Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering 5/e

Chapter 4, Problem 1
Define the homogeneous nucleation process for the solidification of a pure metal.

Chapter 4, Solution 1
In a homogeneous nucleation process, the liquid metal is sufficiently undercooled and thus able to provide
the atoms to form nuclei.

Chapter 4, Problem 2

In the solidification of a metal, what is the difference between an embryo and a nucleus? What is the
critical radius of a solidifying particle?

Chapter 4, Solution 2

An embryo refers to a solidified cluster of atoms which is unstable and can thus redissolve. A nucleus is a
comparatively larger stable cluster which can grow into a crystal. The dimension defining the boundary
between an embryo and a nucleus is the critical radius.

Chapter 4, Problem 3
The solidification process of a pure metal liquid involves 3 stages. Describe and illustrate this process.

Chapter 4, Solution 3

In general, the solidification of a pure metal involves: the formation of stable nuclei in the liquid melt; the
growth of these nuclei into stable nuclei in the liquid melt; and the formation of a solidified structure
containing grains formed from the crystals. These three stages are illustrated below.

Liquid Grain Boundaries

Crystals .
Nuclei Y Grains
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Chapter 4, Problem 4

In the solidification of a pure metal, what are the two energies involved in the transformation? Write the
equation for the total free-energy change involved in the transformation of liquid to produce a strain-free
solid nucleus by homogeneous nucleation. Also illustrate graphically the energy changes associated with
the formation of a nucleus during solidification.

Chapter 4, Solution 4

The two energies involved in the
solidification of a pure metal are
surface free energy and volume free
energy. These energies contribute to
the total free energy, AGr:

AGr = AGy +AG;
= %m‘zAGU +4nrly

= Volume free energy +
Surface free energy

— <— Free Energy Change, AG — +

Retarding energy,

AGy = AGy +AG;

Radius of particle, r —p

Driving energy, AGy
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Chapter 4, Problem 5
Distinguish between homogeneous and heterogeneous nucleation for the solidification of a pure metal.

Chapter 4, Solution 5

In homogeneous nucleation of a liquid metal, the nuclei are formed from atoms of the metal solidifying. In
heterogeneous nucleation, impurity atoms or container surfaces act as nucleating agents.

Chapter 4, Problem 6
Distinguish between equiaxed and columnar grains in a solidified metal structure.

Chapter 4, Solution 6
Equiaxed grain dimensions are approximately equal in all directions whereas columnar grains are elongated
in a particular direction.

Chapter 4, Problem 7

During solidification, how does the degree of undercooling affect the critical nucleus size? Assume
homogeneous nucleation.

Chapter 4, Solution 7

In general, the greater the degree of undercooling of a liquid melt, the smaller the critical radius of the
nuclei formed.

Chapter 4, Problem 8

How can the grain size of a cast ingot be refined? How is grain refining accomplished industrially for
aluminum alloy ingots?

Chapter 4, Solution 8

The grain size of a cast ingot can be refined by: solidifying the metal at a rapid rate; and adding grain
refining agents (heterogeneous nucleating agents). Grain refining of aluminum ingots is accomplished
through chill casting and by adding grain refining agents such as titanium and/or boron.

Chapter 4, Problem 9
Describe the grain structure of a metal ingot that was produced by slow-cooling the metal in a stationary
open mold.

Chapter 4, Solution 9

In general, equiaxed grains are formed adjacent to the cold mold wall where rapid cooling occurs during
solidification. Elongated columnar grains are formed in the metal
ingot interior, in the direction of thermal gradients, due to slow cooling of the metal in the mold interior.

Chapter 4, Problem 10
How are large silicon single crystals for the semiconductor industry produced?

Chapter 4, Solution 10

Large single crystals of silicon are produced using a pure silicon seed crystal with a pure silicon melt
(Czochralski process).
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Chapter 4, Problem 11
What special techniques must be used to produce single crystals?

Chapter 4, Solution 11

Single crystals can be produced by introducing a single crystal as a seed crystal. The seed continuously
rotates as it is slowly lowered and then withdrawn from the melt.

Chapter 4, Problem 12
Distinguish between a substitutional solid solution and an interstitial solid solution.

Chapter 4, Solution 12

A substitutional solid solution is one in which the solute atoms of the elements replace those of the solvent
atoms in the crystal lattice. An interstitial solid solution is one in which the solute atoms of the elements
are positioned in the interstitial spaces between the solvent atoms of the crystal lattice.

Chapter 4, Problem 13
What is a metal alloy? What is a solid solution?

Chapter 4, Solution 13

A metal alloy is a mixture of two or more metals or of a metal (metals) and a non-metal (nonmetals). A
solid solution is a type of alloy which is solid and consists of two or more elements atomically dispersed in
a single phase structure.

Chapter 4, Problem 14

Define the formation of the interstitial solid solutions. Explain why.

Chapter 4, Solution 14

One atom is much larger than another can form interstitial solid solution. Small-sized atoms, e.g. H, C, N,
fix into the empty spaces available among the solvent or parent atoms.

Chapter 4, Problem 15

What are the conditions that are favorable for extensive solid solubility of one element in another (Hume-
Rothery rules)?

Chapter 4, Solution 15

Four conditions favor extensive solid solubility:
1. less than 15% difference between the atomic diameters of the elements forming the solid
solution;
2. identical valence of the elements;
3. similar electronegativities;
4. common crystal structure of the elements.
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Chapter 4, Problem 16
Describe and illustrate the following imperfections that can exist in crystal lattices: (a) Frenkel imperfection,
(b) Schottky imperfection, and (c) Is it possible to have a Frenkel defect in the covalent crystal?

Chapter 4, Solution 16
a) A Frenkel imperfection is a vacancy-interstitialcy pair which sometimes occurs in ionic crystals.
b) A Schottky imperfection is a cation-anion divacancy which sometimes occurs in ionic crystals.

Frenkel Imperfection Schottky Imperfection

¢) No, impossible. Because there is no ion in the covalent crystal.

Chapter 4, Problem 17
Describe and illustrate the following types of point imperfections that can be present in metal lattices: (a)
vacancy, (b) divacancy, and (c) interstitialcy.

Chapter 4, Solution 17

a) A vacancy, a point defect, is an atomic site which is missing an atom.
b) A divacancy is a defect in a crystal lattice where two atoms are missing from adjoining atomic sites.
¢) An interstitialcy is a point defect where an atom occupies an interstitial site between surrounding

atoms in normal sites.

Vacancy
Interstitialcy

Chapter 4, Problem 18
Describe the concept of volume or three dimensional defects.

Chapter 4, Solution 18

Volume or three-dimensional defects form when a cluster of point defects join to form a 3-D void ore a
pore. The size of a volume defect may range from a few nanometers to centimeters or sometimes larger.
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Chapter 4, Problem 19
Describe and illustrate the edge- and screw-type dislocations. What type of strain fields surround both types
of dislocations?

Chapter 4, Solution 19

An edge dislocation is a line imperfection caused by an extra half plane of atoms between two normal
planes of atoms. Whereas a screw dislocation is a line imperfection created by applying upward and
downward shear stress to regions of a perfect crystal separated by a common plane.

il

BTN

/
Dislocation Line Screw Dislocation

The strain fields associated with the edge and screw dislocations are shown below:

Compression

Tension
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Chapter 4, Problem 20

Describe the structure of a grain boundary. Why are grain boundaries favorable sites for the nucleation and
growth of precipitates?

Chapter 4, Solution 20

Grain boundaries are surface imperfections that separate grains of different orientations. The grain
boundary, a narrow region between two grains, is approximately two to five atomic diameters in width and
contains mismatched atoms from adjacent grains. Grain boundaries are favorable sites for the nucleation
and growth of precipitates because the irregular atom arrangement at grain boundaries provides lower
atomic packing and high energy. Atoms are thus able to diffuse more rapidly to form precipitates.

Chapter 4, Problem 21

Describe and illustrate for the following planar defects: (a) twins, (b) low-angle tilt boundaries, (c) small-
angle twist boundaries, (d) external surfaces, and (e) stacking faults. For each deflect, express the impact on
the properties of the material.

Chapter 4, Solution 21

(a) twins:

Twins or twin boundaries are another example of a two-dimensional defect. A twin is defined as a region
in which a mirror image of the structure exists across a plane or a boundary.

(b) small angle tilt boundaries : When an array of edge dislocations are oriented in a crystal in a
manner that seems to misorient or tilt two regions of a crystal, Fig. 4.24a, a two-dimensional defect called a

small angle tilt boundary is formed. The misorientation angle 0 for a small angle boundary is generally less
than 10°.

(d) small angle twist boundaries: When an array of screw dislocations are oriented in a crystal in a
manner that seems to misorient two regions of a crystal, Fig. 4.24b, a two-dimensional defect called a small
angle twist boundary is formed.

(e) external surfaces : all surfaces are defects because the atoms on the surface are only bonded to other
atoms on one side and as a result possess a higher state of energy.

(f) stacking faults: when one or more planes of atoms in the stacking series are missing

Twins, small angle boundaries, and stacking faults are regions of high energy due to local lattice distortions
and tend to strengthen a metal.

Chapter 4, Problem 22
Why are grain boundaries easily observed in the optical microscope?

Chapter 4, Solution 22

Grain boundaries can be easily observed under an optical microscope because they etch more rapidly than
grains. Chemical etching thus produces tiny grooves along grain boundaries which appear as dark lines
under an optical microscope because they reflect light less intensely.
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Chapter 4, Problem 23

Explain how one can measure the average grain size of a metal using a micrograph at a known
magnification.

Chapter 4, Solution 23

Once a photomicrograph is prepared at a specific magnification, a random line of known length is drawn on
the photomicrograph. The number of grains intersected by this line are then determined and the ratio of the
number of grains to the actual length of the line is determined, n;. The average grain diameter is then
determined using Eq. 4.8. C is a constant (C=1.5 for typical microstructures), and M is the magnification.

Chapter 4, Problem 24
Describe various ranges of grain size. What do these ranges tell you about a metal?

Chapter 4, Solution 24

Generally speaking, a material may be classified as coarse-grained, n<3; medium-grained, 4<n<6; fine-
grained, 7<n<9, and ultrafine-grained, n>10. The finer the grain size, the stronger the material will be at
room temperature.

Chapter 4, Problem 25
How is the grain size of polycrystalline materials measured by the ASTM method?

Chapter 4, Solution 25
In the ASTM method of measuring grain size of polycrystalline materials, the grain size number, n, is

defined by the equation N = 2" where N is the number of grains per square inch, measured on a
polished and etched surface at a magnification of 100x.

Chapter 4, Problem 26

Describe the optical metallography technique. What qualitative and quantitative information can this
technique provide? What levels of magnification can be achieved by this technique?

Chapter 4, Solution 26

Optical metallography techniques are used to study the features and internal make-up of materials at
micro-meter level (magnification level of around 2000X). Qualitative and quantitative information
pertaining to grains size, grain boundary, existence of various phases, internal damage, and some defects
may be extracted using optical metallography techniques.

Chapter 4, Problem 27

Describe the atomic force microscope (AFM). What are the modes of operation (draw a schematic)? What
is the dimensional resolution that it can achieve? What information can it provide?

Chapter 4, Solution 27

The AFM uses a similar approach to STM in that it uses a tip to probe the surface. However, in this case,
the tip is attached to a small cantilever beam. As the tip interacts with the surface of the sample, the forces
(Van der Waals forces) acting on the tip deflect the cantilever beam. The interaction may be a short range
repulsive force (contact mode AFM) or a long-range attractive force (non-contact mode AFM). The
deflection of the beam is monitored using a laser and a photodetector set-up. The surface topography is
determined from these small displacements. Unlike STM, the AFM approach does not rely on a current
tunneling through the tip and can therefore be applied to all materials even nonconductors. The resolution
is similar to STM.
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Chapter 4, Problem 28

What is a transmission electron microscope (TEM)? How does it work (draw a schematic). What is the
dimensional resolution that it can achieve? What information can it provide?

Chapter 4, Solution 28

TEM, Fig. 33, is an important technique for studying defects and precipitates (second phases) in materials.
Specimens to be analyzed using a TEM must have a thickness of several hundred nanometers or less
depending on the operating voltage of the instrument. Nano-scale features can be resolved by TEM. In the
TEM, an electron beam is produced by a heated tungsten filament at the top of an evacuated column and is
accelerated down the column by high voltage (usually from 100 to 300 kV). Electromagnetic coils are used
to condense the electron beam, and then it is passed through the thin specimen placed on the specimen
stage. As the electrons pass through the specimen, some are absorbed and some are scattered so that they
change direction. After the electron beam has passed through the specimen, it is focused with the objective
coil (magnetic lens) and then enlarged and projected on a fluorescent screen, Fig 4.34. An image can be
formed either by collecting the direct electrons or the scattered electrons

Chapter 4, Problem 29

Describe the scanning tunneling microscope (STM). What are its modes of operation (draw a schematic)?
What is the dimensional resolution that they can achieve? What information can it provide?

Chapter 4, Solution 29

Scanning probe microscopy includes both Scanning Tunneling Microscopy (STM) and Atomic Force
Microscopy (AFM). In STM, an extremely sharp tip (Fig. 4.36), traditionally made of metals such as

tungsten, nickel, platinum-iridium, or gold, and more recently out of carbon nanotubes, is used to probe the
surface of a sample. The tip is first positioned a distance in the order of an atom diameter (~ 0.1 to 0.2 nm)
from the surface of the sample. At such proximity, the electron clouds of the atoms in the tip of the probe
interact with the electron clouds of the atoms on the surface of the sample. If at this point a small voltage is
applied across the tip and the surface, the electrons will “tunnel” the gap and, therefore, produce a small
current that may be detected and monitored. The magnitude of current will be measured when the tip is
positioned directly above an atom (its electron cloud). This current will be maintained at the same level as
the tip moves over the atoms and valleys between atoms. This will be accomplished by adjusting the
vertical position of the tip. The small movements required to adjust and maintain the current through the
tip will then be used to map the surface. The system can also operate at constant height mode where the
changes in current are monitored. The dimensional resolution is at the atomic level. SPM is used to
examine the surface of materials at the atomic level. Only used for conducting materials.

Chapter 4, Problem 30

What is a high resolution transmission electron microscope (HRTEM)? What is the dimensional resolution
that it can achieve? What information can it provide?

Chapter 4, Solution 30

The technique is very similar to TEM. However, the prepared sample must be significantly thinner in the
order of 10-15 nm. The instrument allows for a resolution of about 0.1 nm which in turn allows viewing of
the crystal structure and defects at the atomic level. To grasp what this degree of resolution may reveal
about a structure, consider the lattice constant of the silicon unit cell is five times larger than the resolution
offered by HRTEM at approximately 0.543 nm. It can provide information about defects at the atomic
level.
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Chapter 4, Problem 31

What is a scanning electron microscope (SEM)? What magnifications can it achieve? How does it work
(draw a schematic). What information can it provide?

Chapter 4, Solution 31

SEM is an important tool in materials science and engineering used for microscopic feature measurement,
fracture characterization, microstructure studies, thin coating evaluations, surface contamination
examination, and failure analysis of materials. It uses incident flow of electrons instead of light to help
map the image. The dimensional resolution is around 5nm. Magnification ranges from 15X to 100,000X.

Chapter 4, Problem 32

Calculate the size (radius) of the critical nucleus for pure iron when nucleation takes place homogeneously.

Chapter 4, Solution 32
Foriron, ¥ = 204x107° .I!mz, AHf = —2098><106.Um3, 7, =1808 K

The amount of undercooling is then AT =0.27, =0.2(1808 K) =361.6 K and
the critical radius becomes,

. =2yT, -2(204x107° J/m?)(1808 K)

P = = =9.72x10""m =0.972 nm
AH AT (-2098x10°J/m*)(361.6 K)

Chapter 4, Problem 33
Calculate the number of atoms in a critically sized nucleus for the homogeneous nucleation of pure iron.

Chapter 4, Solution 33
The relevant volumes, based on the solution of Problem 4.8, are:

Vol. of critical-sized nucleus = gm-” - %(0.9?2 nm)® =3.85x10'm’

Vol. of unit cell of Pt = a® = (0.28664 nm)* =2.355x107> m’

-29_ 3
Vol. per atom = 20T 6% o
2 atoms/BCC unit cell

Thus, the number of atoms in a critically sized nucleus is:

Volume of nucleus  3.85x10%'m’

= =327 atoms
Volume per atom  1.178x107>’ m®/atom
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Chapter 4, Problem 34

Calculate the size (radius) of the critically sized nucleus for pure platinum when homogeneous nucleation
takes place.

Chapter 4, Solution 34
The critical radius of nucleus is calculated as,
rt " -—2mi
AH fAT
where 7 =240x107° J/m®, AH,=-2160x10°J/m’, T, =2045K
and the undercooling A7 =0.27,, =0.2(2045 K) =409 K. Substituting,

»_ =2(240x 107 J/m?)(2045K) s
(-2160x10°J/m*)(409 K) '

1 nm

Chapter 4, Problem 35

Calculate the number of atoms in a critically sized nucleus for the homogeneous nucleation of pure
platinum,

Chapter 4, Solution 35
The number of atoms in a critically sized nucleus is found as,

Volume of nucleus N Volume of nucleus

Volume per atom - (Vol. of unit cell)(No. atoms per unit cell)

Using the critical radius result of Problem 4.9,

b o 4 P
Vol. of critical-sized nucleus = EE?‘ 3= gyr(l 11 nm)* =5.73x10""m*

Vol. of unit cell of Pt = 4> = (0.32939nm)* =3.574x10>’ m’

29 3
Vol. per atom = Sejsal) = =8.935x10m?/atom
4 atoms/FCC unit cell

Substituting,
27 .3
Volume of nucleus 5.73x10'm
= = =641 atoms
Volume per atom  8.935x10™ m’/atom
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Chapter 4, Problem 36

In Example Problem 4.3, if a carbon atom occupies the interstitial void, how may iron neighbors will it

have, or in other words, what will its coordination number be?

Chapter 4, Solution 36

The carbon atoms will have 6 neighbors (two at the comers and 4 at the center of the faces of the 4
neighboring cells). Such interstitial sites are octahedral sites and have a coordination number of 6.

Chapter 4, Problem 37

(a) Calculate the radius of the largest interstitial void in the BCC a. iron lattice. The atomic radius of the
iron atom in this lattice is 0.124 nm, and the largest interstitial voids occur at the (%4, !4, 0); (%4, %, 0); (%,
Y, 0); (%, %, 0), etc., type positions. (b) If an iron atom occupies this interstitial void, how many iron atom
neighbors will it have, or in other words, what will its coordination number be?

Chapter 4, Solution 37
(a) For BCC crystal structure,

4R _ 4(0.124 nm)

I T

Letting x = Fe atom radius + Interstitial void radius,

=0.286 nm

2. 1.2 1.0 3 o
16 4 16

x= \/ga =0.559a = (0.559)(0.286 nm) = 0.160 nm

The interstitial void radius is thus,

Ryig = X—Rp, =0.160 nm —0.124 nm = 0.036 nm

I il

a

(SRR

(b) The site will have four iron neighbors (two corner atoms and two atoms at the
centers of the neighboring cubes). The coordination # is 4. Such interstitial sites

are called tetrahedral sites.
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Chapter 4, Problem 38

Consider a copper lattice with an excessive average of one vacancy in every 100 unit cells. What will be its
density? Compare this to the theoretical density of copper.

Chapter 4, Solution 38

4 3Y

Assme ee«ffc/im/friv'f‘(:J-(~ ore atom ic missing
e 100 Coppey un,t cells .

# of atoms = #o0-[ = 399 a'ten$

53 SS X ’0*3‘? 4 ' ’0_23,?«
488 00 Ja—celle = 399 X 22 =4.2|x
e | £.02xE" atomS

for CopPtYy, A = AL 4/-(@.;273 ‘m)g_ = o-aéfomﬁqm
re VZ

—/0

a =3-6é/0xi0 ™M
3 0 33

Va’umc. of one cell = A -=C.3-6{ox10 M)

-29

-2
volume of (00 celle = 4-T04 X0 7”«,3

=

f: Moo cells _ f2) X100 4 _ 9.94 310> F/m
V 100 cells L. Joet xm"ﬂnoz’

Bhmretioy = 8-9% ¥10> H/m?

(
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Chapter 4, Problem 39

Assume that Figure 4.14 shows a representative image of the overall atomic composition of a substitutional
solid solution of an alloy of nickel (dark spheres) and copper (light spheres) and estimate (a) the a/o of each
element in overall crystal, and (b) the wt/o of each metal?

Chapter 4, Solution 39

439

me_ fiﬁdra Shm]s Space {_ar* 36 q%mg

=+ N ickel du(e'm_(’,
28 Cepper a toms
3 cle(_cc,'f"
If— 1‘&6‘ fmaﬁe rtpre_rm‘izs %C OUMQ Cdfﬂ'ﬂﬂ&l.'!“lbf/l/
A Nv &= L= 0 194x100 = 194
Cu Af = 2% <100 = 337
=6

d&FCC+a/o 2 'B—IZ‘ X100 = 2‘?8

) -A
b) Ny = __'5?'6‘7)“0 ‘?’ X O.qu)‘ = 1.¥9] )’IDJ'&%’
6-02_,:;{02‘3 atoms

-3
Cy = 63SSx0 kg X B, w B LB 10’26%'

6.02-x '023 s

ﬁfaﬁ = /0 007 X '0.25

PROPRIETARY MATERIAL (c) 2010 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be 14
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 5/e

. 1‘3?]/\"0’26 °
(,Jf-‘% M, = oo 0—25 x 100 = 1§ F A
009 X

26
5202 X105 3¢ 100 -%1-3%
) 009 x:o"zsly

Wi/ Cu =

PROPRIETARY MATERIAL (c) 2010 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be 15
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 5/e

Chapter 4, Problem 40

The alloy used for the gold and medal awarded to the first place winner in Salt Lake City Olympics had a
composition of 92.0 a/o silver, 7.5 a/o copper, and 0.5 a/o gold (the medal is gold-plated). Determine the
absolute mass of each metal in a 0.253-kg metal. Repeat the same calculation for (b) the silver medal:
92.5 a/o silver and 7.5 a/o copper, and (c) the bronze medal: 90 a/o copper and 10 a/o tin.

Chapter 4, Solution 40

4440

R gld mc:cla_Q ! Mmugs _-:0‘25—3'?' Camp 1 ‘ia%ﬁg,?-s%m,fr%m
=S

-3
M’t;ve Mﬂ-(-g/ Aﬂ: 1oq-q”(10? x a,qa:__l'éq_q Xlo ?,
8-02x 10 2atems -
e o
ze,(a."t-l‘dt_ mﬁgf/ CU( = 63" SSX \0 7 X A 075: 7-.?7{‘-/\]0 )?’
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Chapter 4, Problem 41
For the grain structure in Problem 4.46, estimate the average grain diameter.

Chapter 4, Solution 41

oy

Draw o [ine. of /mjﬂ, 07.54)&/0'2/*: on Yhe figure amd
Ca;m‘?l' C‘?"H’"‘ﬂ"k) Hee H# Of (jmfng ;w'l'o.‘/.fca,{td
‘D'j %e_ I'ne . Rcaocaﬁ' His prvocegs 3 Hmeg
[N olr'ﬁtcrm’f rcgf‘dng ond auemqﬁe Ve
reovits

A . C o, - # Fraing nh?‘rwa?[fwj Yhe /"‘*e
= = ; = :
hL M ‘c_nj\yq ‘O-f—wc ,lﬂc

1= fosypom (=15

Rl = 1/&.5_4%’,0*2”! M = |OO

A 2>

4 3 "Lg = g/a.s%/o'am
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Chapter 4, Problem 42

For the grain structure in Problem 4.45, estimate the average grain diameter.

Chapter 4, Solution 42

2

Draw o line ar feng% a.s4x0°m on the F;avrd
and  comt CCS'H’"GI‘)LC) Hee # ©f 3’“’“5“5
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He pictwre. hvernge e resvlts.

0’ = L . Ny = #33‘5”-45 f-q'f'ﬁ/,rca'{fﬂj \MC {‘VIQ

n M / - 'aq#\ of Hee (e

2SYRI0" 0 =15

- 13 =
M= sy m M =100
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Chapter 4, Problem 43

If there are 200 grains per square 2.54x10?m on a photomicrograph of a metal at 100x, what is its ASTM
grain-size number?

Chapter 4, Solution 43
N=200=2""

In200 =(n—1)(In2)
5.298 = (n-1)(0.693)
n=7.65+1=8.65

Chapter 4, Problem 44

If there are 400 grains per square 2.54 x 102 m on a photomicrograph of a ceramic material at 200x, what is
the ASTM grain-size number of the material?

Chapter 4, Solution 44

2
200 . .
N= (ﬁ) 400 grains / 2.54x10? m
= 1600 grains / 2.54%10 m
N =1600=2""

In1600 = (n—1)(In 2)
7.378 = (n—1)(0.693)
n=10.64+1=11.64
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Chapter 4, Problem 45

Determine the ASTM grain-size number of the type 430 stainless steel micrograph shown in Fig. P4.45
This micrograph is at 200x. Classify the grain size according to the value of n, i.e., coarse, medium, fine or
ultrafine grain size. Measure the area of the image for your calculations.

Figure P4.45

Chapter 4, Solution 45
Estimating 100 grains/(2.54x102 m)? from the micrograph

2007

,L = -’} } No. of grains at 100x =T (100)

j‘ _ i\__j ‘k\ L et =400 grains/(2.54x1072 m)?
D N=400=2""

e 5{7‘;’ In 400 = (n—1)(In 2)

el s W 1 R 5

300X 5.99 = (n—1)(0.693)

n=_8.64+1=9.64

(¢) According to our scale on page 166, this metal is between fine grained and ultrafine grained.
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Chapter 4, Problem 46

Determine, by counting, the ASTM grain-size number of the low-carbon sheet steel shown in Fig. P4.46.
This micrograph is at 100x. Classify the grain size according to the value of n, i.e., coarse, medium, fine, or
ultrafine grain size. Measure the area of the image for your calculations.

N
100X

Figure P4.46

Chapter 4, Solution 46
(a) Estimating 40 grains/(2.54x102 m)? from the micrograph

N=40=2""

In40 =(n—1)(In2)
3.689 = (n—1)(0.693)
n=53+1=6.3

(b) According to our scale on page 166, this metal is between medium gained and fine grained.

PROPRIETARY MATERIAL (c) 2010 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be 24
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 5/e

Problem 4.47
Iron oxide, FeO, is an ionic compound made up of Fe** cations and O* anions. However, when
available, a small number of Fe’* cations may replace Fe** cations. How will this substitution

affect the atomic structure of the compound if at all? (Consult section 2.5.1 related to packing of
ionic compounds.)

Lt T

;A:ccofd\‘rﬁ 4o Cee &S, ‘He e'&c'{h‘C&Q
f\CU‘{’YdlfL‘-l U—F IN Ccmpom& mds+ l::e main'}\qfnecl.

Thvs, in FeO , if o =Tt on s replaceé L‘f
a Fet 1 ion , ‘there will be one extra + daurjt
amd elechreal neujtraliJrY s denjed. 10 remeéxf
‘H/H‘S, Hae compog«;& il occepT one. more
T 3o gu’af‘fHUJC ﬁ_z++. Noa Vheye are
two addihieaal  + charﬁu et (_an—-lor.
nevtralized 10\1 o addihioned O . Iathx
process  Yhe total ¥ of Fe (oac yvemaint Hie Same_
Lt O iong increate by one - C)uemﬂ—@)

dqﬂcr’l(ll.t\ﬁ onN \Hl\e avaln lalo}(iH O_p Fewj “l‘-ﬂa

2 Iu Fecid.
0 af wll noease 0 slsaat L1 Yo 1ml

0f- £07, -
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Synthesis and Evaluation Problems:

Problem 4.48
It is easier for the iron lattice to house carbon atoms at temperatures slightly higher than 1185 K than
slightly lower temperatures (Consult section 3.10 on polymorphism). Use the results in example

problem 4.3 and problem 4.37 (solve this problem first if you have not already done so) to
explain why.

L-48

;,-@,n examl,o/c 4.3 .{FCC iranvl
The /Zza(:'v.ﬁ oL Ve r'ﬂ"fm‘ﬁ‘ﬁfb{j .s';lLt 1S 0053 nm

| Se—- pmlo/em L/—.3:,L;L Bcc I'an)
The Vacj s of e :'m[ry_cfﬂ?‘@( S-;k S 0.-036 nm

Fom  Fguwe 20| | Ye ,udis of carbor a-tor
'S 0073 nm

Note YhaT Yhe carbon atem i's bo199er Yhan Loy
l‘M"‘tVJ]LI.'}'l‘a_/ __c;hé,r‘.. However/ e [;q)Ltr‘,c'}é)A'k,( 5’/.1((;

In FCC rron 1< b’ﬂﬁ‘@"‘ and  carbon can f‘_;f'
Yhere with  leos du’“ﬁc:'cc/h‘i(.
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Problem 4.49
The gamma iron and silver both possess FCC crystal structures. The location for interstitial voids

will be the same for both. Will the size of the interstitial voids be different? If yes, what will be
the interstitial void size for silver? (hint: use example 4.3)

449

The &]vd‘Hdr‘l for de*‘f/m;"m':rj Yee }Amntékﬂl ved
vadivs Lo FC 't cells e o'eve/apeé (n
example 4.3

Tvord = (‘/I - l) R~
Siice e equq‘{-r'm IS depcﬂdeﬂ+0H R ,‘WQ
vadivs o+ atom ’ Yhe |, ‘l‘cr_ﬂl{*]-r'x.,a .C:"ft me:u}
MY iren will be di@pcrerﬂ( Yhan et (4
silver al%duah boﬂ/\ metel s are FCC.

r.;':ll/cr‘ = Cﬁ" I)COIL“-(—): 0-0596 nm

For com parisoer

f}rm - Cﬁ”')ca‘f24)=- 0. 053D nm

Y\;E{w{ > PJ Trem

PROPRIETARY MATERIAL (c) 2010 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be 27
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 5/e

Problem 4.50
The chemical formula for an intermetallics compound of Cu and Al is Cu,Al. According to the

formula, the atom percent of Al should be exactly 33.33% (one out of three atoms should be
aluminum). However, in practice, one can find a range of 31% to 37% for Al. How do you

explain this discrepancy?

450

Be awe of Ve relotive :;'mi(aﬂ*’&v; N atemic rvadivs
and elq&mxn‘g 575":/@]‘1’/}’6 0L Cu and M/
Somc. oL Wtd Cy afam_e may mep/qce M q}(gmg
Hﬂw prad,'/cr'»jj Al C% v leges Yhany 33.3344,
le AL adome replace  Cy gleme, Al af, wil|
foe 4190{/(5— 3.3»550%. gt/C—{’L iw‘l—efme‘{‘a”l'c

ompounde are  non— steichiymetrc.
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Problem 4.51

Comment, based on calculations and comparisons, on the extent of solubility of copper in nickel
based on the Hume-Rothery rules.

45|

Ny, = O 125 nm Y?k.-.- O 123 nm

24 % J:‘{-,Ceﬂ?ncc (€ s\ 2e Ca qu,(qmow\-[—)
Botlh are FCC.
BO e /Mu/e + 2 Va (enae_ :

Both have | ¥ 3/6015@“%“\ 'v:')z\-( '
MC.SZ Fevo me:la.js’ have  wm ﬁ‘m{#qf $o/ué)? {tL\{ A

eaclh o‘H\er‘_
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Problem 4.52

In chapter 3 (example 3.11), we calculated the theoretical density of copper to be 8.98x10°kg/m?,
Determine the experimentally measured density of copper by referring to Appendix II. To what
do you attribute this difference?

H-S2

From the Appendix L, ‘e JGMS?VLM, of copper

IS ¥-89 )(105’7/»93. Tore 15 lower “Han ‘e
‘heoritica Qlcng'.~l~.( of 8.0 x10*>F/m>. Thic difterence
icdve Yo degects nthe (e and ct(ofj

Yhe graia loovndayres - In addier :'mpul’?'#f'f’—f’
arc afufau,,c prcsm‘fﬂ ch ‘Mmmﬁ‘mj C‘_q/u//q/éb‘ﬁ

({Of’-ﬁ mff Mc/uc!c Je.,cr(’f{I or !Mpt/ﬂ'ﬁ'fg.
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Chapter 4, Problem 4.53

Using the data in the following table, predict the relative degree of solid solubility of the
following elements in aluminum:

(a) Copper (d) Zinc

(b) Manganese (e) Silicon

(c) Magnesium

Use the scale: very high, 70%-100%; high, 30%—70%; moderate, 10%—30%, low,
1%—10%; and very low, <1%.

Atom Crystal Electro-

Element radius (nm) structure negativity Valence
Aluminum 0.143 FCC 1.5 +3

Copper 0.128 FCC 1.8 +2

Manganese 0.112 Cubic 1.6 +2, +3, +6, +7
Magnesium 0.160 HCP 1.3 +2

Zinc 0.133 HCP 1.7 +2

Silicon 0.117 Diamond cubic 1.8 +4

Chapter 4, Solution 4.53
(a) low (b) very low (c) moderate (d) high (e) low

Chapter 4, Problem 4.54

Using the data in the following table, predict the relative degree of atomic solid solubility
of the following elements in iron:

(a) Nickel (d) Titanium
(b) Chromium (e) Manganese
(c) Molybdenum

Use the scale: very high, 70%—-100%; high, 30%—70%; moderate, 10%—30%, low,
1%—10%; and very low, <1%.

Atom Crystal Electro-
Element radius (nm) structure negativity Valence
Iron 0.124 BCC 1.7 +2, +3
Nickel 0.125 FCC 1.8 +2
Chromium 0.125 BCC 1.6 +2, +3, +6
Molybdenum 0.136 BCC 1.3 +3, +4, +6
Titanium 0.147 HCP 1.3 +2, +3, +4
Manganese 0.112 Cubic 1.6 +2, +3, +6, +7

Chapter 4, Solution 4.54
(a) high (b) very high (c) moderate (d) low (e) moderate
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Problem 4.55

The following pairs of elements can form solid solution alloys. Predict which ones will form
substitutional and which ones interstitial alloys. Justify your answers.

(a) Copper and tin (bronze) (c) Iron and nitrogen

(b) Aluminum and silicon (d )Titanium and hydrogen

Selutomn 4 ¢ ¢

(_-f\) (f_"h.ﬂ"\ )M?us CL‘L:OI(l?’“M
cchov  yadi W S n = 0, /_j""J\’n "]
L Al

we b , .S;D.{M Sw ‘s}( k&fﬂﬁ’\ﬁ.& (’LQ ’C)/

|
()) an\ wdfus A=0 143 v
Adom ‘x-ffxcqug Stz 0. 1] 7 ni

w?!l form ,§U\l>st[qu:d)\mQ &(fe//
1"“ M x /00% = l g&% &E"? e <o

o, 1 ¢

(C) Qﬁﬁm jci.ﬁl.i-(—\’s -F‘Q. = ©, | 24' ny‘V\
adom yadiu§ AN = o, 0 7/ DEZaY

;. 0. | 2»’-{-—21/ )(/GD% 5 43% (JL%@\QJ«_UT\_

i 0,;;/(/_

y\/f\' ‘6—9'(“’\ fﬂ:h’ v<ti: .ﬁ‘(bﬂl Aﬁ{y
(_. ﬁ{) A:'hh‘/\ Effuiii_ﬂs T" = 0, 'a é) " PA_

ptom. yadin§  H = o 0« bam

ool |ty - 4G % Dilh
Y 5 ] 1
WH ‘F‘o‘(c:'f\ Z'Afe.rf;f;rr'a( mﬁfﬂ/




Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering 5/e

Problem 4.56

The angle 0 of a small-angle tilt boundary in Fig. 4.24 has a relationship of sin (0/2) = b/2D, if the
distance D between the dislocations is 600 nm and the magnitude of burger vector b = 0.3 nm,
determine the angle 6.

h-56

D = o2nm é: O« 3nrt

aQ - o 2nm
S/n (;’) = ap T = PnoeaR
() §oonm

@ -7 !
-;-7— 2 S (a.aaaas'> = O-6/¥43

wy OF = 360.0/43') = 0.6986 ’

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.

33



Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering 5/e

Problem 4.57

(a) Estimate the density of a 75 wt% copper-25 wt% Ni alloy (use Appendix II for density data).
(b) What will be the most probable crystal structure for this alloy? (c¢) Determine the a/o of each
element in this alloy. (d) Determine the mass in grams of the atoms inside a unit cell of this alloy.
(e) Determine the lattice constant for this alloy.

57

A) @df‘per &= 396)(\05%/,”3
-__; /o = 0‘75(57"]67!05) + @Qs)(g .abqos)
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Qxl(o\1 = gq({' )(‘054?'/”,3

19) Fre <trvedwe will be FCC since both Ni and
Cuw  are FCC.

C) Canﬁfclef ll?« o4 e a”mf .
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5%-69x8 4
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i) There will be 4 atome per UMH“ce(( CFCC)
based an the adem % caledlatrons  above
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering 5/e

Problem 4.58
What is the significance or impact of schottky and/or frenkel imperfection of the properties and

behavior of ionic materials?

4.SB
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering 5/e

Problem 4.59
(a) What is the theoretical atom% of each element in the compound FeO? (b) What is the
corresponding wt% of each element in the compound? (c) What is your conclusion?

4.5£9
A) Tﬁe_ a‘l[t?m % £0r each e/eme,n[ (< 50 "%,
b) For each Fe a‘lem Yrere (£ one @, a‘Lﬂrﬂ-

~26
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wt% fe = AQ-AFx !0 /?xfao‘u) 12.3
qu"?)flo —r266 X0 .)j
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering 5/e

Problem 4.60
The image below is an optical micrograph of 1018 steel (200X) made of mostly iron and a small

amount of carbon (only 0.18 wt%). Describe all the features that you observe in this micrograph.
What do you think the different colors represent?

— &

Figure P4.60
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering 5/e

Problem 4.61

When the magnification in a metallurgical microscope is increased by a factor of 2, what happens
to the size of the area that you are observing (area magnification)?
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering 5/e

Problem 4.62

For a given application, you would need to select the metal with larger grain size between copper
(n=7) and mild steel (n=4). (a) Which one would you pick? (b) If strength is an important
consideration, which alloy would you pick and why? (c) What if the application was at elevated
temperatures: would your answer in part b change and why?
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering 5/e

Problem 4.63

The image below is an SEM micrograph (500X) and shows the fracture surface of a gear.
Describe all the features that you are observing in this micrograph. Can you estimate the average
grain diameter (assume C=1.5)?

Figure P4.63 (Courtesy of met-tech)

463
The imatjc shows  3-D graing on Ve fmc“fm”&
Sugace o4 Yoe an‘\[t'n“oi- T+ s clear Hhat
Lome 3mfn_§ are fraa‘fwtc( a/ar:? Hieivr boundanes

AS Yovu can Lee Slnarp coynrers. Bd'f SoOmeE.

grains have fractwed v Vhe middle and
”0+ 4@ er fa&mJanj CSea \va fe@{', and ‘an

r;'rjh'f' jfal'ng). The fmc“‘we Pfdpﬂgqj{({ q_lg.:\j
Hhe

gyain  Joovndaried »



Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering 5/e
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Problems and Solutions to Smith/Hashemi
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Problem 4.64
Describe a (a) Schottky imperfection, and (b) Frenkel imperfection for an ionic compound Na,O.

b4

-
q) /4 5(‘50# /_é)t :m/peféc//'&o . ol ch cation VQ&?/JC@S 6?/)0! ne 0 Gnion
V[/ “)07 '

. 7 2~
5) [onic. nr,-&us s Nﬁ 0:0?8002; d Oc132/m
W is [tely He snofer /wsz;‘d/e Na' crtion meves o an ntersttial

Site 7 om 4 /?e./)fée/ VZ /ﬁer/‘c’cfzbor

PROPRIETARY MATERIAL (c) 2010 The McGraw-Hill Companies, Inc. All rights reserved. No part of this Manual may be 43
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 5/e

Problem 4.65

The image below is a TEM image and shows the structure of a cold-worked aluminum alloy.
Describe all the features that you are observing in this micrograph. Speculate as to what
happened.
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Problems and Solutions to Smith/Hashemi
Foundations of Materials Science and Engineering 5/e

Problem 4.66

In Figure 4.34, the HRTEM image of AIM is presented. In the figure, the dislocations are
highlighted with arrows and the letter “d”. Can you verify that what the scientist designates as an
edge dislocation is in fact an edge dislocation (hint: compare Figure 4.34 to Figure 4.18a)? Also,
discuss how the scientist knows that a stacking fault exists at the top of the image.
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Problems and Solutions to Smith/Hashemi
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Problem 4.67
The image below is a HRTEM image of an Al-Cu-Mg-Li alloy. Describe all the features that you

are observing in this micrograph. Speculate as to what you are observing.
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