility if the drawing is

carried out without interruption. From Equation 7.8

-2 -2
S_36.0 mm S,31.3mm

1 1
-_© 2 © 2 U100 = 50%CW
S,?16.0mm :

© 2 t

At 50%CW, the copper will have a yield strength on the order of 330 MPa (48,000 psi), Figurewhidais
adequate; however, the ductility will be about 4%EL, Figure 7:dAeh is insufficient.

Instead of performing the drawing in a single operationudetnitially draw some fraction of the total
deformation, then anneal to recrystallize, and, finally, cold work the material a second time in order to achieve the
final diameter, yield strength, and ductility.

Reference to Figure 7.&9ndicates that 21%W is necessary to give a yield strength of 250 MPa.
Similarly, a maximum of 23%CW is possible for 12%EL [Figure 7}J19¢he average of these two values is

22%CW, which we will use in the calculations. Thus, to achieve both the specified yield strehgtinctility, the
copper must be deformed to 22%CW. |If the final diameter after the first drawihg, ihen, using Equation 7.8

' .2 2
S%o §1.3mm"
P © 2 ¢
sovcw= & U100

And, solving ford, from the above expression yields
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11.3 mm

’1 22%CW
100

dg = = 12.8 mm (0.50in.)
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7.D7 A cylindrical 1040 steel rod having a minimum tensile strength of 865 MPa (125,000 psi), a ductility
of at least 10%EL, and a final diameter of 6.0 mm (0.25 in.) is desired. Some 7.94 mm (0.313 in.) diameter 1040
steel stock, which has been cold worked 20% is available. Describe the procedure you would follow to obtain this

material. Assume that 1040 steel experiences cracking at 40%CW.

Solution

This problem calls for us to cold work some 1040 steel stock that has les@uply cold worked in order
to achieve minimum tensile strength and ductility values of 865 MPa (125,000 psi) and 10%EL, respectively, while
the final diameter must be 6.0 mm (0.25 in.). Furthermore, the material may not be deformed beyond 40%CW. Let
us start by deciding what percent coldwork is necessary for the minimum tensile strength and ductility values,
assuming that a recrystallization heat treatment is possible. From Figube at.1€ast 25%CW is required for a
tensile strength of 865 MPa.uffhermore, according to Figure 7.190%EL corresponds a maximum of 30%CW.
Let us take the average of these two values (i.e., 27.5%CW), and determine what previous specimen diameter is

required to yield a final diameter of 6.0 mm. For cylindrical speais, Equation 7.8 takes the form

2 2
¥’ g%y
1
wew=—2"__L 1 1o
s¥o
@2 1
Solving for the original diametel; yields
dpz=—dd - 080MM ___J650 (0.2781n)
\/1 %CW \/1 27.59%CW
100 100

Now, let us determine its undeformed diameter realizing that a diameter of 7.94 mm corresponds to
20%CW. Again solving fod, using the above equation and assungipg 7.94 mm yields

=% - T9MM__gggmm (0.350in.)
o T e
100 100

At this point let us see if it is possible to deform the material from 8.88 mm to 7.05 mm without exceeding the

40%CW limit. Again employing Equation 7.8
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2 2
S§.882mm ) S_ZOSme 1
%CW = 5 u 100 = 37%CW
8.88 mm -
87
© 2 1

In summary, the procedure which can be used to produce the desired material would be as follows: cold
work the asreceived stock to 7.05 mm (0.278 in.), heat treat it to achieve complete recrystallization, and then cold

work the material agaito 6.0 mm (0.25 in.), which will give the desired tensile strength and ductility.
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8.2 Estimate the theoretical fracture strength of a brittle material if it is known that fracture occurs by the
propagation of an elliptically shaped surface crack of length 0.25 mm (0.01 in.) and having a tip radius of
curvature of 1.2¢40° mm (4.7 ¢10° in.) when a stress of 1200 MPa (174,000 psi) is applied.

Solution

In order to estimate the theoretical fracture strength of this material it is necessary to cajgulsieg
Equation 8.1 given tha¥) = 1200 MPaa = 0.25 mm, andy= 1.2 u103 mm. Thus,

8 1/2

q

Vm:2V0 T
CrR

a 472
= (2)(1200MPa)ye—222MM " _ 35 410* MPa=35GPa (5.1 u1dP ps)

1.2 ul03mmy,
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8.3 If the specific surface energy for sdiae glass is 0.30 J/musing data contained in Table 12.5,

compue the critical stress required for the propagation of a surface crack of length 0.05 mm.

Solution

We may determine the critical stress required for the propagation of an surface cracklimsafdass

usin uation 8.3; taking the value o e .5) as the modulus of elasticity, we get
ing Equation 8.3; taking the value of 69 GPable 12.5) as the modulus of elasticity, we g

/
v 2EL%
NN /A
. ar2
9 2
_ {2)(69 u10° N/m?) (O.30N/M) 5, _ 165 108 Ny = 16.2 MPa
« (3 0.05u103m i
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8.4 A polystyrene component must not fail when a tensile stress of 1.25 MPa (180 psi) is applied.
Determine the maximum allowable surface crack lengtieiurface energy of polystyrene is 0.50*{#86 1103

in.-Ib¢/in.?). Assume a modulus of elasticity of 3.0 GPa (0.436° psi).

Solution

The maximum allowable surface crack length for polystyrene may be determined using Equation 8.3;

taking3.0 GPa as the modulus of elasticity, and solvin@fdeads to

4-2E1_Q (3 u10° N/m?2)(0.50 N/m)
S\E (9(1.25 u10® N/m?)?

=6.1 ul04m=0.61 mm (0.024 in.)
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8.5 A specimen of a 4340 steel alloy having a plane strain fracture toughndss\dPay/m (41 ksh/in.)
is exposed to a stress of 1000 MPa (145,000 psi). Will this specimen experience fracture if it is known that the

largest surface crack is 0.75 mm (0.03 in.) long? Why or why not? Assume that the parameter Y has a value of 1.0.
Solution

This problem asks us to determine whether or not the 4340 steel alloy specimen will fracture when exposed
to a stress of 1000 MPa, given the values of i and the largest value afin the material. This requires that we

solve for \/ from Equation 8.6. Thus

\, = —Kie_ - 45MPay/m = 927 MPa (133500 psi)
YySa  1.0)/(3(0.75 u103m)

Therefore, fracture will most likelpccur because this specimen will tolerate a stress of 927 MPa (133,500 psi)

before fracture, which is less than the applied stress of 1000 MPa (145,000 psi).
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8.6 Some aircraft component is fabricated from an aluminum alloy that has a plane strain fracture
toughness of35 MPaym (31.9 ksi/in.). It has been determined that fracture results at a stress of 250 MPa
(36,250 psi) when the maximum (or critical) internal crack length is 2.0 mm (0.08 in.). For this same component
and alloy, will fracture occur at a stress level of 325 MPa (47,125 psi) when the maximum internal crack length is
1.0 mm (0.04 in.)? Why or why not?

Solution

We are asked to determine if an aircraft component will fracture for a given fracture tou¢BBess
MPaﬁ), stress level (325 MPa), and maximum internal crack length (1.0 mm), given that fracture occurs for the
same component using the same alloy for another stress level and internal crack length. It first becomes necessary
to solve for the parameter, Msing Equation 8.5, for the conditions under which fracture occurred \i=e250
MPa and 2= 2.0 mm). Therefore,

Y = KICSa = SSMP@ — =250
W (250 MPa).| (9 - ullo °m
© 2 i

Now we will solve for the producY W & for the other set of conditions, so as to ascertain whether or not this
value is greater than thg,, for the alloy. Thus,

§ u03m-

Y W Sa = (2.50)(325MPa (5)'@ >

=32.2MPa/m  (29.5 ksiy/in.)

Therefore, fracturaill notoccur since this valu32.3 MPa\/ﬁ) is less than thi, of the material, 35 MPa\/ﬁ.
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8.7 Suppose that a wing component on an aircraft is fabricated from an aluminum alloy that has a plane
strain fracture toughness of0 MPay/m (36.4 ksi/in.). It has been determined that fracture results at a stress of
365 MPa (53,000 psi) when the maximum internal crack length is 2.5 mm (0.1Banthis same component and

alloy, compute the stress level at which fracture will occur for a critical internal crack length of 4.0 mm (0.16 in.).

Solution

This problem asks us to determine the stress level at which an a wing component on anwdlrcraft
fracture for a given fracture toughneésao MPa\/ﬁ) and maximum internal crack length (4.0 mm), given that
fracture occurs for the same component using thee sloy at one stress level (364Pa) and aather internal
crack length (2.5mm). It first becomes necessary to solve for the paraméter the conditions under which

fracture occurred using Equation 8.5. Therefore,

v =K - 40 MPaym =1.75

v R .
(365 MP@\/(SQ'S ulo3m
© 2 i

Now we will solve for\, using Equation 8.6 as

Kie _ 40 MPa/m

VC: =
Y & 3m -
(1.75\/(3.5.54 ul0 °m
© 2 i

= 288 MPa (41,500 psi)
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8.8 A large plae is fabricated from a steel alloy that has a plane strain fracture toughness of
55 MPay/m (50 ksi/in.). If, during service use, the plate is exposed to a tensile stress of 200 MPa (29,000 psi),

determine the minimum length of a surface crack that veitl e fracture. Assume a value of 1.0 for Y.

Solution

For this problem, we are given values<gf (55 MPa\/ﬁ), V 20®IPa), andy (1.0) for a large plate and

are asked to determine the minimum length of a surface crack that will lead to fracture. All we need do is to solve

for a. using Equation 8.7; therefore

2 a &
: 55 MPay/
a =1 Kic ©_1 S5 MPaym o4 me 24 mm (0.95in.)
S¥ Vi S{.0)(200MP3 1,
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8.9 Calculate the maximum internal crack length allowable for a 7068 aluminum alloy (Table 8.1)

component that is loaded to a stress one half of its yield strength. Assume that the value of Y is 1.35.

Solution

This problem asks us to calculate the maximum internal crack length allowable for th&68175-

aluminum alloy in Table 8.1 given that it is loaded to a stress level equal-twatira its yield strength. For this
alloy, K\, 24 MPW (22 ksi/ in.); also, V= \§/2 = (495 MPa)/2 = 248 MPa (36,000 psi). Now solving for

2a. using Equation 8.7 yields

a &
24 MPay
2 2 M =0.0033 m=33mm (0.13in.)
S@V:  S{135(248 MPg 1,
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8.10 A structural component in the form of a wide plate is to be fabricated from a steel alloy that has a
plane strain fracture toughness @7.0 MPa/m (70.1 ksi/in.) and a vyield strength of 1400 MPa (205,000 psi).
The flaw size resolution limit of the flaw detection apparatus is 4.0 mm (0.16 in.). If the design stress is one half of
the yield strength and the value of Y is 1.0, determine whether or not a critical flaw for this plate is subject to

detection.
Solution

This problem asks that we determine whether or not a critical flaw in a wide plate is subject to detection
given the limit of the flaw detection apparatus (4.0 mm), the valuqco(W MPa\/ﬁ), the design stres${(/2 in

which Vy = 1400 MPa), and' = 1.0. We first need to compute the valu@ofising Equation 8.7; thus

a &
2 « »
: 77 MPa/ m
a = 132%/ .= lsf 8400 Mpa. = 00039 m=39mm (0.15in.)
1.0) ————
;i o 2w,

Therefore, the critical flaw isot subject to detection sindhis value of @ (3.9 mm) is less than the 4.0 mm

resolution limit.
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8.11 After consultation of other references, write a brief report on one or two nondestructive test

techniques that are used to detect and measure internal and/or surface flaws in metal alloys.

The student should do this problem on his/her own.
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Impact Fracture Testing

8.12 Following is tabulated data that were gathered from a series of Charpy impact tests on a ductile cast

iron.
Temperature (°C) Impact Energy (J)

-25 124
-50 123
—75 115
-85 100

-100 73

-110 52

-125 26

-150

175 6

(a) Plot the data as impact energy versus temperature.

(b) Determine a ductileo-brittle transition temperature as that temperature corresponding to the average
of the maximum and mmum impact energies.

(c) Determine a ductiléo-brittle transition temperature as that temperature at which the impact energy is
80 J.

Solution

(a) The plot of impact energy versus temperature is shown below.
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(b) The average of the maximum amthimum impact energies from the data is

Average= LZGJ =65J

As indicated on the plot by the one set of dashed lines, the ehiaekititle transition temperature according to this
criterion is about105 .
(c) Also, as noted on the plot by thther set of dashed lines, the duetdebrittle transition temperature

for an impact energy of 80 J is abedb €.
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8.13 Following is tabulated data that were gathered from a series of Charpy impact testsnopeaed
4140 steel alloy

Temperature {C) Impact Energy (J)

100 89.3
75 88.6
50 87.6
25 85.4
0 82.9
-25 78.9
-50 73.1
—65 66.0
—75 59.3
-85 47.9
-100 34.3
-125 29.3
-150 271
=175 25.0

(a) Plot the data as impact energy versus temperature.

(b) Determine a ductil¢o-brittle transition temperature as that temperature corresponding to the average
of the maximum and minimum impact energies.

(c) Determine a ductiléo-brittle transition temperature as that temperature at which the impact energy is
70 J.

Solution

The plot of inpact energy versus temperature is shown below.
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(b) The average of the maximum and minimum impact energies from the data is

Average= M =572

As indicated on the plot by the one set of dashed lines, the etaekitittle transition temperataraccording to this
criterion is about75 €.
(c) Also, as noted on the plot by the other set of dashed lines, the -tlntiletle transition temperature

for an impact energy of 70 J is abed6 €.
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Cyclic Stresses (Fatigue)
The SN Curve

8.14 A fatigue test was conducted in which theamstress was 50 MPa (7250 psi) and the stress
amplitude was 225 MPa (32,625 psi).

(a) Compute the maximum and minimum stress levels.

(b) Compute the stress ratio.

(c) Compute the magnitude of the stress range.

Solution

(@) Given the values of (50 MPa) and M225 MPa) we are asked to compuig,,\and V. From
Equation 8.14
\fy = ~max_Mnin — 50 ppa
Or,

Vhaxt Vhin = 100 MPa

Furthermore, utilization of Equation 8.16 yields
\p = max__ Vinin 5 Vnin — 225 MPa
Or,
Vnax— Vin = 450 MPa
Simultaneouslsolving these two expressions leads to

Viax = 275 MPa (40,000 psi)
Viin = 175MPa ( 25,500 psi)

(b) Using Equation 8.17 the stress ra&is determined as follows:

m = Vmn _ 175 MPa _
Vinax 275 MPa

0.64
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(c) The magnitude of the stress rangés determined using Equation 8.15 as

Vi = Vpax  Minin = 275 MPa (175 MPa) = 450 MPa (65,500 psi)
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8.15 A cylindrical 1045 steel bar (Figure 8.34) is subjected to repeated comprdesision stress cycling
along its axis. If the load amplitude is 22,000 N (495) kompute the minimum allowable bar diameter to ensure

that fatigue failure will not occur. Assume a factor of safety of 2.0.

Solution

From Figure 8.34, the fatigue limit stress amplitude for this alloy is 310 MPa (45,000 psi). Stress is
defined in Equation 6.1 a¥ = % For a cyindrical bar

_ i’
P=S5,
Substitution forA into the Equation 6.1 leads to
v=E o P
A %o 0
(G2

(4)(22,000 N)
810 u106 N/m? -
(9 © 2 i

134 ul03m 13.4 mm (0.53in.)
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8.16 An 8.0 mm (0.31 in.) diameter cylindrical rod fabricated from a red brass alloy (Figure 8.34) is
subjected to reversed tensioompression load cycling along its axis. If the maximum tensile and compressive
loads are +7500 N (1700 {pand 7500 N {1700 Ik), respectively, determine its fatigue lifédssume that the

stress plotted in Figure 8.34 is stress amplitude.

Solution

We are asked to determine the fatigue life for a cylindrical red brass rod given its diameter (8.0 mm) and

the maimum tensile and compressive loads (+7500 N-&3@0 N, respectively). The first thing that is necessary
is to calculate values 0¥, and \,;, using Equation 6.1. Thus

Vinax = Fmax — _Fmax
2
Ao %o
@ 1
_ %7500 N =150 u1cP N/m? =150 MPa (22,500 psi)
0 ul03m"’
(5%
Vinin = Finin 2
s
@ 1
_ % 7500 N 5 = 150 u 106 N/m2 = 150 MPa ( 22,500 pS|)
B0 ul03m"
(5 =%

Now it becomes necessary to compute the stress amplitude using Equation 8.16 as

v, = Vimax Vi _ 150 MPa_( 150 MPg
2 2

=150 MPa (22,500 psi)

From Figure 8.34, ffor the red brass, the number of cycles to failure at this stress amplitude is aid@tclycles.
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8.17 A 12.5 mm (0.50 in.) diameter cylindrical rod fabricated from a 2WBl4dloy (Figure 8.34) is
subjected to a repeated tensicompres®n load cycling along its axis. Compute the maximum and minimum
loads that will be applied to yield a fatigue life of 1010 cycles. Assume that the stress plotted on the vertical

axis is stress amplitude, and data were taken for a mean stres$/i#& (7250 psi).

Solution

This problem asks that we compute the maximum and minimum loads to which a 12.5 mm (0.50 in.)
diameter 2014F6 aluminum alloy specimen may be subjected in order to yield a fatigue life oj]JOE)cycIes;
Figure 8.34 is to based assuming that data were taken for a mean stress of 50 MPa (7250 psi). Upon consultation
of Figure 8.34, a fatigue life of 1.0107 cycles corresponds to a stress amplitude of 160 MPa (23,200 psi). Or,
from Equation 8.16

Viax  Vinin = 2V, = (2)(160 MPa) = 320 MPa (46,400 psi)

Since \f,,= 50 MPa, then from Equation 8.14

Vinax * Viin = 2V, = (2)(50 MPa) =100 MPa (14,500 psi)
Simultaneous solution of these two expressions\for, and Y, yields

Vnax= t210 MPa (+30,400 psi)
Vhin =—110 MPa £16,000 psi)

2
Now, inasmuch asv= F (Equation6.1), and Ay = S= then

1

&

]

Vinax 83 _ (210 u10° N/m2) (9(12.5 u10 3 m)°
4 4

Fmax -

= 25800 N (6000 Iby)

Vinin S43 _ (110 u10° N/m?) (9(12.5 u10 3 m)°
4 4

= 13500 N ( 3140 lby)

I:min
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8.18 The fatigue data for a brass alloy are given as follows:

Stress Amplitude (MPa) Cycles to Failure
310 2 x 10
223 1x 10
191 3x10°
168 1x 10
153 3x 10
143 1x 10
134 3x10°
127 1x10

(a) Make an SN plot (stress amplitude versus logarithm cycles to failure) using these data.
(b) Determine the fatigue strength at@.0° cycles.
(c) Determine the fatigue life for 200 MPa.

Solution

(a) The fatigue data for this alloy are plotted below.

(b) As indicated by the “A” set of dashed lines on the plot, the fatigue strength]al'st'cymles [log (5 u
10°) = 5.7] is about 250 MPa.
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(c) As noted by the “B” set of dashed lines, the fatigue life for 200 MPa is aboﬂO@cycles (i.e., the
log of the lifetime is about 6.3).
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8.19 Suppose that the fatigue data for the brass alloy in Problem 8.18 were taken from torsional tests, and
that a shaft of this alloy is to be used for a coupling that is attached to an electric motor operating at 1500 rpm.
Give the maximum torsional stress amplitude possible for each of the following lifetimes of the co(g)litg:
year, (b) 1 month, (c) 1 day, and (d) 2 hours.

Solution

For each lifetime, fst compute the number of cycles, and then read the corresponding fatigue strength
from the above plot.

(a) Fatigue lifetime = (1 yr)(365 days/yr)(24 h/day)(60 min/h)(1500 cycles/min) = 70§ aycles. The
stress amplitude corresponding to this lifegiis about 130 MPa.

(b) Fatigue lifetime = (30 days)(24 h/day)(60 min/h)(1500 cycles/min) = 616/ eycles. The stress
amplitude corresponding to this lifetime is about 145 MPa.

(c) Fatigue lifetime = (24 h)(60 min/h)(1500 cycles/min) = 2.2008 cydes. The stress amplitude
corresponding to this lifetime is about 195 MPa.

(d) Fatigue lifetime = (2 h)(60 min/h)(1500 cycles/min) = w8L0° cycles. The stress amplitude

corresponding to this lifetime is about 315 MPa.
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8.20 The fatigue data for a ductile cast iron are given as follows:

Stress Amplitude

[MPa (ksi)] Cycles to Failure
248 (36.0) 1% 10°
236 (34.2) 3 x 10°
224 (32.5) 1x 10
213 (30.9) 3 x 10
201 (29.1) 1x 10
193 (28.0) 3 x 10
193 (28.0) 1x10°
193 (28.0) 3 x 10P

(a) Make an SN plot (stress amplitude versus logarithm cycles to failure) using these data.

(b) What is the fatigue limit for this alloy?

(c) Determine fatigue lifetimes at stress amplitudes of 230 MPa (33,500 psi) and 175 MPa (25,000 psi).
(d) Estimate fatjue strengths at 210° and 6 ¢10° cycles.

Solution

(a) The fatigue data for this alloy are plotted below.

(b) The fatigue limit is the stress level at which the curve becomes horizontal, which is 193 MPa (28,000
psi).
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(c) As noted by the “Aset of dashed lines, the fatigue lifetime at a stress amplitude of 230 MPa is about 5
ul0® cycles (logN = 5.7). From the plot, the fatigue lifetime at a stress amplitude of 230 MPa (33,500 psi) is about
50,000 cycles (log\ = 4.7). At 175 MPa (25,000si) the fatigue lifetime is essentially an infinite number of cycles
since this stress amplitude is below the fatigue limit.

(d) As noted by the “B” set of dashed lines, the fatigue strengthrud02 cycles (logN = 5.3) is about 240
MPa (35,000 psi);and according to the “C” set of dashed lines, the fatigue strengthuiB@6cycles (logN = 6.78)
is about 205 MPa (30,000 psi).
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8.21 Suppose that the fatigue data for the cast iron in Problem 8.20 were taken for betating-tests,
and that a od of this alloy is to be used for an automobile axle that rotates at an average rotational velocity of 750
revolutions per minute. Give maximum lifetimes of continuous driving that are allowable for the following stress
levels: (a) 250 MPa (36,250 psiYb) 215 MPa (31,000 psiXc) 200 MPa (29,000 psiand (d) 150 MPa (21,750
psi).

Solution

For each stress level, first read the corresponding lifetime from the above plot, then convert it into the

number of cycles.

(8) For a stress level of 250 MPa (36,250 psi), the fatigue lifetime is approximately 90,000 cycles. This
translates into (91104 cycles)(1 min/750 cycles) = 120 min.

(b) For a stress level of 215 MPa (31,000 psi), the fatigue lifetime is approximatdlgf?cycles. This
translatesnto (2 u10® cycles)(1 min/750 cycles) = 2670 min = 44.4 h.

(c) For a stress level of 200 MPa (29,000 psi), the fatigue lifetime is approximateil971cycles. This
translates into (1 107 cycles)(1 min/750 cycles) = 1.3310% min = 222 h.

(d) Fa a stress level of 150 MPa (21,750 psi), the fatigue lifetime is essentially infinite since we are below
the fatigue limit [193 MPa (28,000 psi)].
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8.22 Three identical fatigue specimens (denoted A, B, and C) are fabricated from a nonferrous alloy. Each

is subjected to one of the maximuarmimum stress cycles listed below; the frequency is the same for all three tests.

Specimen Wax (MPa) Win (MPa)
A +450 -350
B +400 -300
C +340 -340

(a) Rank the fatigue lifetimes of these three specimens fhartgest to the shortest.

(b) Now justify this ranking using a schematidNSilot.
Solution

In order to solve this problem, it is necessary to compute both the mean stress and stress amplitude for each

specimen. Since from Equation 8.14, mean steeaee the specimens are determined as follows:

\ Vi
Vy, = max2 min

450 MPa  ( 350 MP3g

Vi (A) = 5 =50 MPa
\.(B) = 400 MPa 2( 300 MPY) _ o\ ioo
v.(C) = 340 MPa (340 MPY _ o\ 1o

2

Furthermore, using Equation 8.16, stress amplitudes are computed as

\, = Vinax_ Vmin

2
vu(a) = 450 MPa 2( 350 MP3) _ 400 upa
\(B) = 200 MPa 2( 300 MP8) _ 5o 1o
w(C) = 340 MPa_ (340 MP _ 40 o

2

On the basis of these results, the fatigue lifetime for specimen C will be greater than specimieh B turn will
be greater than specimen A. This conclusion is based upon the follooB on which curves are plotted for
two \f, values.
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8.23 Cite five factors that may lead to scatter in fatigue life data.

Solution

Five factors that lead to scatter in fatigue life data are (1) specimen fabrication and surface preparation, (2)
metallurgical variables, (3) specimen alignment in the test apparatus, (4) variation in mean stress, and (5) variation

in test cycle frequency.
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Crack Initiation and Propagation
Factors That Affect Fatigue Life

8.24 Briefly explain the difference betweéatigue striations and beachmarks both in terms of (a) size and

(b) origin.
Solution

(&) With regard to size, beachmarks are normally of macroscopic dimensions and may be observed with
the naked eye; fatigue striations are of microscopic size taisd necessary to observe them using electron
microscopy.

(b) With regard to origin, beachmarks result from interruptions in the stress cycles; each fatigue striation

is corresponds to the advance of a fatigue crack during a single load cycle.
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8.25 List four measures that may be taken to increase the resistance to fatigue of a metal alloy.

Solution

Four measures that may be taken to increase the fatigue resistance of a metal alloy are:

(1) Polish the surface to remove stress amplification sites.

(2) Reduce the number of internal defects (pores, etc.) by means of altering processing and fabrication
techniques.

(3) Modify the design to eliminate notches and sudden contour changes.

(4) Harden the outer surface of the structure by case hagd@airburizing, nitriding) or shot peening.
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Generalized Creep Behavior

8.26 Give the approximate temperature at which creep deformation becomes an important consideration

for each of the following metals: nickel, copper, iron, tungsten, lead, andralom

Solution

Creep becomes important at about Q4T being the absolute melting temperature of the metal. (The

melting temperatures in degrees Celsius are found inside the front cover of the book.)

For Ni, 0.4 = (0.4)(1455 + 273) = 69K or 418 G (785H)
For Cu, 0.F = (0.4)(1085 + 273) = 54R or 270 G (518 )
For Fe, 0.4, = (0.4)(1538 + 273) = 72K or 450 G (845 K)
For W, 0.4 = (0.4)(3410 + 273) = 1478 or 1200@ (2190/)
For Pb, 0.7,,=(0.4)(327 + 273) = 24B or 33§ ( 27 &)
ForAl, 0.4T .= (0.4)(660 + 273) = 378 or 100 G (212K)

Excerpts from this work may be reproduced by instructors for distribution onfarqmbfit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction aomranshas work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



8.27 The following creep data were taken on an aluminum alloy a2lQp50&) and a constant stress of
25 MPa (3660 psi). Plot the data as strain versus time, then determine the-stedgr mmimum creep rate.

Note: The initial and instantaneous strain is not included.

Time (min) Strain Time (min) Strain
0 0.000 16 0.135
2 0.025 18 0.153
4 0.043 20 0.172
6 0.065 22 0.193
8 0.078 24 0.218
10 0.092 26 0.255
12 0.109 28 0.307
14 0.120 30 0.368
Solution

These creep data are plotted below

The steadystate creep rate' @ 't) is the slope of the linear region (i.e., the straight line that has been
superimposed on the curve) as
"H_ 0.230 0.09

— = : — =7.0 ul03 mint
't 30 min 10 min
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Stress and Temperature Effects

8.28 A specimen 750 mm (30 in.) long of a&08-alloy (Figure 8.31) is to be exposeda tensile stress
of 80 MPa (11,600 psi) at 816 (1500&). Determine its elongation after 5000 h. Assume that the total of both

instantaneous and primary creep elongations is 1.5 mm (0.06 in.).

Solution

From the 815@line in Figure 8.31, the sidy state creep rat‘dg is about 5.5 @0% h'lat 80 MPa. The
steady state creep strail;l,, therefore, is just the product é@ and time as

H =¥ x (time)
= (5.5 u 10 ¢ h'1)(5,000 h)=0.027¢
Strain and elongatin are related as in Equation 6.2; solving for the steady state elondajdeads to
'l = |y § = (750 mm)0.0279 = 20.6 mm (0.81in.)

Finally, the total elongation is just the sum of thig and the total of both instantaneous and primcreep

elongations [i.e., 1.5oam (0.06in.)]. Therefore, theotal elongation is 20.6 mm + 1mdm = 22.1mm (0.87in.).
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8.29 For a cylindrical S590 alloy specimen (Figure 8.31) originally 10 mm (0.40 in.) in diameter and 500
mm (20 in.) long, what tensile load is necessary to produtdal elongation of 145 mm (5.7 in.) after 2,000 h at

730 & (1350&)? Assume that the sum of instantaneous and primary creep elongations is 8.6 mm (0.34 in.).
Solution

It is first necessary to calculate the steady state creep rate so that welim@yigure 8.31 in order to
determine the tensile stress. The steady state elongatiprs just the difference between the total elongation and

the sum of the instantaneous and primary creep elongations; that is,

'l =145mm 8.6 mm=136.4mm (5.36in.)

Now the $eady state creep ratég is just

g 136.4 mm
W= CH_ g 500 mm
"ttt 2,000 h
=1.36 u104hl

Employing the 730Qyline in Figure 8.31, a steady state creep rate of 1.B64inl corresponds to a stresgof
about 200 MPa (or 29,000 psi) [since log (118B34) =-3.866]. From this we may compute the tensile load using

Equation 6.1 as

& 2

F=\y= Vs
2
80.0 u103m"

= (200 u 108 N/M2) (9 , 15700 N (3645 Iby)

© 2
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8.30 If a component fabricated from arb® alloy (Figure 8.30) is to be exposed to a tensile stress of
300 MPa (43,500 psi) at 65@ (1200&), estimate its rupture lifetime.

Solution

This problem asks us to calculate the rupture lifetime of a component fabricated frori9@nafioy
exposed to a tensile stress of 300 MPa at 50| that we need do is read from the 660ige in Figure 8.30 the
rupture lifetime at 300 MPa; this value is about 600 h.
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8.31 A cylindrical component constructed from aB98-alloy (Figure 8.30) has a diameter of 12 mm

(0.50 in.). Determine thmaximum load that may be applied for it to survive 500 h a5 &).
Solution

We are asked in this problem to determine the maximum load that may be applied to a cyling®igal S

alloy component that must survive 500 h at @25rom Figure8.30, the stress corresponding to 500 h is about 50
MPa (7,250 psi). Since stress is defined in Equation 6.1 as F¥A, and for a cylindrical specimen,

2
A = S%l,then

v f
F=\y=Vvs2,
2
§2 u1083m"

= (50 u10% N/m?)(9 , =5655 N (1424 Iby)

© 2

Excerpts from this work may be reproduced by instructors for distribution onfarqmbfit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction aomranshas work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



8.32 From Equation 8.19, ifthelogarithmdi@ LV SORWWHG YHUVXV WKH ORJDULWKP F

should result, the slope of which is the stress exponent n. Using Figure 8.31, determine the value of rbfid the S-
alloy at 925°C, and for thaitial (i.e., lowertemperature) straight line segments at each of 650°C, 730°C, and
815°C.

Solution

The slope of the line from a Iolig versus log Ylot yields the value afiin Equation 8.19; that is

_'log ¥

- "log V

We are asked to determine the values fdrrthe creep data at the four temperatures in Figure 8.31 [i.e., at 925°C,

and for the initial (i.e., lowetemperature) straight line segments at each of 650°C, 730°C, and 815°C]. This is
accomplished by takingtios of the differences between two IMg and log Walues. (Note: Figure 8.31 plots log

\Wersus Iog‘i@; therefore, values aof are equal to the reciprocals of the slopes of the striighsegments.)

Thus for 650@
N log ¥ _ log (101) log (10 ®) 110
"log V  log (545 MPa log (240 MP3g) '
While for 730 ¢
_'log ¥ _ log 1 log (0 ©) 110
"log V log (430 MPg log (125 MPg) '
And at 815@

_ 'log ¥ log 1 log (10 ©) _
"log V log (320 MPg log (65 MP3g

And, finally at 925@

' log ¥ log 10°  log (10 ®
_ ' log e _ g g (10°) _78
"log V log (350 MPg log (44 MP3
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8.33 (a) Estimate the activation energy for creep (i.g.inEquation 8.20) for the 590 alloy having the
steadystate creep behavior shown in Figure 8.31. Use data taken at a stress level of 300 MPa (43,500 psi) and

temperatures of 650°C and 730°C . Assume that the stress exponent n is independent ofitem(pgiastimate
¥ at 600°C (873 K) and 300 MPa.

Solution

(&) We are asked to estimate the activation energy for creep for38@ &loy having the steadtate
creep behavior shown in Figure 8.31, using data taken=at300 MPa and temperatures of 660and 730G
Since Vis a constant, Equation 8.20 takes the form

§&-

o § -§QC .
‘1§—K2\ﬁexp©RT1 —=<

= K, ex
2%P o RT1
where Ké is now a constant. (Note: the exponenhas about the same value at these two temperatures per

Problem 8.32.) Taking natural logarithms of the above expression

o , QC
In‘FS|— InK2 RT

For the case in which we have creep data at two temperatures (denotfdmzd;'lz) and their corresponding
steadystate creep ra’[esﬁ@l and g), it is possible to set up two simultaneous equations of the form as above, with

two unknowns, namely('2 andQ.. Solving forQ, yields

gy ny,

= a [o]
(& —»

d Thw

o

Let us choosd&, as 650@ (923 K) andT, as 730@ (1003 K); then from Figure 8.31, at= 300 MPa,i% =89u

106°hand ‘1’§|2 = 1.3u10°hL. Substitution of these values into the above equation leads to

8.31 J/mol-K) (8.9 u10%) In (1.3 u10?2) |
c a 1 1 °
D23 K 1003 K

=480,000 J/mol
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(b) We are now asked to estiméfgeat 600@ (873 K) and 300 MPa. It is first necessary to determine the

value of K'2, which is accomplished using the first expression above, the val@g ahd one value each d@ and
T(say‘i% andT,). Thus,

K, = ‘f%exp&;
& ¢

& 480000 J/mol °

= 89 u10°h 1 expq »= 134 u 1023 ht
48.31 J/mol- K)(923 K) ¥,

Now it is possible to calculat%ig at 600@ (873 K) and 300 MPa as follows:

. § Q.-
— ' - C
Y= Kzexp© BT

a o
= 1.34 U108 h 1 exp 480,000 J/mol 11
= (8.31J/mol- K)(873K) §

=2.47 u106hl
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8.34 Steadystate creep rate data are given below for nickel at 1400273 K):

¥ (s WMPa (psi)]
10 15 (2175)
10° 4.5 (650)

If it is known that the activation ergyr for creep is 272,000 J/mol, compute the stesidie creep rate at a
temperature of 85@ (1123 K) and a stress level of 25 MPa (3625 psi).

Solution

Taking natural logarithms of both sides of Equation 8.20 yields

In‘ilgzan2 nin v %

With the gven data there are two unknowns in this equation--naiiglgndn. Using the data provided in the

problem statement we can set up two independent equations as follows:

272000J/mol
(8.31J/mol- K)(1273K)

In1 ul04s! InK, + nin(15 MPa)

272,000 J/mol
(8.31 J/mot K)(1273K)

In1 u10®s! InK, + nin(4.5 MPa)

Now, solving simultaneously for and K, leads to rn= 3.825 and K= 466s1. Thus it is now possible to solve for

‘i@ at 25 MPa and 1123 K using Equation 8.20 as

. §Q.-
=K \f' - <C
W=k Ve ot

a (
466 s 1 (25 MPg)3825exp 272000J/mol
S (8.31 J/mok K)(1123K)

2.28 ul05st
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8.35 Steadtate creep data taken for a stainless steel at a stress level of 70 MPa (10,000 psi) are given

as follows:

¥(s? T (K)
1.0 x 10° 977
2.5 x10° 1089

If it is known that the value of the stress exponent n for this alloy is 7.0, compute thestdeacheep rate at 1250
K and a stress level of 50 MPa (7250 psi).

Solution

Taking natural logarithms of both sides of Equation 8.20 yields

In‘fgl:InK2 ninv %I‘

With the given data there are two unknowns in this equation--nafyeiind Q.. Using thedata provided in the

problem statement we can set up two independent equations as follows:

In1.0 u10®s! InK, + (7.0) In(70 MPa) Qe
(8.31 J/mot K)(977K)

In 25 u103s! InK, + (7.0) In(70 MPa) Qc
(8.31 J/mok K)(1089K)

Now, solving simultaneously for jandQ_ leads to i = 2.55 W0° st andQ, = 436,000 J/mol. Thus, it is now
possible to solve foﬁg at 50 MPa and 1250 K using Equation 8.20 as

) §Q. -
= K \ﬁ - <C
W= KoV et

a C
255 u10° s 1 (50 MP3)7Oexp 436000J/mol __ °
= (8.31 J/mot K)(1250 K) 1

0.118 &t
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Alloys for High-Temperature Use

8.36 Cite three metallurgical/processing techniques that are emptoyathance the creep resistance of

metal alloys.
Solution

Three metallurgical/processing techniques that are employed to enhance the creep resistance of metal
alloys are (1) solid solution alloying, (2) dispersion strengthening by using an insodgioledsphase, and (3)

increasing the grain size or producing a grain structure with a preferred orientation.
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DESIGN PROBLEMS

8.D1 Each student (or group of students) is to obtain an object/structure/component that has failed. It may
come from your homen automobile repair shop, a machine shop, etc. Conduct an investigation to determine the
cause and type of failure (i.e., simple fracture, fatigue, creep). In addition, propose measures that can be taken to

prevent future incidents of this type of faduFinally, submit a report that addresses the above issues.

Each student or group of students is to submit their own report on a failure analysis investigation that was

conducted.
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Principles of Fracture Mechanics

8.D2 (a) For the thinwalled sphercal tank discussed in Design Example 8.1, on the basis of critical crack
size criterion [as addressed in part (a)], rank the following polymers from longest to shortest critical crack length:
nylon 6,6 (50% relative humidity), polycarbonate, poly(ethylerephthalate), and poly(methyl methacrylate).
Comment on the magnitude range of the computed values used in the ranking relative to those tabulated for metal
alloys as provided in Table 8.3. For these computations, use data contained in Tables B.4ia#pBendix B.

(b) Now rank these same four polymers relative to maximum allowable pressure according to-the leak
beforebreak criterion, as described in the (b) portion of Design Example 8.1. As above, comment on these values

in relation to those fortte metal alloys that are tabulated in Table 8.4.
Solution

(a) This portion of the problem calls for us to rank four polymers relative to critical crack length in the

wall of a spherical pressure vessel. In the development of Design Example 8.4,nbted that critical crack
length is proportional to the square of thlg—K\{/ ratio. Values of I¢. and \{, as taken from Tables B.4 and B.5 are

tabulated below. (Note: when a range\Qbr K|c values is given, the average value is used.)

Material Ke (MPaym) \, (MPa)
Nylon 6,6 2.75 51.7
Polycarbonate 2.2 62.1
Poly(ethylene terephthlate) 5.0 59.3
Poly(methyl methacrylate) 1.2 63.5

On the basis of these values, the four polymers are ranked per the square(ﬁcef‘(@aatios asdllows:

2
Material & (mm)
oY 1
PET 7.11
Nylon 6,6 2.83
PC 1.26
PMMA 0.36
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These values are smaller than those for the metal alloys given in Table 8.3, which range from 0.93 to 43.1 mm.

(b) Relative to the leakeforebreak criterion, theKlzC - Vy ratio is used. The four polymers are ranked

according to values of this ratio as follows:

2

K

Material —lc (MPa- m)
Vy

PET 0.422

Nylon 6,6 0.146

PC 0.078

PMMA 0.023

These values are all smaller than those for the metal alloys given in Table 8.4, which values range from 1.2 to 11.2

MPam.
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Data Extrapolation Methods

8.D3 An $590 alloy component (Figure 8.32) must have a creep rupture lifetime of at least 100 days at

500 & (773 K). Compute the maximum allowable stress level.
Solution

This problem asks that we compute the maximum allowable stress level to give a rupture lifetime of 100
days for an $90 iron component at 773 K. It is first necessary to compute the value of the Milison-

parameteas follows:

T(20 + logt,) = (773K) 20 + log 00 days)(24 h/dayf

=18.1 u103

From the curve in Figure 8.32, this value of the Larsbiller parameter corresponds to a stress level of about 530
MPa (77,000 psi).
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8.D4 Consider an S90 alloy component (Figure 8.32) that is sulgel to a stress of 200 MPa (29,000

psi). At what temperature will the rupture lifetime be 500 h?
Solution

We are asked in this problem to calculate the temperature at which the rupture lifetime is 500 h when an S
590 iron component is subjected to a stress of 200 MPa (29,000 psi). From the curve shown in Figure 8.32, at 200
MPa, the value of the LarseéMiller parameter is 22.5110°3 (K-h). Thus,

22.5 u 103 (K-h) =T (20 + logt,)

= T 20 + log(500 h)

Or, solving forT yieldsT = 991 K (718@).
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8.D5 Fa an 188 Mo stainless steel (Figure 8.35), predict the time to rupture for a component that is
subjected to a stress of 80 MPa (11,600 psi) at€(d073 K).

Solution

This problem asks that we determine, for ar818o stainless steel, the time to tuge for a component

that is subjected to a stress of 80 MPa (11,600 psi) aC7(8¥§ K). From Figure 8.35, the value of the Larson-
Miller parameter at 80 MPa is about 231503, for Tin K andt, in h. Therefore,

23.5 u10® =T(20 + logt,)
= 97320 + logt,)
And, solving fort,

24.15 =20 + logt,

which leads td, =1.42 ulc*h=1.6 yr.
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8.D6 Consider an 18-Mo stainless steel component (Figure 8.35) that is exposed to a temperature of

500 & (773 K). What is the maximum allowable stress level for a rupture lifetime of 5 years? 20 years?
Solution

We are asked in this problem to calculate the stress levels at which the rupture lifetime will be 5 years and

20 years when an 18-Mo stainless steel component is subjected to a temperature & $00(K). It first
becomes necessary to calculate the value of the La#lem parameter for each time. The values pf t

corresponding to 5 and 20 years are 4a8* h and 1.75u10° h, respectively. Hence, for a lifetime of 5 years

T(20 + logt,) = 773 28 + log (4.38 u10*) @)9.05 u 103
And fort, = 20 years

T(20 + logt,) = 773 28 + log (1.75 u10°) @R9.51 u 103

Using the curve shown in Figure 8.35, the stress values corresponding to thanfivéwentyyear

lifetimes are approximately 260 MPa (37,500 psi) and 225 MPa (32,600 psi), respectively.
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which yields a value fom!’ of 2667 g. Subtracting the latttom the former of these sugar concentrations

sugar
yields the amount of sugar that precipitated out of the solution upon ccmliglggar; that is

M"sugar = Msugar mg.lgar =5022g 2667 g= 2355¢
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9.2 At 500& (930&), what is the maximum solubility (a) of Cu in A¢®) Of Ag in Cu?

Solution

(&) From Figure 9.7, the maximum solubility of Cu in Ag at &D0arresponds to the position of ti D
+ B phase boundary at this temperature, or to about 2 wt% Cu.
(b) From this same figure, the maximum solubility of Ag in Cu corresponds to the position Bf( the

B phase boundary at this temperature, or about 1.5 wt% Ag.
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Microstructure

9.3 Cite three variables that determine the microstructure of an alloy.

Solution

Three variables that determine the microstructure of an alloy are (1) the alloying elements present, (2) the

concentrations of thesd@}ing elements, and (3) the heat treatment of the alloy.
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Phase Equilibria

9.4 What thermodynamic condition must be met for a state of equilibrium to exist?

Solution

In order for a system to exist in a state of equilibrium the free energy must be a minimum for some

specified combination of temperature, pressure, and composition.
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One-Component (or Unary) Phase Diagrams

9.5 Consider a specimen of ice that is &0Z and 1 atm pressure. Using Figure 9.2, the pressure
temperature phase diagrarorfH,O, determine the pressure to which the specimen must be raised or lowered to

cause it (a) to melt, and (b) to sublime.

Solution

The figure below shows the pressteenperature phase diagram fos@® Figure 10.2; a vertical line has

been construed at-10 ¢, and the location on this line at 1 atm pressure (fB)iig also noted.

(&) Melting occurs, (by changing pressure) as, moving vertically (upward) at this temperature, we cross the
Ice-Liquid phase boundary. This occurs at approximaf@19 atm; thus, the pressure of the specimen must be
raised from 1 to 570 atm.

(b) In order to determine the pressure at which sublimation occurs at this temperature, we move vertically
downward from 1 atm until we cross the I¢apor phase boundary. This intersection occurs at approximately

0.0023 atm.
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9.6 At a pressure of 0.01 atm, determine (a) the melting temperature for ice, and (b) the boiling
temperature for water.

Solution

The melting temperature for ice and the boiling temperature fagrvaata pressure of 0.01 atm may be

determined from the presstt@mperature diagram for this system, Figure 10.2, which is shown below; a horizontal
line has been constructed across this diagram at a pressure of 0.01 atm.

The melting and boiling temperatures for ice at a pressure of 0.01 atm may be determined by moving horizontally
across the pressutemperature diagram at this pressure. The temperature corresponding to the intersection of the
Ice-Liquid phase boundary is the melting temperature, which is approxima&lyQmthe other hand, the boiling

temperature is at the intersection of the horizontal line with the L-iqajubr phase boundarapproximately 163
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Binary Isomorphous Systems

9.7 Given here are theolidus and liquidus temperatures for the germangilimen system. Construct the

phase diagram for this system and label each region.

Composition Solidus Liquidus
(Wt% S) Temperature Temperature
W) (W)
0 938 938
10 1005 1147
20 1065 1226
30 1123 1278
40 1178 1315
50 1232 1346
60 1282 1367
70 1326 1385
80 1359 1397
90 1390 1408
100 1414 1414
Solution

The germaniunsilicon phase diagram is constructed below.
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Interpretation of Phase Diagrams

9.8 Cite the plases that are present and the phase compositions for the following alloys:
(a) 90 wt% Zn10 wt% Cu at 40@¢ (7504)

(b) 75 wt% Sn25 wt% Pb at 178 (345&)

(c) 55 wt% Ag45 wt% Cu at 90@ (1650F)

(d) 30 wt% Pb70 wt% Mg at 425 (795&)

(e)2.12 kgZn and 1.88 kg Cu at 508 (930&)

() 37 Ib, Pb and 6.5 Ik, Mg at 4008 (750&)

(9) 8.2 mol Ni and 4.3 mol Cu at 123D (2280&)

(h) 4.5 mol Sn and 0.45 mol Pb at 280(390&)

Solution

This problem asks that we cite the phase or phases present for several alloys at specified temperatures.
(a) That portion of the Cidn phase diagram (Figure 9.19) that pertains to this problem is shown below;
the point labeled “A” represents tB8 wt% Zn40 wt% Cucompositionat 400 @.

As may be noted, point A lies within theaitl Kphase field. A tie line has been constructed at @QOitp
intersection with theH #H Kphase boundary is at 87 wt% Zn, which corresponds to the composition Igitiase.
Similarly, the tieline intersection with the +HK HKohase boundary oars at 97 wt% Zn, which is the composition

of the Kphase. Thus, the phase compositions are as follows:
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C i 87 wt% Zr13 wt% Cu
C k= 97 wt% Znr3 wt% Cu

(b) That portion of the PBn phase diagram (Figure 9.8) that pertains to this problem is shoovw bible
point labeled “B” represents thé wt% Sn25 wt% Pbcompositionat 175@.

As may be noted, point B lies within the +DEphase field. A tie line has been constructed at Q75its
intersection with the D D Ephase boundary is at 16 wt% Sn, which corresponds to the composition of the D

phase. Similarly, the titne intersection with the ® E BPphase boundary occurs at 97 wt% Sn, which is the
composition of theEphase. Thus, the phase compositions are as follows:

C p= 16 wt% Sr84 wt% M

C = 97 wt% Sr3 wt% Pb

(c) The AgCu phase diagram (Figure 9.7) is shown below; the point labeled “C” represebs\iti#
Ag-45 wt% Cucompositionat 900 @.
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As may be noted, point C lies within the Ligyithase field. Therefore, only the liquid phase is present; its
composition is 55 wt% Adgb wit% Cu.

(d) The MgPb phase diagram (Figure 9.20) is shown below; the point labeled “D” represesiisvitié
Pb-70 wt% Mgcompositionat 425@.
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As may be noted, point D lies within thepBasefield. Therefore, only the [hase is present; its composition is
30 wt% Pb70 wt% Mg.

(e) For an alloy composed of 2.12 kg Zn and 1.88 kg Cu and a€5@@ anust first determine the Zn and

Cu concentrations, as
2.12kg

2.12kg  1.88kg

ul00 53wt%

zn

1.88kg

cu ul100 47 wi%
2.12kg  1.88kg

That portion of the C#n phase diagram (Figure 9.19) that pertains to this problem is shown below; the point

labeled “E” represents tHe8 wt% Zn47 wt% Cucomposition at 506Cq
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As may be noted, point E lies within the+ Jphase field.A tie line has been constructed at 500 s intersection
with the E E Jphase boundary is at 49 wt% Zn, which corresponds to the composition opliaseE Similarly,
the tieline intersection with theE+ J jphase boundary occurs at 58 wt% Zn, which is the composition of the

Jphase. Thus, the phase compositions are as follows:
C = 49 wt% Zr51 wt% Cu

C 5= 58 wt% Zr42 wt% Cu

(f) For an alloy composed of 37 |tPb and 6.5 I Mg and at 400 we must first determine the Pb and

Mg concentratias, as

Cpp, 37 Tom ul00 85Wi%
37lb, 65,

Cwig 6.5 I, u100 15Wt%
37lb, 6.5l

That portion of the Md?b phase diagram (Figure 9.20) that pertains to this problem is shown below; the point
labeled “F” represents th8b wt% Pbi5wt% Mg composition at 406Cq
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As may be notedpoint F lies within the L+ Mg,Pb phase field. A tie line has been constructed atGt0Gtq
intersects the vertical line at 81 wt% Pb, which corresponds to the compositionbMgurthermore, the tie line

intersection with the I+ Mg,Pb-L phase boundary is at 93 wt% Pb, which is the composition of the liquid phase.

Thus, the phase compositions are as follows:

CMgszz 81 wt% Pb19 wt% Mg

C, = 93 wt% Pb7 wt% Mg

(g) For an alloy composed of 8.2 mol Ni and 4.3 mol Cu and at £2%0is first necessary to determine

the Ni and Cu concentrations, which we will do in wt% as follows:

MNi Mmy ANi (8.2 mMol)(58.69 g/mol)=481.3 ¢

Ncu Mme,Acu  (4.3mol)(63.55 g/imol)=273.3 g

\i 481.3 9 u100 63.8Wi%
48139+ 27334
cu 27339 u100 36.2wi%

481.3g+ 273.3g

The CuNi phase diagram (Figure 9)8& shown below; the point labeled “G” represents the 63.8 wta6NA
wt% Cucompositionat 1250@Q.
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As may be notedpoint G lies within the phase field. Therefore, only thepbase is present; its composition is
63.8 wt% Ni36.2 wt% Cu.

(h) For an alloy composed of 4.5 mol Sn and 0.45 mol Pb and & 20scfirst necessary to determine

the Sn and Pb concentrations, which we wilirdaveight percent as follows:

Nsn Nmg,Asn (4.5mMol)(118.71 g/mol)=534.2 ¢

Npb Nmp,App  (0.45mMol)(207.2 g/mol=93.2 g

534.2 g

2729 4100 85.1wt%
534.2 g+ 93.2 g

Sn

93.2¢

————=—— ul00 14.9wt%
534.2g+ 93.2¢g

Cpp

That portion of the PISn phase diagram (Figure 9.8) that pertains to this problem is shown below; the point
labeled “H” repesents th&5.1 wt% Snt4.9wt% Pbcomposition at 200
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As may be noted, point H lies within tie+ L phase field. A tie line has been constructed at @00tg intersection
with theL E+ L phase boundary is at 74 wt% Sn, which corresponds to the compositiorLgfliase. Similarly,
the tieline intersection with the EL Ephase boundary occurs at 97.5 wt% Sn, which is the composition of the

Ephase. Thus, the phase compositions are as follows:
C = 97.5 wt% Sr2.5 wt% Pb

C_ = 74 wt% Sr26 wt% Pb
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9.9 |Is it possible to have a coppaickel alloy that, at equilibrium, consists of a liquid phase of
composition 20 wt% NBO wt% Cu and also arphase of composition 37 wt%-18B wt% Cu? If so, what will be

the approximate temperature of the alloy? If this is not possible, explain why.

Solution

It is not possibléo have a CiNi alloy, which at equilibrium, consists of a liquid phase of composition 20
wt% Ni-80 wt% Cu and arDphase of composition 37 wt% 188 wt% Cu. From Figure 9.3a single tie line does
not exist within the B L region that intersects the phase boundaries at the given compositions. At 20 wt% Ni, the
L-(D+ L) phase boundary is at about 1200 @hereas at 37 wt% Ni thé ¢ D- Dphase boundary is at about
1230 §.
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9.10 Is it possible to have a copgenc alloy that, at equilibrium, consists of affphase of composition
80 wt% Zr20 wt% Cu, and also a liquid phase of composition 95 wt% 2% Cu? Ifso, what will be the

approximate temperature of the alloy? If this is not possible, explain why.
Solution

It is notpossible to have a Cxin alloy, which at equilibrium consists of afphase of composition 80 wt%
Zn-20 wt% Cu and also a liquid phastcomposition 95 wt% Zi wt% Cu. From Figure 9.19 a single tie line
does not exist within the HL region which intersects the phase boundaries at the given compositions. At 80 wt%
Zn, the {iH+ L) phase boundary is at about 5€5\ghereas at 95 wt%n the (H+- L)-L phase boundary is at about
490 §.
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9.11 A coppenickel alloy of composition 70 wt% 480 wt% Cu is slowly heated from a temperature of
130084 (2370F).

(a) At what temperature does the first liquid phase form?

(b) What is the compdain of this liquid phase?

(c) At what temperature does complete melting of the alloy occur?

(d) What is the composition of the last solid remaining prior to complete melting?
Solution

Shown below is the C¥i phase diagram (Figure 9.8and a vertical line constructed at a composition of

70 wt% Ni30 wt% Cu.

(&) Upon heating from 130G gthe first liquid phase forms at the temperature at which this vertical line
intersects theD( D+ L) phase boundasyi.e., about 13453

(b) The composition of this liquid phase corresponds to the intersection withDihelLf-L phase
boundary, of a tie line constructed across el phase region at 1346-¢j.e., 59 wt% Ni;

(c) Complete ralting of the alloy occurs at the intersection of this same vertical line at 70 wt% Ni with the
( Dt L)-L phase boundasyi.e., about 1380
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(d) The composition of the last solid remaining prior to complete melting corresponds to the intersection
with D( D+ L) phase boundary, of the tie line constructed across thé fihase region at 1380-¢g.e., about 79
wit% Ni.
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9.12 A 50 wt% PB50 wt% Mg alloy is slowly cooled from 7@ (1290£) to 4004 (7506).
(a) At what temperature does the first solid phase form?

(b) What is the composition of this solid phase?

(c) At what temperature does the liquid solidify?

(d) What is the composition of this last remaining liquid phase?

Solution

Shown below is the M@b phase diagram (Figure 9.20) and a vdrlica constructed at a composition of
50 wt% Pb50 wt% Mg.

(&) Upon cooling from 70@gthe first solid phase forms at the temperature at which a vertical line at this
composition intersects the( D+ L) phase boundasyi.e., about 56033

(b) The composition of this solid phase corresponds to the intersection wibl( e L) phase bundary,
of a tie line constructed across tbe L phase region at 563-gi.e., 21 wt% Pbr9 wt% Mg;

(c) Complete solidification of the alloy occurs at the intersection of this same vertical line at 50 wt% Pb

with the eutectic isothermi.e., about 46533
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(d) The composition of the last liquid phase remaining prior to complete solidification corresponds to the

eutectic compositioni.e., about 67 wt% PB3 wt% Mg.
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9.13 For an alloy of composition 74 wt% 226 wt% Cu, cite the phases present andt tt@mpositions at
the following temperatures: 85§, 750&, 680&, 600&, and 500¢.

Solution

This problem asks us to determine the phases present and their concentrations at several temperatures, for
an alloy of composition 74 wt% Z26 wt% Cu. Frm Figure 9.19 (the Cidn phase diagram), which is shown
below with a vertical line constructed at the specified composition:

At 850 ¢, a liquid phase is preser = 74 wt% Zr26 wt% Cu

At 750 ¢, Jand liquid phases are preseft;= 67wt% Zn-33wt% Cu;C_ = 77wt% Zn-23wt% Cu
At 680 ¢, Gand liquid phases are preseftis 73 wit% Zr27 wt% Cu,C; = 82 wt% Zr18 wt% Cu
At 600 ¢, the Gphase is presentC &= 74 wt% Zr26 wt% Cu

At 500 ¢, Jand Hphases are presertf, 5= 69 wt% Zr31 wt% Cu; C | 78 wt% Znr22 wt% Cu
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9.14 Determine the relative amounts (in terms of mass fractions) of the phases for the alloys and

temperatues given in Problem 9.8.

Solution

This problem asks that we determine the phase mass fractions for the alloys and temperatures in Problem
9.8.

(&) From Problem 9.8aHand Kphases are present for a 90 wt% Mhwt% Cu alloyat 400@, as

represented in the portion of t@erZn phase diagram shown below (at point A).

Furthermore, the compositions of the phases, as determined from the tie line are
C i+ 87 wt% Zr13 wt% Cu

C k=97 wt% Znr3 wt% Cu
Inasmuch as the composition of the alidy= 90 w6 Zn,application of the appropriate lever rule expressions (for

compositions in weight percent zinc) leads to

Ck C 97 90

= =0.7¢
Cx Cy 97 87

Co Cp_90 87
Cx Cy 97 87

=0.30
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(b) From Problem 9.8b, &nhd Ephases are present for a 75 wt% Z5nwt% Pb alloy at 17%q as

represented in the portion of tR&-Sn phase diagram shown below (at point B).

Furthermore, the compositions of the phases, as determined from the tie line are
C p= 16 wt% Sr84wt% Pb
C = 97 wt% SRr3 wt% Pb

Inasmuch as the composition of the allqy=C75 wt% Snapplication of the appropriate lever rule expressions (for

compositions in weight percent tin) leads to

_Cg C _97 75_

= = =0.27
Ce Cp 97 16

Wp

Co Cp_75 16

= =0.7¢
Ce Cp 97 16

Wg

(c) From Problem 9.8c, just the liquid phase is present 5&r\at% Ag45 wt% Cu alloy at 90@gas may
be noted in the Agu phaseliagram shown below (at point-Gj.e.,W = 1.0
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(d) From Problem 9.8d, just thephase is present for3® wt% Pb70 wt% Mg aloy at 425@, as may be
noted in the MgPb phaseliagram shown below (at point Bj.e., W= 1.0
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(e) From Problem 9.8e, dad Jphases are present for an alloy composed of 2.12 kg Zn and 1.88 kg Cu
(i.e., of composition 53 wt% ZA7 wt% Cu at 500@. This is represented in the portion of the-Zn phase

diagram shown below (at point E).

Furthermore, the compositions of the phases, as determined from the tie line are

C =49 wt% Znr51 wt% Cu
C 7= 58 wt% Zn42 wt% Cu

Inasmuch as the compositiontb alloy G, = 53 wt% Zn and application of the appropriate lever rule expressions

(for compositions in weight percent zinc) leads to

C, C
We=—3 0 _58 53 _454
C;, Cg 58 49
W:CO CE:53 49:044
J7C, Cg 58 49

(f) From Problem 9.8f, land Mg,Pb phases are present for an alloy composed of 3Pliband 6.5 I

Mg (85 wt% Pbi5 wt% Mg) at 400Q. Thisis represented in the portion of the-Mlig phase diagram shown

below (at point F).
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Furthermore, the compositions of the phases, as determined from the tie line are

CMgszz 81wt% Pb19 wt% Mg

C, = 93 wt% Pb7 wt% Mg

Inasmuch as the composition of the allgyy= 85 wt% Pb and application of the appropriate lever rule expressions

(for compositions in weight percent lead) leads to

a C 93 85
Wigopb = 5= = g5 g; = 06
L Cwg,Pb

(9) From Problem 9.8g, just thepBDase is present (i.e., M#¢ 1.0) for an alloy composed of 8.2 mol Ni
and 4.3 mol Cu (i.e., 63.8 wt% 186.2 wt% Cu) at 125@¢g such may be noted (as point G) in the Niyghase

diagram shown below.
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(h) From Problem 9.8h, dadL phases are presdior an alloy composed of 4.5 mol Sn and 0.45 mol Pb
(85.1 wt% Snt4.9wt% Pb) and at 200Q) Thisis represented in the portion of tR&-Sn phase diagram shown
below (at point H).

Furthermore, the compositions of the phases, as determined from lihe tire
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C = 97.5 W% Sr2.5 wi% Pb

C_ = 74 wt% SR26 wt% Pb
Inasmuch as the composition of the alloy-€85.1 wt% Sn, application of the appropriate lever rule expressions

(for compositions in weight percent lead) leads to

we=Co G _81 74_,,,
Ce C_ 975 74

Ce C
w =CE Co_975 851_ .,
Ce C_ 975 74
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9.15 A 1.5kg specimen of a 90 wt% PH3-wt% Sn alloy is heated to 2§D (480&); at this temperature
it is entirely an Sphase solid solution (Figure 9.8). The alloy is to be melted to the extent that 50% of the specimen
is liquid, the remainder being thé&phase. This may be accomplished either by heating the alloy or changing its
composition while holding the temperature constant.

(a) To what temperature must the specimen be heated?

(b) How much tin must be added to the-Ekghspecimen at 258 to achieve this state?
Solution

(a) Probably the easiest way to solve this part of the problem is by trial andtleatas, on the RISn
phase diagram (Figure 9.8), moving vertically at the given composition, througb+tteregion until the tidine
lengths on both sides of the given composition are the s@his.occurs at approximately 295 @0 d).

(b) We can also produce a 50% liquid solution at 25bg adding Sn to the alloy. At 25D gnd within
the D+ L pha® region

C p= 14 wt% Sr86wt% Pb
C = 34 wt% Sr66wt% Pb

Let C, be the new alloy composition to giVép=W,_ = 0.5. Then,

wo=05=CL Co .34 Co
C.L Cp 34 14

And solving for G gives 24wt% Sn. Now, let g, be the mass of Sn added to the alloy to achieve this new

composition. The amount of Sn in the original alloy is
(0.10)(1.5 kg) =0.15 kg

Then, using a modified form of Equation 4.3

[o]
a«cm—m » ul00 = 24

-15kg mg, ¥,

And, solving formg, (the mass of tin to be added), yiefdg = 0.276kg.
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9.16 A magnesiwieadalloy of mass 5.5 kg consists of a solidS K BhdtHhas a composition that is just
slightly below the solubility limit at 20@& (390).
(a) What mass of lead is in the alloy?
(b) If the alloy is heated to 35@ (660&), how much more lead may be dissolved inthE KDVH ZLWKRXW

exceeding tl solubility limit of this phase?

Solution

(a) This portion of the problem asks that we calculate, for B@kiloy, the mass of lead in 5.5 kg of the
solid Dphase at 20@qgjust below the solubility limit. From Figure 9.20, the solubility limit tbe Dphase at
200 @ corresponds to the position (composition) of thké&+DMg,Pb phase boundary at this temperature, which is
about 5 wt% Pb. Therefore, the mass of Pb in the alloy is just (0.05)(5.5 kg) = 0.28 kg.

(b) At 350¢, the solubility limit ¢ the Dphase increases to approximately 25 wt% Pb. In order to
determine the additional amount of Pb that may be addgg),(we utilize a modified form of Equation 4.3 as

Cpp = ZSM%:M u100
55kg mpy

Solving formg,yieldsmp= 1.46 kg.
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9.17 A 90 wt% #&-10 wt% Cu alloy is heated to a temperature within #Beliquid phase region. If the
composition of the liquid phase is 85 wt% Ag, determine:

(a) The temperature of the alloy

(b) Thecomposition of the/phase

(c) The mass fractions of both phases

Solution

(&) In order to determine the temperature of a 90 wt¥d@gt% Cu alloy for which &nd liquid phases
are present with the liquid phase of composition 85 wt% Ag, we need to construct a tie line across thieade
region of Figure 9.7 that intersects the liquidus line at 85 wt% Ag; this is possible at aba@lit 850 g

(b) The compositin of the BPphase at this temperature is determined from the intersection of this same tie
line with solidus line, which corresponds to about 95 wt% Ag.

(c) The mass fractions of the two phases are determined using the lever rule, Equations 9.1 iéimd 9.2 w
Co =90 wt% Ag,C| =85 wt% Ag, andC .= 95 wt% Ag, as

we=Co CL_90 8 _,
Ce C_ 95 85

W_CE Co _ 95 90 _ 15
L"Cceg ¢ 95 85
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9.18 A 30 wt% Sii0 wt% Pb alloy is heated to a temperature within e liquid phase region. If the
mass fraction of each phase is 0.5, raste:
(a) The temperature of the alloy

(b) The compositions of the two phases
Solution

(&) We are given that the mass fractionsB#nd liquid phases are both 0.5 for a 30 wt%/8mwt% Pb
alloy and asked to estimate the temperature of the all@ngUhe appropriate phase diagram, Figure 9.8, by trial
and error with a ruler, a tie line within the+D phase region that is divided in half for an alloy of this composition
exists at about 23Cq

(b) We are now asked to determine the compositions of the two phases. This is accomplished by noting the
intersections of this tie line with both the solidus and liquidus lines. From these intersé€@fign$5 wt% Sn, and

C_ = 43wt% Sn.
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9.19 For alloys of two hypothetical metals A and B, there &xi§ -U$& FK S KD V H-ribh(paspb. %

From the mass fractions of both phases for two different alloys provided in the table below, (which are at the same

WHPSHUDWXUH GHWHUPLQH WKH FRPSRVLWLRQ RI WKHSERVWMN BRX® & D\

temperature.
Alloy Composition JUDFWLF )UDFWI
Phase Phase
60 wt% A40 wt% B 0.57 0.43
30 wt% A-70 wt% B 0.14 0.86

Solution

The problem is to solve for compositions at the phase boundaries foDaathEphases (i.eC pandC p.

We may set up two independent lever rule expressions, one for each composition, in @gasdt gas follows:

Ceg Cpu Cg 60

Wg = 0.57 = -
Ce Cp Cg Cp

C C C 30
Wp =014=—5E 02 - —E
Ce Cp Cg Cp

In these expressions, compositions are given in wt% of A. Solving fandC gfrom these equations, yield
C p=90 (or 90 wt% A10 wt% B)

C = 20.2 (or 20.2 wt% AF9.8 wt% B)
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9.20 A hypothetical AB alloy of composition 55 wt%-B5 wt% A at some temperature is found to consist
RI PDVV IUDFWLRQV RI IR W ER VR P SIRVE W LD RH VWK MHWt% RAKvih&tlis LV ZW
WKH FRPSRVLWLRQ RI WKH . SKDVH"

Solution

For this problem, we are asked to determine the composition dghase given that

Co = 55 (Or 55 W% B45 wt% A)

C =90 (or 90 wt% BL0 wt% A)

WD: WE: 0.5

If we set up the lever rule fal

C C
WD: 0.5= E 0 = 90 55
Cc Cp 9 Cp

And solving forC
C p= 20 (or 20 wt% B30 wt% A)
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9.21 Is it possible to have a coppsilver alloy of composition 50 wt% Ap wt% Cu, which, at
equilibrium, consists of D Q GS K DhaWng mass fractions WE 0.60 and Wz= 0.40? If so, what will be the

approximate temperature of the alloy? If such an alloy is not possible, explain why.
Solution

It is not possiblao have a CtAg alloy of composition 50 wt% A&O wt% Cuwhich consists of mass
fractionsWp= 0.60 and W= 0.40. Using the appropriate phase diagram, Figure 9.7, and, using Equations 9.1 and

9.2 let us determine YWandW gat just below the eutectic temperature and also at room temperature. At just below

theeutectic,C p= 8.0 wt% Ag andC g= 91.2 wt% Ag; thus,

C C
wp= CE Co 912 50
Ce Cp 912 8

Wg=1.00 Wp=1.00 0.50=0.50

Furthermore, at room temperaturep€ 0 wt% Ag and G== 100 wt% Ag; employment of Equations 9.1 and 9.2

yields
Ce Co 100 50
Cg Cp 100 O

0.50

Wp

And, W= 0.50. Thus, the mass fractions of thend Ephases, upon cooling through the- [Ephase region will

remain approximately constant at about 0.5, and will never have valMég©10.60 and/V = 0.40 as called for in

the problem.
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9.22 For 11.20 kg of anagnesiuread alloy of composition 30 wt% Pt wt% Mg, is it possible, at
equilibrium, to have and MgPb phases having respective masses of 7.39 kg and 3.81 kg? If so, what will be the

approximate temperature of the alloy? If such an alloy is not possible, explain why.
Solution

Yes, it is possibléo have a 30 wt% PBO wt% Mg alloy which has masses of 7.39 kg and 3.81 kg for the
Dand Mg,Pb phases, respectively. In order to demonstrate this, it is first necessary to determine the mass fraction

of each phase as follows:

mp _ 7.39 kg — 066
Mp Mugpen 7-39kg 3.8lkg

WD:

Whg,pp =1.00 0.66=0.34
Now, if we apply the lever rule expression Wi,

C C
WD _ Mgzpb 0

Cmg.P,b Cp

Since the MgPb phase exists only at 81 wt% Pb, &d 30 wt% Pb

81 30

Wp=0.66 = ————
81 Cp

Solving for C ;from this expression yields G= 3.7 wt% Pb. The position along the D+ Mg,Pb) phase

boundary of Figure 9.20 corresponding to this composition is approximatel¢€.190 g
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9.23 Derive Equations 9.6a and 9.7a, which may be used to convert masmftaatolume fraction, and

vice versa.
Solution

This portion of the problem asks that we derive Equation 9.6a, which is used to convert from phase weight
fraction to phase volume fraction. Volume fraction of phBsé  is defined by Equation 9.5 as

Vb
Vp= —L2— (9.51)
VD VE

wherev pandv gare the volumes of the respective phases in the alloy. Furthermore, the density of each phase is

equal to the ratio of its mass and volume, or upon rearrangement

Mp
Vp=—= (9.52a)
b
Mg
VE= — (9.S2b)
Y
Substitution of these expressions into Equation 9.S1 leads to
Mp
Vp= % (9.S3)

£ 3

Mp
b

in which nis and '® denote masses and densities, respectively. Now, the mass fractions ahthE&pbases (i.e.,
WpandW g are afined in terms of the phase masses as

Wp= —D (9.S4a)
mp Mg
Mg
We= —° (9.S4b)
mp Mg

Which, upon rearrangement yield

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



mp=Wp(mp+ mp (9.S5a)

mg=Wgmp+ mp (9.S5b)
Incorporation of these relationships into Edqoa9.S3 leads to

Wp(mp + mp

VDWm+m We(m~+ m
D\""'D E\'""'D

tb U

W

@)

CF

Vo=— D __ (9.56)

b %

which is the desired equation.

For this portion of the problem we are asked to derive Equation 9.7a, which is used to convert from phase

volume fraction to mass fraction. Mdsaction of the Dphase is defined as

Mp

Wp= ——-— (9.57)
Mp Mg
From Equations 9.S2a and 9.S2b

mp=VvpY: (9.S8a)
me= vl (9.58b)

Substitution of these expressions into Equation 9.S7 yields

%

p'b (9.59)

WD:—
vpb  VEY
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From Equation 9.5 and its equivalent Yogthe following may be written:
vp=Vdvp + vp (9.S10a)

ve= Vvp + v (9.S10b)

Substitution of Equations 9.S10a and 9.S10b into Equation 9.S9 yields

W = Vlvp + v b
P vlvpr vy Vdvp+ v U

Wp = _ Voo (9.511)
Vo Vel

which is the desired expression.
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9.24 Determine the relative amounts (in terms of volume fractions) of the phases for the alloys and
temperatures given in Problem 9.8a, b, and c. Below are given the approximate densities of the various metals at

the alloy temperatures:

Metal Temperature(°C) Density(g/cnt)
Ag 900 9.97
Cu 400 8.77
Cu 900 8.56
Pb 175 11.20
Sn 175 7.22
Zn 400 6.83
Solution

This problem asks that we determine the phase volume fractions for dlys ahd temperatures in
Problems 9.8a, b, and c. This is accomplished by using the technique illustrated in Example Problem 9.3, and also
the results of Problems 9.8 and 9.14.

(&) This is a CiZn alloy at 400@, wherein

C i+ 87 wt% Znr13 wt% Cu
C k=97 wt% Zr3 wt% Cu
W, 0.70

W = 0.30

\&, = 8.77 glcm

Y, = 6.83 g/crd

Using these data it is first necessary to compute the densities oatiteKbhases using Equation 4.10a.
Thus
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100

= 57 3 = 7.03g/cm?®
6.83g/cm®  8.77glcnm
_ 100
T Coun
l—in léu
_ 100 _
= 57 3 = 6.88g/cn?

6.83g/cm?®  8.77 glcn?®

Now we may determine thé andV kvalues using Equation 9.6. Thus,

WH

V——UH
W Wi

TP

0.70

7.03g/cm?
0.70 0.30

7.03g/cm®  6.88g/cm?

=0.70

Wk
%
wy Wk

W %K

VK:

0.30

6.88 g/cnm
0.70 0.30

7.03g/lcn®  6.88g/cms

=0.30

(b) This is a Pk5n alloy at 1753) wherein

C p= 16 wt% Sr84 wt% Pb
C = 97 wt% Sr3 wt% Pb
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Wp=0.27
Wg=0.73

&= 7.22 g/cm
W= 11.20 g/crd

Using this data it is first necessary to compute the densities dddhd Ephases. Thus

_ 100
Csnp  Cpup
Lén LI’Lb

_ 100 _
= 15 a2 =10.29 g/cn?

7.22glcm®  11.20g/cn?

100
L“E =
Csng  Ceysp
Lén LI*’b

B 100 B
= 57 3 = 7.30 g/cn?

7.22g/cm®  11.20g/cn?

Now we may determine théandV gvalues using Equation 9.6. Thus,

Wp

_ b
ot Wy W
b U

0.27

10.29¢g/cm?
0.27 0.73

10.29g/cm®  7.30g/cn?

=0.21

We
4

Ve ——— —
S owp  We

b W&
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0.73

7.30g/cm?®
0.27 0.73

10.29¢g/cm®  7.30¢g/cm?

=0.79

(c) Thisis a AgCu alloy @900 g, wherein only the liquid phase is present. Therefgre; 1.0.
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Development of Microstructure in Isomorphous Alloys

9.25 (a) Briefly describe the phenomenon of coring and why it occurs.

(b) Cite one undesirable consequence of coring.

Sdution

(a) Coring is the phenomenon whereby concentration gradients exist across grains in polycrystalline
alloys, with higher concentrations of the component having the lower melting temperature at the grain boundaries.
It occurs, during solidification, as a consequence of cooling rates that are too rapid to allow for the maintenance of
the equilibrium composition of the solid phase.

(b) One undesirable consequence of a cored structure is that, upon heating, the grain boundary regions will
melt first and at a temperature below the equilibrium phase boundary from the phase diagram; this melting results

in a loss in mechanical integrity of the alloy.
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Mechanical Properties of Isomorphous Alloys

9.26 It is desirable to produce a coppéckel alloy hat has a minimum noncolderked tensile strength
of 350 MPa (50,750 psi) and a ductility of at least 48%EL. Is such an alloy possible? If so, what must be its

composition? If this is not possible, then explain why.
Solution

From Figure 9.6aa tense strength greater than 350 MPa (50,750 psi) is possible for compositions
between about 22.5 and 98 wt% Ni. On the other hand, according to Figurel®8lities greater than 48%EL
exist for compositions less than about 8 wt% and greater than about 98 wt% Ni. Therefore, the stipulated criteria are

met only at a composition of 98 wt% Ni.

Excerpts from this work may be reproduced by instructors for distribution onfarquifit basis for testing or instructional purposes only to
students enrolled in courses for which the textbook has been adopted. Any other reproduction or translation of this work beyond that permitted
by Sections 107 or 108 of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



Binary Eutectic Systems

9.27 A 45 wt% PE5 wt% Mg alloy is rapidly quenched to room temperature from an elevated
temperature in such a way that the higimperatire microstructure is preserved. This microstructure is found to
FRQVLVW RI WK H,Pb,3&y ddsgecve nfads fractions of 0.65 and 0.35. Determine the approximate

temperature from which the alloy was quenched.
Solution

We are asked to determine the approximate temperature from which a 45 vi@SonR% Mg alloy was
guenched, given the mass fractions Dand MgPb phases. We can write a levale expression for the mass

fraction of the Dphase as

C C
Wp = 0.65 = 92Pb =0

CmgPb Cp

The value of G is stated as 45 wt% P&b wt% Mg, and @Ig pp IS 81 wt% PE19 wt% Mg, which is independent
2

of temperature (Figure 9.20); thus,

81 45

0.65= — >
81 Cp

which yields
Cp=25.6 wt% Pb

The temperature at which the{D+ Mg,Pb) phase boundary (Figure 9.20) has a value of 25.6 wt% Pb is about
360 g (680 K).
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Development of Microstructure in Eutectic Alloys

9.28 Briefly explain why, upon solidification, an alloy of eutectic composition forms a microstructure

consisting of alternating layers of the two sqgitiases.
Solution

Upon solidification, an alloy of eutectic composition forms a microstructure consisting of alternating layers
of the two solid phases because during the solidification atomic diffusion must occur, and with this layered

configuration he diffusion path length for the atoms is a minimum.
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9.29 What is the difference between a phase and a microconstituent?

Solution

A “phase” is a homogeneous portion of the system having uniform physical and chemical characteristics,
whereas a “microonstituent” is an identifiable element of the microstructure (that may consist of more than one

phase).
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9.30 Is it possible to have a copgsiliver alloy in which the mass fractions of primarand total are
0.68 and 0.925, respectively, at 7851425&)? Why or why not?

Solution

This problem asks if it is possible to have a&y-alloy for which the mass fractions of primafand

total Eare 0.68 and 0.925, respectively at 775 dn order to make this determination we need to set up the
appopriate lever rule expression for each of these quantities. From Figure 9.7 and&aiC7%5 §.0 wt% Ag,C g

=91.2 wt% Ag, an@y iectic= 71.9 Wt% Ag.

For primary E

_ Co  Ceutectic - Co 719

E= ~ =0.68
CeE Ceoutectic 912 719
Solving for G, givesC, = 85 wt% Ag.
Now the analogous expression for tokl
W Co Cp_ C 80 _ 0.925

" Cg Cp 912 80

And this value of Gis 85 wt% Ag. Therefore, since these twg\@lues are the same (85 wt% Ag), this ali®y

possible
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9.31 For 6.70 kg of a magnesidead alloy, is it possible to have the masses ahary . and total . of

4.23 kg and 6.00 kg, respectively, at 46@860&)? Why or why not?

Solution

This problem asks if it is possible to have a Flg-alloy for which the masses of primaband total Dare

4.23 kg and 6.00 kg, respectively in 6 kgptotal of the alloy at 46@. In order to make this determination we first

need to convert these masses to mass fractions. Thus,

4.23k
b = 9 = 0.631
6.70kg
6.00k
5= 9 =0.896
6.70kg

Next it is necessary to set up the appropriate lever rule expressioacfookthese quantities. From Figure 9.20

and at 460Q) C p= 41 Wt% PbCyg_pb= 81 W1% Pb, an€eyreciic= 66 W1% Pb

For primary D

Ceutectic Co _ 66 Co =0.631

Cp 66 41

WD:

Ceutectic

And solving forC, givesC = 50.2 wt% Pb.
Now the analogous expression for tofal

Cmg,pb Co _ 81 Gy - 0.896

Wh = = =
°” Cugpp Cp 81 41

And this value of gis 45.2 wt% Pb. Therefore, since these @ywalues are different, this alloy ot possible
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9.32 For a coppesilver alloy of composition 25 wt% Ath wt% Cu and at 77& (1425&) do the
following:

(a) Determinghe mass fractionsof DQG SKDVHYV

(b) Determine the mass fractions of primargnd eutectic microconstituents.

(c) Determine the mass fraction of eutectic
Solution

(a) This portion of the problem asks that we determine the mass fracti@endfEphases for an 25 wt%
Ag-75 wt% Cu alloy (at 77%3. In order to do this it is necessary to employ the lever rule using a tie line that
extends entirely across tHe+ Ephase field. From Figure 9.7 and at 7Z5Q@)Hp= 8.0 wt% Ag,C = 91.2 wt% Ag,

andCqtectic= 71.9 Wt% Sn. Therefore, the two leveate expressions are as follows:

_Ce G _912 25

W = =
PTcc Ccp 912 80

=0.79¢

=0.204

w.=Co Cp_ 25 80
E"Ce Cp 912 80

(b) Now it is necessary to determine the mass fractions of prilbangd eutectic microconstituents for this
same alloy. This requires us utilize the lever rule and a tie line that extends from the maximum solubility of Ag
in the Dphase at 77%qi.e., 8.0 wt% Ag) to the eutectic composition (71.9 wt% Ag). Thus

Ceutecti€ Co - 719 25

WD = —
Ceutecti€ Cp 719 8.0

=0.734

Co Cp _ 25 80

W, = =
¢ Ceutectic  Cp 719 8.0

= 0.26¢€

(c) And, finally, we are asked to compute the mass fraction of eutBdfi 5 This quantity is simply the

difference between the mass fractions of t@ahd primaryDas

W p= Wp-Wp=0.796-0.734 = 0.062
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9.33 The microstructure of a leatih alloy at 180& (355&) consists of primary and eutectic structures.
If the mass fractions of these two microconstituents are 0.57 and 0.43, respectively, determine the composition of

the alloy.

Solution

Since there is a primary rEicroconstituent present, then we knowtthize alloy compositionC, is
between 61.9 and 97.8 wt% Sn (Figure 9.8). Furthermore, this figure also indicat€st&.8 wt% Sn and
Ceutectic= 61.9 wt% Sn. Applying the appropriate lever rule expressiowfer

Co  Ceutectic - Co 61.9 =0.57
CeE Ceutectic 97.8 619

Wg =

and solving foiC, yieldsCy = 82.4 wt% Sn.
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9.34 Consider the hypothetical eutectic phase diagram for metals A and B, which is similar to that for the
leadin system, Figure 9.8. Assume that (1)D Q @hases exist at the A and B extremities of the phase diagram,
respectively; (2) the eutectic composition is 47 wt%s3Bwnt% A; and (3) the composition of thgphase at the
eutectic temperature is 92.6 wt%7m4 wt% A. Determine the composition of an alloy that will yield primaagd

total . mass fractions00.356 and 0.693, respectively.

Solution

We are given a hypothetical eutectic phase diagram for whigh.Gic= 47 wt% B, Cz= 92.6 wt% B at
the eutectic temperature, and also thah W0.356 and W= 0.693; from this we are asked to determine the

composition of the alloy. Let us write lever rule expression$\fgrandW p

_CECy 926 C,

= = = 0.693
Ce Cp 926 Cp

Wp

Wy = Seutecti€ Co _ 47 Co _ ¢ 354
Ceutectic Cp 47  Cp

Thus, we have two simultaneous equations @fandC pas unknowns. Solving them G givesCy = 32.6 wt%

B.
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9.35 For a 85 wt% Phbi5 wt% Mg alloy, make schematic sketches of the microstructure that would be
observed for conditions of very slow cooling at the following temperatures¢§QQ10&), 500& (930&), 2704
(520 &), and 200& (390&). Label all phases and inzhte their approximate compositions.

Solution

The illustration below is the M&b phase diagram (Figure 9.20). A vertical line at a composition of 85
wt% Pb15 wt% Mghas been drawn, and, in addition, horizontal arrows at the four temperatures called for in the
problem statement (i.e., 600,400@G, 270@, and 200Q).

On the basis of the locations of the four temperatoraposition points, schematic sketches of the four respective

microstructures along with phase compositions are represented as follows:
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9.36 For a 68 wt% Zi32 wt% Cu alloy, make schematic sketches of the microstructure that would be
observed for conditions of very slow cooling at the following temperatures: @0A@30&), 7604 (1400&),
600 & (1110&), and 400& (750&). Label all phases and indicate their approximate compositions.

Solution

The illustration below is the GHAn phase diagram (Figure 9.19). A vertical line at a composition of 68
wt% Zn32 wt% Cuhas been drawn, and, in addition, horizontal arrows at the four temperatures called for in the
problem statement (i.e., 100, @60 @, 600G, and 400Q).

On the basis of the locations of the four temperatoraposition points, schematic sketches of the four respective

microstructures along with phase compiosis are represented as follows:
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CHAPTER 2

ATOMIC STRUCTURE AND INTERATOMIC BONDING

PROBLEM SOLUTIONS

Fundamental Concepts
Electrons in Atoms

2.1 Cite the difference between atomic mass and atomic weight.

Solution

Atomic mass is the mass of an individual atom, whereas atomic weight is the average (weighted) of the

atomic masses of an atom's naturally occurring isotopes.
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