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6. Imperfections (defects) in solid materials 4xlall 3alal) 3 i gl
6.1 Point defects 4shiill gl

Point defects are localized disruptions == s Ja! in otherwise perfect
atomic or ionic arrangements —3 3l in a crystal structure. Even though we
call them point defects, the disruption affects 5% a region =l involving
c=iall several 22= atoms or ions. These imperfections, shown 4wl in
Figure 6.1, may be introduced Ji<i by movement J&) of the atoms or ions
when they gain «—-i< energy 4 by heating =L, during J>& processing
~u=i of the material, or by the intentional or unintentional introduction of
impurities. <l s&ll sexiall ye gl seriall JaaY)
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Figure 6.1 Point defects: (a) vacancy, (b) interstitial atom, (c) small
substitutional atom, (d) large substitutional atom, (e) Frenkel defect, and (f)
Schottky defect.

6.1.1 A vacancy: S lsa

A vacancy is produced oS when an atom or an ion is missing v from its
normal site alicY) 43Ss in the crystal structure as in Figure 6.1(a). When
atoms or ions are missing 2% | the overall randomness 4« 451 51l or entropy
of the material increases 212, which affects »s the thermodynamic stability

sSeilage Sl ) aiuYI of a crystalline material. All crystalline materials
have <lisi vacancy defects. Vacancies are introduced »2 s> s« into metals and
alloys <t during J>= solidification L=l 4.e | at high temperatures, or as
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a consequence 4> of radiation damage ¢ =Y , =, Vacancies play —=li an
important role e 1,52 in determining 23 the rate J»=« at which atoms or
ions move & =3 around Js~ or diffuse_<is in a solid material, especially
L= sad in pure metals dusil) (aledll,

Fig.6.1.a

At room temperature 4 1l 5,1 )» xie (~298 K), the concentration S5 of
vacancies is small, but the concentration of vacancies increases 22
exponentially L s as WIS the temperature increases &) =1 2la i | as shown WS
==« by the following il

n, = nexp (_R%}) e (1)

Where
. . 3
n, 1s the number of vacancies per cm’;
. - 3
7 1s the number of atoms per cm’;

O, 1s the energy required to produce one mole of vacancies, in cal/mol or

Joules/mol;

A or 8.314 L2 and:;

mol.K mol.

R 1s the gas constant, 1.987

T is the temperature in degrees Kelvin.

Example (6.1): The Effect of Temperature on VVacancy Concentrations.
Calculate —=I the concentration =S s of vacancies <\e) 4l in FCC
copper <=1l at room temperature 42,21 5 )l )~ (25°C). What temperature L
5,1~ is needed Laliss il to heat treat copper Ll s sl 4xllaal such that
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the concentration of vacancies produced is 1000 times <! <!l (= more
than ¢« S| the equilibrium ¢! 58 concentration of vacancies at room
temperature? Assume that o' =4 20,000 cal are required 4=l to
produce z“Y a mole of vacancies in copper.

Solution:
The lattice parameter 4<:.i1l Jal=o of FCC copper is 0.36151 nm. There are 2> s:

four (4) atoms < > )l per unit cell 4l s2s 4l therefore <M, the number of
copper atoms per cm? is:

4 at /cell 22
. motidoinicn = 8.466 < 10?2 copper atoms/cm?

"~ (3.6151 X 10~% cm)?

)

At room temperature, 7= 25+ 273 = 298 K.:
.

Ny, = nexp

P

RT
cal
g —20,000 FRTE
= (8.466 x 1072 d—z) exp "
cm ( 1.987 L)(298 K)
mol - K

— 1.814 x 10® vacancies/cm”

To find a heat treatment temperature that will lead to a concentration of
vacancies that is 1000 times higher than this number, or n,= 1.814 x1011

vacancies/cm3.
We could do this by heating the copper to a temperature at which this number of

vacancies forms:

n, = 1.814 =< 10'' = nexp (;Q>
RT

= (8.466 < 107?) exp (—20.000)/(1.9877)

—20,000)  1.814 > 10'' , 11
P\ To877 ) ~ saee =< 1022~ 02 IO
20,000 0.214 < 101! 26.87
- . — In - = —LZL0.

1.O87 7 ( .

] 20,000 _
T — — 375K = 102°C

(1.987)(26.87)
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Example 6.2

Calculate the equilibrium number of vacancies per cubic meter for copper at
1000°C. The energy for vacancy formation is 0.9 eV/atom: the atomic weight
and density (at 1000°C) for copper are 63.5 g/mol and 8.4 g/cm’, respectively.

Solution

This problem may be solved by using Equation 1:it is first necessary, how-
ever, to determine the value of N, the number of atomic sites per cubic meter

for copper, from its atomic weight A, its density p, and Avogadro’s number
N 4. according to

_Nap
s
_ (6,022 x 10" atoms/mol)(8.4 g/cm*)(10°cm™/m’)

63.5 g/mol
= 8.0 x 10™*atoms/m’

Thus, the number of vacancies at 1000°C (1273 K) is equal to

N, = Nexp (—%)

0.9 eV
= (8.0 x 10™ atoms/m”) exp[—— oY)

(8.62 X 1075 eV/K)(1273 K)

= 2.2 x 10% vacancies/m’

6.1.2 Interstitial Defects ADAY o gunlf

An interstitial defect is formed J<ii when Laic an extra atom 4.ilaal <l 53 or ion

is inserted ~~ into Ja12 . the crystal structure at a normally Lalie unoccupied
Jsda ne position &8 s<, as in Figure 6.1 b
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Interstitial atoms or ions 45all b V) sl <l )M although Wl ¢ a2 11 (e much
smaller than = 58 sl the atoms or ions located 32 s> s<l at the lattice

points 4Swill Ly 4 are still larger than o« SV J) Y L3l Y the interstitial

sites 4l #81 54ll that they occupy Lelisi All; consequently (UL s, the surrounding
Ll crystal region sl sl is compressed Lxi and distorted o s 5

Example 6.3: Sites &3« for Carbon in Iron

In FCC iron, carbon atoms are located & at octahedral 7 s=udl Sl sites,
which s occur 2> ¢ at the center S« 2 of each edge 48~ JS of the unit cell at
sites a8l s« 4 such as >4« (0, 0, 1/ 2) and at the center S - 45 of the unit cell (1/
2,1/ 2,1/ 2). In BCC iron, carbon atoms enter tetrahedral sitesz shull daels ) 8l 50|
suchas (0, 1/ 2, 1/ 4). The lattice parameter is 0.3571 nm for FCC iron and 0.2866
nm for BCC iron. Assume that ¢! = _%! carbon atoms have <lisi g radius k8 caas
of 0.071 nm. Would we expect #2535 a greater distortion 1S L 45 of the crystal
by 4w 5 an interstitial carbon atom 45l ¢ 5. S 3,3 in FCC or BCC iron?

Solution:
We can calculate the size of the interstitial site in BCC iron at the (0, 1/ 2, 1/ 4)
location with the help of Figure 6.2(a). The radius Rgcc of the iron atom is:

V3a v3)(0.2866)
Ryce = 4“=( }4 — 0.1241 nm

From Figure 4-2(a), we find that

(3a0)* + (3 a0)” = (Finterstitial =~ Rpce)

(Finterstitial ~ Reec)” = 0.3125a3 = (0.3125)(0.2866 nm)” = 0.02567
Finterstitial = V0.02567 — 0.1241 = 0.0361 nm

For FCC iron, the interstitial site such as the (0, 0, 1/ 2) lies along <001>
directions. Thus, the radius of the iron atom and the radius of the interstitial site
are [Figure 6.2(b)]:

\V2a Vv2)(0.3571 _
Recc = —, 0 _ }(4 ) _ 0.1263 nm

2rinterstitial T 2Rpce = ap

0.3571 — (2)(0.1263) )
Finterstitial = 3 = (0.0523 nm
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The interstitial site in BCC iron is smaller than the interstitial site in FCC iron.
Although both are smaller than the carbon atom, carbon distorts s the BCC

crystal structure more than ¢« S the FCC structure. As a result, fewer carbon
atoms are expected to enter interstitial positions in BCC iron than in FCC iron.

(100) face
{

(a) (b)

FCu‘m: center site
> /é, 3,3) in FCC
© One of the(3, 0, 0}
—5’/ l'le(_]l L t?l\z,. 3 .-'I
type sites in FCC
(c)
Figure 6.2 (a) The location of the (0, 1/2, 1/4) interstitial site in BCC metals. (b)

(0, 0, 1/2) site in FCC metals. (c) Edge centers and cube centers are some of the
interstitial sites in the FCC structure.

6.1.3 Substitutional Defects Jlaia) g

A substitutional defect is created ¢ s<% 5 <Lis when one atom or ion is
replaced Jx% by a different type —sliss ¢ 5. of atom or ion as in Figure 6.1 ¢, d

Figs.6.1.candd
The substitutional atoms or ions 41l <l s 5l &l occupy Jisi the normal
lattice site aliicY) 453l £3 0, And they may either be larger Sl ) s<5 38 than the
normal atoms or ions ¢salie V) Y1 sl 5,30 in the crystal structure, in which
case 4= 2 the surrounding “a:=<ll interatomic spacings 4wl <lilual) are
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reduced J<, or smaller ==l causing 4.« the surrounding atoms 4l <l A to
have <l [arger interatomic spacings =S/ 4xiw il

6.1.4 A Frenkel defect J< 8 e

A Frenkel defect is a vacancy-interstitial pair J>s — ¢ Jlé = 55 s formed J<i
when an ion jumps s from ¢ a normal lattice point wsalsie) <8 4165 to an
interstitial site >5 28« ), as in Figure 6.1e leaving U behind 4¢ls g
vacancy ¢/_8. Although o< »= L, this is usually associated (8 . 33le with ionic
materials 45 2 21 541l @ Frenkel defect can occur 2 s o)) (S S8 8 e in
metals o2=<ll & and covalently bonded materials Gealud iasi yall o sall |

QéQO@/Q
QS50

Fig.6.1.e

6.1.5 A Schottky defect <igd e

A Schottky defect is unique =« to ionic materials 45V Sl and is
commonly L5 found 25> 5 in many ceramic materials “Sul yaull 3l gall le) 4
When vacancies occur <lel 4 aa s Laxiein an ionically bonded material 2) s« 8
Li sl 4oyl yis, @s shown in figure 6.1. f.

6.2 Dislocations <ile3asy)

Dislocations <le3a3Y) are line imperfections 43 e 2 in an otherwise
perfect 45s crystal. They typically Use are created L% into * a crystal
during J> solidification ¢ sbll L=l of the material or when Lxie 5l the material
is deformed 4»sis  permanently &l JSL Although o) o« el
dislocations <—lea¥l are present 2> in all materials sl pes 8
including = ceramics <lwl_.udl and polymers <l 5l they are particularly &

dale 3 say useful 3x2 in explaining & deformation -8  and
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strengthening 4553 in metallic materials 4sxx<ll 21 521l 3 We can identify o) ¢S
sle <o =i three types ¢ 306 of dislocations

6.2.1 Screw Dislocations dwa_sll cile A

The screw dislocation (Figure 6.3) can be illustrated «s»=si by cutting ok
partway L > through J>a a perfect crystal 44l &, 5L and then skewing </ =)

plane sl s siwsll one revolution olL s around J s~ the axis Ls=<! on which the
crystal is skewed <=3 starting at point x and traveling J<i equal atom
spacings 4 sbuie 43,3 Slilus in each direction o3l JS & it is finished <35 at point
y one atom spacing below our starting point. If a screw dislocation are not
present 25>« &, the loop would close (&lax s, The vector required sl 4siel)
4alisi to complete JwsSY the loop U<l is the Burgers vector b ¢! » 453 sa, If it
is continued _<isl the rotation o), s, it would trace out ~% a spiral path Jbee
s 1>, The axis Ls>ll or line ka1l around J s~ which it trace out &~ this path 13»
Uledll is the screw dislocation. The Burgers vector is parallel ) s« to the screw
dislocation.

Screw
dislocation

s

(a) (b)
Figure 6.3 (a) The perfect crystal (b) is cut and sheared one atom spacing, and
(c). The line along which shearing occurs is a screw dislocation. A Burgers vector
b is required to close a loop of equal atom spacings around the screw dislocation.

6.2.2 Edge Dislocations Aladl g3y

An edge dislocation (Figure 6.4) can be illustrated == 5% by slicing &= partway
> through a perfect crystal, spreading _-iu the crystal apart < >, and partly
filling LW~ <> the cut &2 with an extra half plane b=l caai s siss of atoms.
The bottom edge sl 4311 of this inserted plane Ja )2l ¢ sl represents Jie: the
edge dislocation &~ ¢ 200, If we describe oliax 5 131 @ clockwise 4eladl o jlae Joop
Ul around Js~ the edge dislocation, starting W at point x and traveling Js
an equal number sluie 222 of atomic spacings 4,3 <lleadl e in each
direction »\=31 U<, it is finished <5 at point y one atom spacing 2! s 4 )3 délus
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from the starting point 4 4k s, The Burgers vector is perpendicular to the
dislocation. A “L” symbol is often used 3w Wl to denote Jied an edge
dislocation.

Edge
dislocation
(a) (b) (c)

Figure 6-4 (a) The perfect crystal (b) in is cut and an extra half plane of atoms is
inserted. (c) The bottom edge of the extra half plane is an edge dislocation. A
Burgers vector b is required to close a loop of equal atom spacings around the
edge dislocation.

6.2.3 Mixed Dislocations Adaliia ciledAl)

Mixed dislocations have <li<i poth ¢« S edge &) and screw <l
components <U sSs, with a transition region Jsiil s x« between them Lein, The
Burgers vector <l » 4a%s, however, remains 2 the same «- for all portions J<!
Ll of the mixed dislocation.
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Figure 6.5 A mixed dislocation. The screw dislocation at the front face of the
crystal gradually changes to an edge dislocation at the side of the crystal.
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