Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

Chapter 5, Problem 1

Write an equation for the number of vacancies present in a metal at equilibrium at a particular temperature,
and define each of the terms. Give the units for each term, and use electron volts for the activation energy.

Chapter 5, Solution 1
n, = NCe B/
where  n, = number of vacancies per cubic meter of metal
N = total number of atom sites per cubic meter of metal
E, = activation energy to form a vacancy (eV)
T = absolute temperature (K)

k = Boltzmann's constant = 8.62x10°° eV/K

C = constant

Chapter 5, Problem 2
What is a thermally activated process? What is the activation energy for such a process?

Chapter 5, Solution 2

A thermally active process is one which requires a definite amount of thermal energy to overcome an
activation energy barrier and enter the reactive state.

Chapter 5, Problem 3
What is the steady-state condition for diffusion?

Chapter 5, Solution 3

For a diffusing system, there is no change in the concentration of the diffusing species with time at different
places in the system.

Chapter 5, Problem 4

Draw a typical Arrhenius plot of log,, of the reaction rate versus reciprocal absolute temperature, and
indicate the slope of the plot.

Chapter 5, Solution 4

A typical Arrhenius plot of the logarithmic reaction rate is shown below for the SI absolute Kelvin
temperature scale. The relationship between the log), of the reaction rate and the inverse absolute
temperature is linear with a slope of —~Q/(2.303R).

PROPRIETARY MATERIAL (c) 2010 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be
displayed, reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond
the limited distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student
using this Manual, you are using it without permission.



Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

Intercept = log;o (const.)

]
= Slope = __Q_
g 2.303R
g _ A(logy rate)
s A(1/T)
(=]
&0
g=]
o
¢ T,K
111 | |
[ [ | | |
l’ Kl—>
T
Chapter 5, Problem 5

What is the Kirkendall effect in solid state diffusion?

Chapter 5, Solution 5
Kirkendall effect showed that the markers at the diffusion interface moved slightly in the opposite
direction to the most rapidly moving (faster diffusion) species of a binary diffusion couple.

Chapter 5, Problem 6
Write the equation for Fick’s first law of diffusion, and define each of the terms in SI units.

Chapter 5, Solution 6
Fick’s first law of diffusion is given by:

2
J= —Ddzg or in SI unit form, {M} R [atOTS X LJ

m?.s s m° m

where J = flux or net flow of atoms;
D= proportionality constant called the diffusivity (atomic conductivity) or
diffusion coefficient;
dc

—— = concentration gradient.

Chapter 5, Problem 7

Which type of diffusion will be easier?
(a) C in FCC iron (b) Ni in FCC iron (¢) Mn in FCC iron
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Chapter 5, Solution 7
The diffusion of C in FCC iron will be easier. The activation energy of the diffusion of C in FCC iron is
lower than the others.

Chapter 5, Problem 8
Write the equation for Fick’s second law of diffusion in solids, and define each of the terms.

Chapter 5, Solution 8
Fick’s second law of diffusion in solids, written for the x-direction, is:

dC, _d DdCx
dt dx dx

X

dC : e " .
where Ea rate of change of the concentration of the diffusing species in the x-direction;

dc

?‘ = concentration gradient of the diffusing species in the x-direction;

D = diffusion coefficient of the diffusing species.

Chapter 5, Problem 9
Describe the gas-carburizing process for steel parts. Why is the carburization of steel parts carried out?

Chapter 5, Solution 9

In the gas carburizing process for steel parts, the parts are placed in a furnace in contact with a gas rich in
CO at about 927°C. The carbon from the gas diffuses into the surface of the steel part and increases the
carbon content of the outer surface region of the part. The higher carbon concentration at the surface
makes the steel harder in this region. A steel part can thus be produced with a hard outer layer and a tough
low carbon steel inner core. This duplex structure is important, for example, for many types of gears.

Chapter 5, Problem 10

Write the equation for the solution to Fick’s second law for the diffusion of a gas into the surface of a solid
metal crystal lattice.

Chapter 5, Solution 10
Fick’s second law of diffusion, for the diffusion of a gas into the surface of a solid metal crystal lattice is:

C.=C. —erf x
G, =C, 2,/Dt

where C, = surface concentration of element in gas diffusing into the surface;

C, = initial uniform concentration of element in solid;

C, = concentration of element at distance x from surface at time f;
x = distance from surface;

D = diffusivity of diffusing solute element;
t = time.
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Chapter 5, Problem 11

(a) Calculate the equilibrium concentration of vacancies per cubic meter in pure copper at 850°C. Assume
that the energy of formation of a vacancy in pure copper is 1.0 eV. (b) What is the vacancy fraction at
800°C?

Chapter 5, Solution 11

——— o -E, Ik
a) In general, the equilibrium number of vacancies is n, = NCe EJHT por copper,

N Nopoy  _ (6.02x10” atoms/at. mass)(8.96x10° g/m’)
at. mass Cu (63.54 g/at. mass)

=8.49%x10%® atoms/m’

Substituting and assuming E, = 1.00 eV at 1123 K,

n, =(8.49x10% atoms/m®){exp| - 15.00 eV
(8.62x10” eV/K)(1123 K)

=2.77%x10* vacancies/m>

b) The vacancy fraction at 1073 K is,
Lo exp _51 N &V =¢ 1981 =2,02x107 vacancies/atom
N (8.62x10~ eV/K)(1073 K)

Chapter 5, Problem 12

(a) Calculate the equilibrium concentration of vacancies per cubic meter in pure aluminum at 550°C.
Assume that the energy of formation of a vacancy in pure aluminium is 0.74 eV. (b) What is the vacancy
fraction at 500°C?

Chapter 5, Solution 12

- . : -E,/ ,
a) The equilibrium number of vacancies is calculated as n, = NCe EJKT  Thus for aluminum,

v = Nopa _(6.02x10% atoms/at. mass)(2.70x10° g/m°)

= =6.02x10%® atoms/m>
at. mass Al (26.982 g/at.mass)

Substituting and assuming E, = 0.74 eV for vacancies formed at 823 K,

n, =(6.02x10% atomsfm3){exp[_ 0.74 eV J

(8.62x107 eV/K)(823 K)

=1.78 x10* vacancies/m>

b) The vacancy fraction at 773 K is,
-0.74 eV
22— exp = = =e¢ "' =1.50 x10°® vacancies/atom
N (8.62x10° eV/K)(773K)
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Chapter 5, Problem 13
Determine the diffusion flux of zinc atoms in a solid solution of zinc in copper between two points A and
B, 20 um apart, at 500°C. C, = 10?® atoms/m’ and Cg = 10** atoms/m’.

Chapter 5, Solution 13

* = R Zinc n Copper
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Chapter 5, Problem 14

Consider the gas carburizing of a gear of 1018 steel (0.18 wt %) at 927°C (1700°F). Calculate the time
necessary to increase the carbon content to 0.35 wt % at 0.40 mm below the surface of the gear. Assume
the carbon content at the surface to be 1.15 wt % and that the nominal carbon content of the steel gear
before carburizing is 0.18 wt %. D (C in yiron) at 927°C = 1.28 x 10™"" m%s.

Chapter 5, Solution 14

The time required for this diffusion process is calculated using Fick’s second law,

C.=C, —orf b
C,-C, 2./Dt

where: C;=1.15% C,=0.18% C,=0.35%

_ _ 4 " 55 B
x=040mm=4x10"m D,,,..=128x10"" m"/s
™ ! -4
Substituting 115035 _ 4x10™ m
L15-0.18 | 2,/(1.28x10™" m?/s)1

0.8247 =erf §5—90:| =erfz

Jt

Interpolating from Table 5.3,

erfz z L =
0.8247-0.8209 _ X 0.95 = 0.959
0.8427-0.8209 1.0-0.95
0.8209 0.95
0.8247 X
0.8427 1.0 Thus,

55.90
Z=

i

t =3397.7 s = 56.6 min.

=0.959
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Chapter 5, Problem 15

The diffusion flux of copper solute atoms in aluminum solvent from point A to point B, 10 pm apart, is 4 x
10" atoms/ (m” - s) at 500°C. Determine (a) the concentration gradient and (b) difference in the
concentration levels of copper between the two points.

Chapter 5, Solution 15
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Chapter 5, Problem 16

The surface of a steel gear made of 1022 steel (0.22 wt % C) is to be gas-carburized at 927°C. Calculate the
time necessary to increase the carbon contetnt to 0.30 wt % at 0.7 mm below the surface of the gear. Assume
the carbon content of the surface to be 1.20 wt %. D (C in A iron) at 927°C = 1.28 x107'" m%/s.

Chapter 5, Solution 16
Given: C,=1.20% C,=022% C,=0.30%

x=07mm=7x10*m D, =128x10"m%s
C,-C, _120-030 _ . 7x10* m
C,~C, 120-022 2,/(1.28x10™" m?/s)t

97.83
09184 =erf =erfz
[ Ji ]

Interpolating from Table 5.3,

i 09184-09103 _ x-12 ...,
0.9340-09103 1.3-12
Thus,
9783 [97.83 T
{= : = . — = H N
[ . } [1'234] 6,285.1 s = 105 min
o
0.9103 1.2
09184 »
0.9340 1.3
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Chapter 5, Problem 17

A gear made of 1020 steel (0.20 wt % C) is to be gas-carburized at 927°C. Calculate the carbon
content at 1 mm below the surface of the gear after a 7.0-hour carburizing time. Assume the carbon
content at the surface of the gear is 1.15 wt %. D (C in ¥ iron) at 927°C =1.28 x 10~ 'm?/s.

Chapter 5, Solution 17
D (C in X iron) at 927°C = 1.28 x 10 "' m%s.
Given: C,;=1.00% C,=0.20% C,=? t=4h=14,400s
x=0.099mm=9.0x10*m D, e =1.28x10""" m? /s

927"
C-C, _115-C _ . 1.00x10 m
C,~C, 1.15-0.20 2(1.28x10™" m? /5)(25,200 s)
1.15—
LIS=Cy _ orf(0.88037)
0.95

Interpolating from Table 5.3,

it . 0.88037-0.85 _ x—0.7707 = 07867
0.90-0.85 0.7970-0.7707
0.7707 0.85
” 0.88037 Thus, 0.7867 = erf(0.88037)
0.7970 0.90
Substituting,
ﬁ =0.7867 C, =0.403 wt %
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Chapter 5, Problem 18

A gear made of 1020 steel (0.20 wt % C) is to be gas-carburized at 927°C. Calculate the carbon
content at 0.90 mm below the surface of the gear after a 4.0-hour carburizing time. Assume the carbon

content at the surface of the gear is 1.00 wt %. D (C in yiron) at 927°C = 1.28 x 10" m%s.

Chapter 5, Solution 18
D (C in A iron) at 927°C = 1.28 x 10 "' m%s.
Given: C;=1.00% C,=020% C,=? t=4h=14,400s

x=0.09mm=9.0x10*m D,,..=128x10" m*/s

C-C,_100-C, _ . 9.0x10™* m
C-C, 1.00-0.20 2,(1.28x10™" m?/5)(14,400 5)

1.25(1-C,) = erf(1.0482)

Interpolating from Table 5.3,
1.0482-1.00  x-0.8427 £ =0.8608

1.10-1.00  0.8802—0.8427

erfz L
Thus, 0.8608 = erf(1.0482)
0.8427 1.00
1.0482 .
0,3?;02 1.10 Substituting,

1.251-C,)=0.8608 C,=0.311wt%
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Chapter 5, Problem 19

The surface of a steel gear made of 1018 steel (0.18 wt % C) is to be gas-carburized at 927°C. Calculate the
time necessary to increase the carbon content to 0.35 wt % at 1.00 mm below the surface of the gear after
an 8.0 hour carburizing time. Assume the carbon content at the surface of the gear is 1.20 wt %. D (C in y

iron) at 927°C = 1.28 x 10™"" m%s.

Chapter 5, Solution 19
Given: C;=120% C,=0.18% C,=0.35%

x=1.0mm=10x10"m D,,,..=128x10" m*/s

C,=C, _120-035 1.00x107 m
C,~C, 120-0.18 2(1.28x10™ m?/s)s

0.8333 =erf[139'75} = &ifz

Jt

0.8333-0.8209  x-0.95

Interpolating from Table 5.3, =
0.8427-0.8209 1.0-0.95

erfz z
Thus,
0.8209 095 r_[139.?5T _[139.75]2
0.8333 x = .
0.8427 1.0 z Sl

t=20,400 s = 340 min. =5.67 h
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Chapter 5, Problem 20

The surface of a steel gear made of 1020 steel (0.20 wt % C) is to be gas-carburized at 927°C. Calculate the
carbon content at 0.85 mm below the surface of the gear after a 9.0-hour carburizing time. Assume the
carbon content at the surface of the gear is 1.20 wt %. D (C in y iron) at 927°C =1.28 x 10" m?/s,

Chapter 5, Solution 20
Given: C;=120% C,=0.20%

x=0.85mm=085x10"m D.... . =128x10"m?/s

927rC

C-C, _120-C, _ . 0.85x10° m

C,~C, 1.20-0.20 2,/(1.28x10™" m?/5)(324005)

1'_20_:& = erf (0.66)

1.0
Interpolating from Table 5.3, 0.66-0.65 o 0.6420
0.70-0.65 0.6778-0.6420
z erfz
Thus, 0.6492 = erf (0.66)

0.65 0.6420 o
0.66 % Substituting,
0.70 0.6778 1.20-C

—g 06492 C,=055wt%

PROPRIETARY MATERIAL (c) 2010 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be
displayed, reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond
the limited distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student

using this Manual, you are using it without permission.

=erf (0.66)

x=0.6492

12



Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

Chapter 5, Problem 21

A steel gear made of 1018 steel (0.18 wt % C) is to be gas-carburized at 927°C. If the carburizing time is
7.5 h, at what depth in millimeters will the carbon content be 0.040 wt %? Assume the carbon content at the
surface of the gear is 1.20 wt %. D (C in yiron) at 927°C = 1.28 x 10" m%s.

Chapter 5, Solution 21
Given: C, =1.20% C,=0.18% C,=0.40%

=] = el 2
t=75h=27,000s D,y,..=128x10" m*/s

X

C,-C, _120-040 _ .
C,-C, 120-0.18 2(1.28x10™" m?/5)(27,000 s)

0.7843 = erf (850.52x) =erf z

Interpolating from Table 5.3,
0.7843-0.7707 _ x;—0.85

0.7970-0.7707 0.90—0.85

x, =0.8759

erfz z
Substituting,
07112 0.75 2=0.8759 = 850.52x
sy bes x=0.00103 m = 1.03 mm
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Chapter 5, Problem 22

If boron is diffused into a thick slice of silicon with no previous boron in it at a temperature of 1100°C for 5

h, what is the depth below the surface at which the concentration is 10" atoms/cm® if the surface
concentration is 10" atoms/cm®? D =4 x 10" cm?/s for boron diffusing in silicon at 1100°C.

Chapter 5, Solution 22
Given: C,=10" atoms/em® C, =10" atoms/em® C, =0.0

t=50h=18x10"s D, =40x10" em?/s
C,-C, 10%-10" X
= T = erf
C,~C, 10°-0 2(4.0x10™3 cm? /5)(1.80x10* s)
0.90=erf[—£—4J=erfz
1.697x10"

Interpolating from Table 5.3,

0.9000-0.8802 x;—1.1

= x; =1.166
erfz z 0.9103-0.8802 1.2-1.1
0.8802 1.1 Substituting,
0.9000 x
0.9103 1.2 T >
1.697x107*

x=1.98x10"* cm
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Chapter 5, Problem 23

Phosphorus is diffused into a thick slice of silicon with no previous phosphorus in it at a temperature of
1100°C. If the surface concentration of the phosphorus is 1 x 10'® atoms/cm’ and its concentration at 1 xm
is 1 x 10" atoms/cm’, how long must be the diffusion time? D = 3.0 x 10" cm?s for P diffusing in Si at

1100°C.

Chapter 5, Solution 23

Given: C,=10" atoms/cm® C,=10" atoms/cm® C, =0.0

x=1.0 um=1.0x10" em D, ;.. =3.0x107" cm’/s

C,-C, 10"®-10"

10 cm

=— =erf =
C,-C, 10%-0 2(3.0x10° cm?/s)t

0.999 = erf[ e i ) =erfz

Ji

Interpolating from Table 5.3,

erfz z
0.9981 2.2
0.9990 X
0.9993 2.4

0.9990-0.9981 x-2.2 =235

0.9993-0.9981 24-22

Thus,
o _[91287T _ [91.28?]2
z 2.35

t=1508 s = 25.1 min.

PROPRIETARY MATERIAL (c) 2010 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be

displayed, reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond
the limited distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student

using this Manual, you are using it without permission.

15



Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

Chapter 5, Problem 24
If aluminum is diffused into a thick slice of silicon with no previous aluminum in it at a temperature of

1100°C for 6 h, what is the depth below the surface at which the concentration is 10'® atoms/cm’ if the
surface concentration is 10'® atoms/cm>?
D=2 x 10" cm?s for aluminum diffusing in silicon at 1100°C.
Chapter 5, Solution 24
Given: C,=10" atoms/cm® C, =10' atoms/cm®> C, =0.0

t=6.0h=2.16x10* s D, =2.0x107"% em®/s

C-C, _10°-10° X
C,~C, 10%-0 2(2.0x10™2 em? /5)(2.16x10* s)

0.99 = erf (—x_] =erfz
4.157x107*

Interpolating from Table 5.3, 0.9900 —0.9891 _x- 1.8

= x, =1.824
0.9928-0.9891 1.9-1.8
erfz z
Substituting,
0.9891 1.8
0.9900 x z=184=—>
0.9928 1.9 4.157x1074

x=7.58x10"* cm
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Chapter 5, Problem 25

If the diffusivity in Prob. 5.23 had been 1.5 x 10" cm?s, at what depth in micrometers would the
phosphorus concentration be 1 x 10'° atoms/cm®?

Chapter 5, Solution 25

; C.—-C B —_— -
Since ——*%=0.999, erfz is still 2.35. Thus, for the same diffusion period,
5 ~n
X

- =235 x=7.07x10" cm=0.707 pm
2,/(1.5x10™3 cm? /5)(1509 s)

Z

Chapter 5, Problem 26

Arsenic is diffused into a thick slice of silicon with no previous arsenic in it at 1100°C. If the surface
concentration of the arsenic is 5.0 x 10'® atoms/cm”® and its concentration at 1.2 zm below the silicon
surface is 1.5 x 10'® atoms/cm’, how long must be the diffusion time? (D = 3.0 x 10™* cm?/s for As
diffusing in Si at 1100°C.)

Chapter 5, Solution 26
Given: C, =5.0x10" atoms/cm® C, =1.5x10' atoms/cm’ C, =0.0

x=120 x10® m=1.20x10* em D, =3.0x107"* em?/s
C,-C, 5.0x10"®-1.5x10'° _— 1.20x107* cm
C.~C, 5.0x10' -0 2,/(3.0x10™ cm? /s)t

0.9970 = erf(ﬂ] =erfz

Tt

Interpolating from Table 5.3,
0.9970-0.9953 _x=290

0.9981-0.9953 2.2-2.0

x=2.12 and,

2 2
t= {346'4] | 2404 =26,700 s=7.42h
z 2.12
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

Chapter 5, Problem 27

Calculate the diffusivity D in square meters per second for the diffusion of nickel in FCC iron at 1200°C.

Use values of Dy = 7.7 x 10”° cm?/s; Q = 280 kJ/mol; R = 8.314 J/(mol - K).

Chapter 5, Solution 27
The diffusivity of the nickel into FCC iron at 1373 K is:

-280,000 J/mol
[8.314 J/(mol -K)] (1473 K)

D=D,e """ = (7.7x107° m*/s){exp

=(7.7x107 m%/s)(e?*%)
=6.12x10"* m?%/s
Chapter 5, Problem 28

Calculate the diffusivity in square meters per second for the diffusion of zinc in copper at 350°C. Use
Dy =3.4 x 10° m%s; Q = 191 kJ/(mol - K), R = 8.314 J/(mol - K).

Chapter 5, Solution 28
The diffusivity of zinc into copper at 623 K is:

-191,000 J/mol
[8.314 J/(mol-K)](623 K)

D=D,e %" =(3.40x10™* m%/s)]exp

=(3.40x107° m?*/s)(e?%%*)
=3.29x10*" m?/s
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

Chapter 5, Problem 29

Calculate the diffusivity in square meters per second of carbon in HCP titanium at 700°C. Use
Do =5.10 x 10™ m/s; O = 182 kJ/mol; R = 8.314 J/(mol - K).

Chapter 5, Solution 29
The diffusivity of carbon into HCP titanium is:

-182,000 J/mol
[8.314 .T!(mol-K)] (973 K)

D=D,e " =(5.10x10™* m%/s)4exp

= (5.10x107* m¥/s)(e22%)
=8.64x10" m?/s

Chapter 5, Problem 30

The diffusivity of copper atoms in the aluminum lattice is 7.50 x 10" m%s at 600°C and 2.50 x 10 m’/s
at 400°C. Calculate the activation energy for this case in this temperature range. R = 8.314 J/(mol - K).

Chapter 5, Solution 30 :
The activation energy associated with copper diffusing into aluminum for this temperature range is,

@ﬂxp{ﬁ{L_iﬂ
Dyye R\T, T

where 7} =400°C =673 K and 7, = 600°C =873 K. Substituting,

75x107° m’s _ -0 [ 11 J
25x10 mifs ¥ 8.314 J/(mol-K)\ 873K 673K
300 = exp [(4.094>< 10'5)Q]

In(300) = (4.094x107°)Q
0 =139,320 J/mol = 139.3 kJ/mol
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

Chapter 5, Problem 31

The diffusivity of iron atoms in the BCC iron lattice is 4.5 x 10> m%/s at 400°C and 5.9 x 10" m%s at
800°C. Calculate the activation energy in kJ/mol for this case in this temperature range. R = 8.314 J/(mol -
K).

Chapter 5, Solution 31
The activation energy associated with iron diffusing into BCC iron for this temperature range is,

Dyoc :exp[;g_[.l_mi)]
D400‘C R TZ Tl
where 7} =400°C =673 K and 7, =800°C =1073 K. Substituting,

5.9x10*‘6m2fs_ex -0 [ 11 ]
45x102 mis 7 8.314 J/(mol-K) (1073 K 673K

13,111,111 = exp| (6.662x10)Q |

In(13,111,111.1) = (6.662x107)Q
O = 246,007 J/mol = 246 kJ/mol

Chapter 5, Problem 32

The diffusivity of manganese atoms in the FCC iron lattice is 1.50 x 10™"* m¥s at 1300°C and 1.50 x 10°"*
m’/s at 400°C. Calculate the activation energy in kJ/mol for this case in this temperature range. R = 8.314
J/(mol - K).

Chapter 5, Solution 32
The activation energy may be calculated using the Arrhenius type equation,

D300 ¢ _ exp(-Q/ RT,) =exp{—_—Q—[ 1 1 J:|

D,c exp(-Q/RT) R\ZT, T

where 7} =400°C =673 K and 7, =1300°C =1573 K. Substituting,

1.5x10" m?s _ -0 ( 11 }
15x10 5 m?/s  ¥|8314 J/(mol-K)\ 1573 K 673K
10=exp] (1.0226x10)Q |

In(10) = (1.0226x10™*)Q
O = 22,518 J/mol = 22.5kJ/mol
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

*5.33 The concentration of Manganese (Mn) at 500°C on the surface of a sample of FCC iron (metastable)
sample is 0.6 a%. At a distance of 2 mm below the surface, the concentration is 0.1 a%.

Determine the flux of Mn atoms between the surface and plane 2 mm deep. Hint:

convert a% to atoms/m3 using information in Table 3.2.

5-353

———

ConverT atom % (3%) +o a-"(":‘s .

m

For FCC (ron [aHice constant a = 635/ 1m

/

(4= 22 o A7) 555 am
Var =

TZ:/C— are 4L gqitoms pcr- dm:%‘ cell .

Ths,  adoms  _ s atems
oni volume Cg,js/x,g“qn’l)j

2.2¢ % 1070 _akms
Ay rn.3

_24
- . - _"ﬂ:_ melqs Ll
J_ _D % / D = S hE S ngc??me

AX: AO-002 M

23’ 26
B Q.24 xp°% abme\ _ = adoms
Suqr.ace C;s_.goye, X L = ) 5.55xip =

ng.(w}NE’ C = -000| x C‘I-)-#A(loig q*b:ﬂ)-__—,q,zq.xfbs q":‘ﬂ!-
m m

L]
SooC

2mm

OCs OO2 m m= S

25 J‘:C_ 3){10*1?_?”’1_')
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

5.34 The concentration of carbon on the surface of a 1018 steel gear is 0.8 wt% at
1000°C. Determine the flux of carbon atoms from the surface to a plane 25 pm
below the surface where carbon concentration is unaffected by the surface
concentration. Hint: convert wt% to atoms/m® using information in Table 3.2.

534

At 1000 C. P fﬁcs'{)‘uﬁ{vm oL Iren will be FcC.

Con vert w ‘/“%:a to  alems . (assume (00 jﬂ?m-f)
m3

L,

0.8 X

23
602 23
Ll = 40| XIO alims of caykon

[2- ij mn O-Yj

_ 23 24 :
49.3 x EOEZAN " LOF X1  odews OF o

SS‘BSJ % Cl‘i-l-j

oy | - L 23 2ims
=3 for FC iron , 4 4 ’”5__ = Q-25400 — =
(o 351 x10 nno)

note a=44R _ «(o:1*% m) _ 235/ nm
= V=

22

Fom () ahom % carbon - 0L XI0 x100= 3%
(4ol x10>% 10 FX10°T)
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

23
3> Carb Concentrat, . 25 4l 4Toms
on 7 o  on Ve Svr‘tqce/ C_g T .036 @ SxI(0 e

27
Cg & 3-33.X10 .ﬁ}ﬂ?’_o:_s_

weil
=% J-"- -"._D Ac # D/ = 3X/0 carlon l'y\)
1000,

AY FeC 1'ron

Carbon CﬂﬂCen'{)ﬁ’Ab"l 25 dm  below Ve svrrace .3
(< Una.H‘-cc'f‘Cc(. Thve C = O-lﬂa)‘f'o/o -:—6‘0013@-25)((1))

2S MUw

26
[ =166 xi0 2R
25 Um m3

— 7—6 27
\j = - 3)(/0_// C2su - C:_ _ _37(,_0’1 /-66 X/0—3.33x)D

A x -

7—57‘!5-6m

n

/
.79 74/02 atoms
ma. s

J
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

5.35 A copper-zinc alloy (85wt% Cu-10wt% zinc) is coupled with pure copper
(interfaced). The diffusion couple is then heated to a temperature of 1000°C. (a)
How long will it take for the concentration of zinc to reach 0.2%, 2.5 mm below
the interface? (b) How much will the zinc concentration at the same point be in
twice the time calculated in part a?

538

1 .4+er.{:q e

-

. Copper &olvei
P\/r‘e_ copper ZK 's So Iu‘lt

(_non-s"'m‘{*f cJ.f‘.(..Fus;'On)

IS wt % CA—
IS ul"’ofo%'l

| S

|
| 253
Cs-Cx

C_s --Co_‘ -;eﬁfcz){;’{.)

(g= 10wt (Man“o-{-%f'ﬂC pf€38ﬂ+ at He srface)

Cx = 02wty (Concenbertion 2.8 mom)

CO = 6% (fow”& CO)"Per> {3 N

D - &sxI10 ~Ser

|00 0C Cmﬂle Q\A)

-

=3
X = 225X 10 ey /
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

a‘) Wi = A er XY merp(E)
107 - O % 70(2@)

0-9% = erf C%) from  Table 55 wsing z'ﬂ‘opdﬁrfm

Z cri-(2)
16 0-9763 s lb6-2 _ 09163 -0-9%00 -:B"Z: it
= 0-9800 1 6-1F 09763 - 0-983%

7 0-9533

-
/!65-= DZSX’D ’:?_ =5 _t = 3/3 hr__(,
2y sxic3 t

b) Z= 9-5_)\'10—3, _-—,,-25 = crf(ﬁ’-"):‘a'?lé
2ysxi1072x2-29 x 10® From Table 5.3

096 = L22% = Cx o o - (0-1) — (o-9/6)C0-1)

— CX:-:O-SC{— wt o/o

(!'ncrea.ccs Ly more Yhan 4 7Ll;‘-1e.5’)
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

*5.36 A bar of pure nickel is coupled with a bar of pure iron (interfaced). The diffusion
couple is then heated to a temperature of 1000°C. (a) How long will it take for the
concentration of nickel to reach 0.1wt%, 1.0 um below the interface? (b) How

long will it take for the concentration of nickel to reach 0.1wt%, 1.0 mm below the
interface? (c) What does the comparison of the two answers show?

586

r TIron IS <Solveat
Ik : Fe N s colute
!
__—_llqm‘ Cnan-—-s }'Eae.fy olrFFV.CI'ﬂH)
T=/000 C

= er.

g —C= -

Co = 1009  (Pre nickel)
-
Cx= 0wt (at x= 1% ~)

— C
s - Zt )

—/6
Zo = oaﬂ“% Cﬁure /}vn) J D o - 2xI0 Em_f:
looo ¢

e b &

erg(z)=0-999 =% 2= 2F

-6
:g-g $ ”(10 m - 2.8

Z-{EE' | l{;m_%;_a_ ; t_—
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

536 cont
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J)) for 6mce'77$~ar7!7'dn 0f O wt% at /g mm
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

5.37 The activation energy of nickel atoms in FCC iron is 280 kJ/mol and carbon atoms
in FCC iron is 142 kJ/mol. () What does this tell you about the comparative

diffusion of nickel and carbon in iron? (b) Can you explain why the activation

energies are so drastically different? (¢) Find a way to qualitatively explain how

much energy is 142 kJ to a non-engineer or a non-scientist.

B2

—

a) ‘5;’4"-'-{- @C’-'Fe < @p"...;:e / I'I_ CQHLC_ C.Onclvul@é.
‘144011L carbon hag an ealieéy *f-r'mt’ d"{-f-"""y e

Fe Maﬂ N; Ct‘lvms do inm Fe.

b) The Cl':f:(:ei"ent'-e_ N ac'f‘fwt‘('ﬁm chergl't‘ﬁ 1S
dt/C- dff—{-tff#’l ces (A WCczﬁlqm'&ME C:'uf?rsf?'""‘ﬂ-f

J,tﬁvsidn Fur C- Fe and 5':/.5579'4'/*7”44’ for Nn'-Fe).

C) You would need 42T of l'leq_} to [ncereaye
Hee {-cw”aerqﬁ/re of one gram of w ater by
one c(&aref C» Thes, "HEc00 J would rause

the -{—bwlperq"(-urc of 33,809 9 C__’ig:ff Py

watey by | ", OYher wiys  to explain :
336 J +to boil oene Fean @,‘.uucd‘tl"

/42000 J to bei|l 4ad-grams of w4

(ar O 4o~ lj)-

Note Hat Hhe activation energy (s per mad.

-mcre)wre_ > Y‘ﬂc aacu.a! @ nery 7 Jiar‘ prm-ﬁx‘ca—(
PP I u:\JD‘anS /| ” (oc < 1‘3 m‘efcam'(‘(\’ lqns' Ley;
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

*5.38 The proportionality constant, Do, of iron in BCC iron is 9.1 times higher than in
FCC iron. The activation energy of iron in BCC iron is 90.3% that of iron in FCC
iron. Determine Q and Do for iron in FCC iron. Verify your answers with those in
Tahle 5.4.

S-33 o

TeDsl. "
DOBCC = q‘“ DOF-CC

G—BC-C = (- qaj @FCC-

From  Table &-2

-20 m> D -~ R

DBCC/ = (0 T J Fcc = 2X10 ___
o
sod

S’oc‘;c,
TG‘/-S/ 6\."' .5_0(5C.
- @Bca-r QFC_C_
DBCC_ DOBEE'... e RT
DFCc DoFeec

— 0903 B gec. +@FeC

ea T (3-314D(F73)
e /0 o= = QII C.
2%010

- 57"7) D, Tab\t S %
A) = P = In ( = 265334 o0 (O
1+S0 x10 Mg

D - S

Fe< 2 X )0 &

b) Dogee = _ Qeee iasaw maal

& Rr TS

c (TaL.le &k

,‘).-).OKIO—S

To get accorate valees of Do, ome needs - |
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Drcc @FC.C..
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

5.39 The proportionality constant, Do, of carbon in HCP titanium is 25.5 times higher
than carbon in FCC iron. The activation energy of carbon in HCP titanium is 1.28
times of carbon in FCC iron. Determine Q and Do for carbon in FCC iron. Verify
your answers with those in Table 5.4,

5.3

-1E B - @

D=Db

=
. - .2 -
D} pary = 98- De-re Dy ™ |45 Qe-re
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y o —1:28Q¢-Fet+ We-Fe
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lin C 00235‘) A 139 bJ__ Cab © eJ
. n 12~ st

139,000 S
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

5.40 The self-diffusion of iron atoms in BCC iron is significantly higher than in FCC
iron (See Table 5.2). Explain why.

540

The Patc—kf'ﬂj M‘[or For RcC metals (S
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

5.41 The melt temperatures of copper and aluminum are 1083°C and 657°C
respectively. Compare the diffusivities of copper in copper and copper in aluminum
at 500°C (use Table 5.2). Can you explain why a drastic difference exists?

Cﬁppel" has o "\IBACJ" m:",‘l‘nj +¢n\P Haan alvminum.

s means Yhat Ye bonds befween co pprer
&WS are Sfrpnj er and Mfrt.Fdfé’ /flayc{Lr to
breale.  Ditfsion will 1 I.’CC(‘;I be wmore Q/f'fF!'CUH'
in copper Huan alwimm .

A Seeond reagon could be ‘Hm'f- al ‘Mawy Lo Y
metale are FCC&, He veoid spacel (A

a!umim/m are larﬁer’ (;e:e. example 4--3)

since. Yap > o -
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

5.42 Would you expect the diffusion rate of copper (self diffusion) to be lower or higher
in copper with ASTM grain size 4 than in copper with ASTM grain size 8?
Explain your answer.

There are  move grouns and ﬁm:'n bowdarie ¢
in  gine 5m1'nc_é copper (Hhe one with n=9).
Grain bomdaries are lesc qcft'c{cnﬂkf packe d
and  allgw)  por hfc)l\er dipevsion rater .
T  tpper with ASTM grain size of 8 will
have h\‘ajhr Sele Sgposion -
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

5.43 Would you expect the diffusion rate of copper (self-diffusion) to be lower in a pure
copper sample that is loaded with dislocations or in a pure copper sample that is

free of dislocations (refer to Sec. 4.4.2 for characteristics of dislocations)? Explain

your answer,

Metals  loaded with Jibeation possess higher
gtore d energ\f. The atome are .f_orteé out

o Fheir nov mad pa.c'u"'{dn and s cauvse g
l‘d'hct s’{“d“a'm- The odoms have a L\n‘ahfr— saa‘l&
of tnemy VYhan i a. uns heined Glrra\}-

The cx“rcx fy\crgj could L«e(p with Hre
dt{_-f-d&\'d&/\ procesf.
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering S/e

5.441s the non-steady diffusion process more sensitive to temperature or time? Explain
using appropriate equations.

.44

In H‘f non -"51"061':"-{ CJ:;F]LV‘S;'M cﬁvq’/'l'dlﬂ
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note  Hat  time , T appears in Hie
dend minator— nder He radical sign
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5.45In NaCl, would you expect the activation energy of cation (Na") to be higher or
the anion (Cl )? Why?

545

Ca‘l'l‘o/ts are smaller (nsze Hian Hhewr locﬂ(ll'/lj

aniong . lhis offexs an aduanlajc_ -fdr' &'H‘jl’lcr
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5.46 Show, using equations only, that as time increases in the gas carburization process,
the concentration Cx increases.

S.b

In the non—skady dippesion equation

Cs- Ca -
C;‘_ C:i -_CY;F CZ_ -::t )

As  time  increases Yhe dewoming o )
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é;%) il deycove. As Yhe agvmcﬂ’l‘

bt‘:cdma’ -‘»’mﬂ”er“/ Mﬁc— erf Q—%{_) will ako
be come smaller (See Table 5.3). As erp (_%r)
be cdmesg —Ma[[cr/ Yhe dfﬁ:errn (e be‘l‘odecl"l
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5.47 If hydrogen diffuses in ferrous alloys, it will make the material significantly
more brittle and susceptible to fracture. The activation energy of hydrogen in
steel is 3.6 kcal/mol. Should we worry about hydrogen embrittlement of steels
(is it very likely to occur)? Explain.

__ff.a Compare_ ‘H"C’ ac-ﬁ‘vmtf‘m eneer c:.)a
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5.48 In powder metallurgy, solid parts are formed by first densifying powder through
pressure/compaction at room temperature. The particles are pressed against each
other and form necks at the point of contact with each other (see Fig. P5.484a). The
next stage is then sintering in which the densified compact is heated to elevated
temperatures. The sintering stages are between 1000°C (Fig. P5.48b) and 1050°C
(Fig. P5.48d). What observation can you make regarding the physical features of

the compact going from the room temperature compact to sintering at 1050°C?
What is the reason for this change?

I+ s clear MML k{g% pressure alone
can nol denﬁqﬁj Yhe paa/olerﬁ? acce}aﬁ?ue
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'glt:j"wc d)- The vedvetion in void Lpa e
or densigication of compuel occurs

bc_caust O.F d:‘f{u_&l’dn ALyOSS HC

conJraa”f avea be_'l"‘qjeen pay’-f—:‘cfcs. hvs
dc‘]c{,u_cfdﬂ ¢ Y maiw mechanicm

@F densff | Cd ‘H‘an .

PROPRIETARY MATERIAL (c) 2010 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be 39
displayed, reproduced or distributed in any form or by any means, without the prior written permission of the publisher, or used beyond

the limited distribution to teachers and educators permitted by McGraw-Hill for their individual course preparation. If you are a student

using this Manual, you are using it without permission.



