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7.1 Introduction

St -rays were discovered by Roentgen in
1895. X-rays are electromagnetic waves

of short wavelengths in the range of 10

!
__,-ﬂr’

Di - At00.5A. Thelon ger wavelength end of the spec=
Imen- trum is known as the “soft X-rays” and the sh?ﬂﬂ
wavelength end is known as “hard X-fﬂ'.'g‘ﬁ

7.2 Production of X-rays

The Contidge tube.r X-rays amspro&umd
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3 [Laue diffraction pattern. 1he condiion to be sat-
isfied so that X—rays reflected from a set of lat-

tice planes may produce an intense spot in the
diffraction pattern may be derived. This is known
as Bragg's law.

Bragg’s Law

When monochromatic X-rays impinge
upon the atoms in a crystal lattice, each atom acts
as a source of scattering radiation of the same
wavelength. The crystal acts as a series of parallel reflecting pla
beam at certain angles will be maximum when the path difference
two different planes is an integral multiple of A,

Derivation of Bragg’s law. Consider a set of parallel planes of atom points at a spacing
between two successive planes. Let a narrow monochromatic X—ray beam of wavelength & be ing.
dent on the first plane at a glancing angle 8 (Fig. 7.6). Consider the ray PQ incident on the first plgp,
The corresponding reflected ray @R must also be A
inclined at the same angle 0 to the plane. Since
X-rays are much more penetrating than ordinary
light, there is only partial reflection at each plane.
The complete absorption takes place only after pen-
etrating several layers. Consider two parallel rays
POR and P'Q'R'in the beam, which are reflected by
two atoms () and Q. Q' is vertically below Q. The
ray P'Q'R’ has a longer path than the ray POR. To
compute the path-difference between the two rays,
from  draw normals Q7 and OS on P'Q" and o'R' Fg 7.6
respectively. Then
the path-difference = TQ'+ Q'S = d sin 8 + d sin 8 = 24 sin 0.

Hence the two rays will reinforee each other and produce maximum intensity, if
2d sin B = nk,

where 11 = 1. 2, 3...... The integer n gives the order of the scattered
beam, . is the wavelength of the X-rays used. This equation is called

Bragg's law.
7.7 The Bragg X-ray Spectrometer

The essential parts of a Bragg spectrometer are shown in Fig.
7.7. It is similar in construction to an optical spectrometer. It con-
sists of three parts, (1) a source of X-rays (2) a crystal held on a
circular table which is graduated and provided with vernier and (3)
a detector (ionisation chamber). X—rays from an X—ray tube, limited
by two narrow lead slits 5, and S, are allowed to fall upon the crys-
tal C. The crystal is mounted on the circular table 7, which can rotate

Fig. 7.5 (il)

nes. The intensity of the Teﬂtt:h;-.j
hetween two reflected waves fy,
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Iy Moseley’s law: statement. The
line in X-ray spectrum, varies as the s qug equency of a spectral
] T 2
ber.'af the element emitting it, or v = 7?. M::g: f!fli‘rmm- fiom-
written as ,J\; =a (Z-b).Here, 7 i s law may be
L . £.15 the atomic
element and a and b are constan S Sumbceat (b g
: C ts depends
line. pending upon the particular 2
_ E_;:plnnl'ﬂun,acmrdingtu Bohr’s theor
sl % : v. Bohr's theory
o hydrogen spectrumives e rcauency of s specllne 35354531

Atomic number (Z) —*

— l i
—5 | where R 1s Rydberg's constant and ¢ the Fig. 7.18

na
line, we can regard it as originating from the transition of electron
| = landn,=2.

e el )o 3 p7?
y=2Z Rr:'[IIJ 21} 4LRZ

Jximately corresponds 10 Moseley's law.
i is the atomic number and not atomic

kﬂmﬁ law. (1) According to this law,

ot which determines 15 characteristic properties, hoth physical and chemical
| in the periodic table according (0 their atomic numhcni_:md not
ve some discrepancies in the order of certan
ohts, For example, argon “M‘"" comes before

. i atomic WEE . -
view of thel i Ni*H) ete. So the arrangement 15 correctin

) the discovery of new

.riodic table by (i ,
Lo 12 (he determination

- t = ¢
- g Pﬂ:] (43). chenium (73), €16 ruml (if)
ir positions in the periodic table. &
fiuan (atomic number T8) 18 1.331‘;‘ z

Lux.myffM@rﬂ:"A. Cak'ufafﬂlﬁﬂﬂw

- A5 b)
iy | platinum and the unknown substance
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still less. These lines of atoms in two-dimensional
lattice are analogous to planes of atoms in athree-
dimensional lattice. If now a beam of X-raysis + * °
mcident in the vertically downward direction,at . + .
each plane of atoms there is a partial reflection of
X-rays. These reflected beams give rise to the
Laue diffraction pattern. The condition to be sat- !
isfied so that X-rays reflected from a set of lat- =
tice planes may produce an intense spot in the * * °
diffraction pattem may be derived, Thisisknown = =+
as Bragg's law.

7.8 Bragg's Law AT

When monochromatic X-rays impinge i, T
upon the atoms in a crystal lattice. each alom acts
45 a source of scattering radiation of the same
wavelength, The crystal acts as g series of
beam at certain angles will be maximum
two different planes is an

parallel reflecting planes. The intensity of the re

when the path difference between two reflected waves :
integral multiple of ).

Derivation of Bragg's law. Consider a set of parallel planes of atom points a1 spag
between two successive planes. Let a namow monochromatic X-ray beam of wavelength . bel
dent on the first plane at a glancing angle 8 (Fig, 7.6). Consider the ray PQ incident on the first
The corresponding reflected ray QR must also be
inclined at the same angle 8 to the plane. Since
X-—rays are much more penctrating than ordinary
light, there is only partial reflection at each plane,
The complete absorption takes place only after pen- O
etrating several lavers. Consider two parallel rays B,

! N
POR and P'Q'R' in the beam. which are reflected by q @
o'

Pr

two atoms Q) and . Q' is vertically below Q. The L e

ray P'O'R has a longer path than the ray POR. To |

compuie the path-difference between the two rays,

from @ draw normals O and QS on F'Q' and Q'R o

respectively. Then Elaea
the path-difference = 70" + 'S = d in 0 + d sin 0 = 24 sin 9.
Hence the two rays will reinforce each other and produce _

24 sin B = nA, i LR
where n = 1, 2, 3...... The integer n gives the order of the waltered g

beam, A is the wavelength of the X-rays used. This equation s called
Brage's law

7.7 The Bragg X-ray Spectrometer ‘

The essential parts of a Bragg spectrometer are shown in Fig.
7.7, It is simular in construchion to anr t*ﬂ:ru]j:-‘jﬂ"ﬁmﬁﬂ- It E'J'l: -
sists of three parts. (1) a source of h'rﬂ}.f:‘i (2) ii_ll;:‘}f held on
circular table which is graduated and provided with
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\i;f{b} Rotating-Crystal Method

In this method, a single crystal is rotated about a fixed axis
\usually vertical), in a beam of monoenergetic X-rays. The
variation in the angle 8 brings different atoric planes into posi-

tion for reflection. The experimental arrangement is shown in
Fe.7.12(h).

The crystal is usually about | mm in diameter and is
mounted on a spindle which can be rotated, A photographic film
' placed on the inner side of a cylinder concentric with the axis of

Fotation. The incident X-ray beam is monochromatised by a filter
or by reflection from an earljer crystal. The incident beam is dif- = 07 Fig. 7.02h)
fracted from a given crystal plane whenever in course of rotation

5 an:.Hmwiﬁmﬁ@ﬁm'ﬂﬂ[mﬁ&tiﬁhymahvnml!.~c-|r._.
i n“"_ :!m!ﬂ'hmam However, there will be no reflected beams from a plane which always /., lhe

cident beam during the whole rotation and o cing i
M2d>]. The e on from ones whose spa Mg 18 80 smal

thaf
spots on the film form I lines, Since A is k the spacing
calculated from 2dsinB=nh pae : 1fl_huwn. Spacing 4 i

i -

7.10. Symmetry Operations

A Symmetry operation is one w
invanant. Symmetry ¢
classes

hich leaves the crystal
Perations may be grouped into thres

L. Translation operations
2. Point operations 3, Hybrid operations

1. Transkation Operation. A translation operation is
defined as the displacement of o crystal paruliel o itself by g
crystal translation vector defined by P=na+nb

. Poinmt Operations . ;

(1) The mirror reflection

In this operation, the
reflection of a structure at

d mirror planc m passing through a
lattice point leaves the crystal unchanged. Fig. 7.13 () shovws

two mirror planes in a two-dimensional crysty),

(i) Inversion = A crystal structure has an inversion

i if for every lattice point of position vecior r.
erc is a corresponding lattice point ar the position - r

£ 7.13 (B)). The origin about which the position vecto
F.'.'. called the cenrre of inversion and (s

Bt A structure is said 1o possess
bt i i if rotation of the structure o
angle & gives an unchanged :

ture, The angle ¢ which A"

o pp—— r:jrl‘].SiJﬂ]'lm
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DEFECTS IN CRYSTALS
'r

77.11 Introduction
el 1% :wlﬂ:th regulal and CONTNBOEE HIrOUREREE

In an ideal ervstal, the atomic amang
Thus an ideal crystal is a perfect one in all respects
g of imperfecions, such
and surface de fec
f engineer

1 NS cubstitutional and mteg-
1 nre also usually present

Real erystals usually contain several type
ing crystalline solids, par-

stitial atoms, as well as vacancies or holes Diislocations
in crystals. The mechanical, electrical and magnetic properties 01 €N8
ticularly metals and alloys, are pn}[n"m“}- affected by the {mperfecions in
The properties of solids such a8, streagth ¢, colour of crystals, diffu-
sion, crystal growth, plasticity etc., cannot be explaine
properties are greatly affec ed by the lattice defects or al
ties of slomic arrays in crystals. These properties are called
The term imperfection or defect is used to descnibe
array of atoms in the crystals,
77.42 Classification of Crystal imperfections (oF Ui‘-‘fﬂftﬁl
er the following

Crystalline imperfections can be classified on the basis of their

the crystuls.

L =l L8
perfect penod
fections ansing flue
¢ 5ensIye properiies.

of crystals, lumine
.1 o the hasis
omic imper
defect or structul
rom the perfect penodic

jcity concept. Such
to irregulan-

any deviation f

geometry und

four main divisions.
1. POINT DEFECTS (zero dimensional detects)
{a) Vacancies (b} Interstitialcies
() Electrome defects

(¢) Impunties
2 LINEDEFECTS (one dimensional defects)
(a) Edge dislocation (h) Screw dislocation

3 SURFACEDEFECTS (two dimensional defects)
() Tilt boundaries

(a) Grain boundarics
(¢) Twin boundaries (d) Stacking faults
(¢#) Ferromagnetic domain walls

4. VOLUMEDEFECTS (three dimensional defects)

(a) Large voids () Cracks
77.13 Point Defects
w0 called zero dimensional imperfections.
ic diameters is the typical size
completely local in its effect, .8., 8 vacant
tal increases its internal energy as compared 10 that

They are imperfect pomnt-
of a point imperfection. in
lattice site.

Point imperfections are al
like regions in the crystal. One or two alom
a crystal lattice, point defect is one which is

The introduction of point defect into a crys

of the perfect crystal.
() If the point defect is a vacancy, then there is no bonding. Hence the value of the mechanical
strength at that point Is reduced.
in the lattice, there must be

(ii) If an impurity atom is present instead of the original atom,
some strain due to the different size of the impurity atom.

#The number of defects at equilibrium at a certain temperatu
following equation :

ﬂd-_-n

re can be determined from the

Ne E¢'F

b | Pl e | g -y Y N



Eyis the encrgy of .r“hm“': $Ies per cubie metre of per mole,
Mhivation hecessary 1o form the defect,

&

An empty it '
Al O .
1 : I an Mom iy 4 o , i -
yacancy. Crystal is called

b

. A vacancy implies g ' |

‘within a crystal lattice (Fig. n‘nrzm“‘upiml aom position - _ Bl e s
The atoms surround; % ) by :

.. INE & vacancy tend to be

tog h: lhcfclhy distorting the [hitie closer # S ~

_ acancies may oceur A% & result of & )

- ing 1 1 of imperfect . i &

ing duning the original Crystallization or ms; 2 P:“Ek . = PR

from thermal vibrations of gy, y arise .-{_ )

g ; 5 At elevated lempera- 23
mres. because as therma) ENergy is increased there is a

.-:,'_1 L] PMh“hlhty thi“. h'ldi\"i.'l.‘.uu] nloms w‘u lu‘“P oot l]'r | '..I ' ] g
ieir position of lowest energy, . Y

P I mybftshﬂwnhﬂwrrmd}mnﬁcmming that gy
JHICE VAcUncics are a stable feature of metals at all
tem ures above absolute zero, i:-_:' »

The everyday industrial processes of annealing, ho-

mogenization, precipitation, sintering, surface hardening,

oxida 1on and creep, all involve to varying degrees, the

ransport of atoms through the lattice with the help of va-
R ins.

Vacancies exist in a certain proportion in a crystal
ermal equilibrium, leading to an increase in the ran-

A
omness of the structure.
Schottky defect. Schottky defect is closely related O N )

e position on the surface of the crystal (Fig. 77.24). In
sther words, when vacancies are created by mov
of atoms from positions inside the crystal 10 pos

e surface of the crystal, a Schottky defect is said

-3 ",

'_;1

=3



When vacancies are created by movements of one

the crystal to positions on the surface of the crysta

jon and cat
these are normally generated in equal numbers of anit

Schottky defects are dominant in alkali halides.
77.13.2 Interstitialcies

An interstitial defect arises when an atom |
occupies a definite position in the lattice that is not
nomally occupied in the perfect crystal,

In interstitialcies, atoms occupy vacan!
positions between the stoms of the ideal crystal
(Fig. 77.26).

The interstitial (atom) may be either a nor-
mil atom of the crystal or a foreign atom.

Interstitialcy produces stomic distortion be-
cause interstitial atom tends to push the surround-
ing atoms farther apart, unless the interstitial atom
i1s smaller than the rest of the atoms in the crystal.

Frenkel Defect. Frenkel defect is closely related to
interstitialcies. An fon displaced from the lattice into an interstitial site
is called a Frenkel defect (Fig. 77.27). When the defect migrates
through the crystal. it does so by a sequence of jumps of the kind
shown in Fig. 77.27. rather than by the migration of a single ion from
one interstitial position to another.

Frenkel defect in Tonic Crystuls

In the case of ionic crystals, an ion displaced from the lattice
into an interstitial site is called a Frenkel defect,

As calions are generally the smaller ions, it is possible for them

1o get displaced into the void space present in the lattice. Anions do
small for their size. A Frenke imperfection

not get displaced like this, as the void space is just too
does not change the overall electrical neutrality of the crystal,

anion and nnfr CutiL u
I. a Schottky defect is said to have beep f“f'rne.d_

id be equal to maintain the electrical neutryy;
The valency of the missing pair of jons shou JOn VACANCICS IN & Crystal,

PE R |.nJ\.;I-|1_1\|-”E In‘l

Y. 8

1
-

) interstitiat L. )T

atom |

ot

Fig. 77.27

Theoretical and experimental evidence shows that Frenkel defects

are most commonly found in silver halj

des. The density of crystal does B =0 O
not change due 1o lht.'. presence of Frenkel defects because. 1o the first

- '-.‘___.F'-\_-' e
. &
Q&

order of approximation, there is no net change of volume of the crystal 'E ) F ®
The Schottky and Frenke] defects e o
o 10 an 1onic crystal are shown in ® O @ [;_ |

@
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¥ . . ll;'t fise t.nmmm.mu! defects. Impuritics may be small particles (such as slag
perally have mﬂdiimduhcm“wﬂum or foreign (metal) atoms in the lattice. Foreign atoms
Conthes. of s ITIIIL‘ structures differing from thase of the host atoms and there-
3 - Wpurnities may considerably distort the litice
1WO types of impurity defects

A substitutiona) impurity re- ! . i

-:. s ﬂl- mﬁ;m for of replaces a parent atom ~r I;-:L‘ | o
- Examples. 1 In botiic solids (e.g.. in NaC1), the substitution NN
roduces a substitutional impuriy. ;
T -. . mﬁﬁ aluminium and phosphiors
b &m impurities in the crystal
A Fig, 77.29

addition of impurity 1w a very pure crystal is the
 many electronic devices.
the production of brass alloy, the zine atoms are doped in copper lattice. Here the

m §
ik

arity is a small sized atom occupy- TR Y VS Al
s parent crystal, without dislodging i

atoms from their sites (Fig. 77.30) J <<

el S

i _': the interstitial or void space only | | i ! 'r .
. .-ﬁmﬁapu'mtnmm. P e e P P

iron the atomic radius of iron atom

vith atomic radius 0.0777 nm can

- in FCC lattice as intersti-

N result of errors in charge distribution in solids. .
o -'m: - ini the crystul under the influence of an ulcu't_ﬂf:nl field. This
e dee 10 B certain solids and their increased reactivity.

r .l b -

| jons oecupy interstitials. This leads to a large number
hum places zine jons are missing. Then, _lt these
e due 1o loss of positive charges. Thus a vacancy OF an

mss or deficiency ﬂﬁ““““‘"‘“”ﬁ i

R o R . e
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77.17 Line Defects R Mmumim"lal imperfections in e
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MATERIAL BCIENGE 947
distontion in the rogion immediately surrounding the edge of the '

the reghon of maximum distesrnon is centred around the edge of the incomplete
FEpresents o line imperfection and is called an edge dislocation

There is an enirn energy due W the
ncomplete plane. Ay

plane  1his it i

: 1 S i L
l Ihe vector be PO conne ting the end point () with the starting point P is the Burgers vecior of
the dislow atim

) der sl atiom o an be classified as frenaitive edge dinfocation and nepofive ridge dislocation

An edge dindo atiom il ves mn e ntrm row af atoms. elther ahove (ol ve sigEn ) of below (nega-
tive sign) the slip plane (Fig. 7714,

>
L]
S
L
| ¢
3 | J i
- X o o A - ¥
[ q 4 5 4 | i L] { r
' N B ir'.l
J y 4 e :
5 rl. al JI _j;.-’-_.- =
I"r,”m 55 - Shear strest
_ Fig. 77.35

The horizontal line XY s called the shp plane.
(0 Positive dislocation
If an extra plane of atoms is above the line XY, the edge dislocation is said 10 be positive. It is
denoted by the symbol L
iy Negative dislocation
If an extra plane of atoms is below the line XY, the dislocation is said 1o be negative. I is denoted
by the symbel 7

~ 77.47.2 Movement of L and memm
Stress -

mmg.mﬂmd“mmm
. from both sides elastic forces are exerted on the disk ",

' kh.ﬂhmhﬂnﬁnhuumpdﬂmu ither,
5 tho s sene o= @ positive dislocation

oce 77.35).
oy ﬂ Mok Sdecion

iy Feunes)
o Wliliiy
LLLLLL

atill

ﬁ




LLTES o
The edge dislocation is particularly aseful in expi
working
77.17.3 Burger's Vector

The Burger's vector indicates how much N‘;j“#
appears 1o have boen shifted with respect 10 Gl ent of dislocatic
perpendicular to the edge dislocation. in compen e

[ the strad
Burger's Vector marks the magnitude = dim“:]:l:c‘lﬂ
Method of determining Burger's Vector for Edge | s Vector.
Fig. 77.37 shows the methiod of determining the BUEE!

the sli
he lattice above P plane
o what dire etion ane. The Burgnrw,_-ﬂm ¥

l'tl “ h.E 'lll'r' Iﬂ

as0. 00 0 o ©

e, 713 o .F e
< farmed by proceedin thraugh'll! undisturbed region surrou
1 iﬁu lattice wranslation. The loop is completed by gmng
it mﬂ] negative sense in a plane normal to the dislo-

MMIdiuplmmtnfﬂu
t of a erystal relative to the rest of the
piral ramp around the dislocation line,
v Wlﬂpﬂl’mm ane part of the
tulhamtnﬂhunyml and the

ﬂ“
g
8
3
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0, % U AR 1 St . . ;““'ﬂf lies parallel to the distocation line along the axis of a
direction of the screw disjoca. urger's vector (Fig. 77.39) determines the magnitude and

tion. The screw dislocation may D 1 c
be thought of as Produced |y i E !
cutting the Crysial ﬂlrl:uu: : HE 1 4

through with a knife ang shear. 'iﬂwg' - ok { 1
ing it |Hlﬂl"l!1luihn¢.dsn ot {xq_?'..a. o Lo F 1
W n e - E{E’;dp - |

|- E

cut by one atom Spacing. A
screw dislocation transfiorms

SUCCESSIVE atom planes it the ol o 4 -

surfiace of a helix, AT PO 8 5
A screw, dislocation s

sketched in Fig, 77.39, Fig. 77.39

A part ABEF of the slip plane has sl; - Yol [
Bt e et 11 ﬁ}: as slipped in the direction par- ’/ﬁ S

A screw dislocation may be visualized as a helical arrange- fi ;
ment of lattice planes, such that we change planes on going com- y2
pletely around the dislocation line, ~ A7

F:g: 7740 shows another view of a screw dislocation. The bro- H“f”"f
ken vertical line that marks the dislocation is surrounded by strained -, Y
material. Fig. 77.40
77.17.5 Differences between Edge Dislocation and Screw

Dislocation ‘
The following Table gives the differences between edge dislocation and screw dislocation.

L = |
] I i P = " |
1 g 1

i p T L L L i

|
¥ -5‘-_:' A Ll PR R e A B

1. Anedge of an atomic plane is formed | Only a distortion of the lattice

--lnm:ftn the crystal. immediate vicinity is produced. _
2. The Burger's vector of an edge dislocation | The Burger's vector of a screw dislocation is
7 i perpendiculr to the dislocation linc and | paraliel to the dislocation line.

I A screw dislocation moves (in the slip plane)
i in a direction perpendicular to the Burger's

' yector (slip direction). |

| Inthe screw dislocation, the distortion follows

sign) | 3 blical o srew pth The pch f he srew

.| may be left-handed or tight-handed,

.:' ”..',_ %', | AT

1 ! :'_l | - 1 ‘1' il I AN
equired to LT R At
e

T‘;"IT'"J*L"" I.-."‘
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77.18 Surface DE'H":I!' — i 10 1
i b eyl fim® I o “1 v having i |]||| l - o
ih g
|.|| I
sl % 1w Ft el " ol - L”. 9 ..I IR 1] -III o
1 Tesw mbivmae Wi T e w1l |-|| .h|f|_.l i WL LI ™
| o & sl - (il TRTLELL '
i ER app——— L
Oy O I T i o || 11] 1T :
planes. There are two [y rface HIGE
I Exiernal surface mmps i
Imtiernd) surliee Errgperio 4
ections
77.18.1 External Surface Imperf g
IF I fnce ol i CTVEIR |I||'I'|r1"'.|“IrI in i %
T e . . arface -"l.ir||-'||-_-|- Wi
- inl

ithe aslowmic bonds do nol exhenid eyvomd] 1he f the ¢
| peTTTRAIANS LA MR T
may visualise an external surfisce as simply a il { with th

. " w1 |
structure, the atoms on the surface cannol be COMmpS

Bl

dhblirs 0N
) |_'|.1||‘|'|

are not Fig. 77.41

woms within & crvstal. The surlace aliins have neij
’ 4 s
sade only. while atoms made the crystal have med ghisors |
side of them (Fig. 77.41). Since the external surface AOME
citirely surrounded by athers, they posacss higher en o
' . { metals
of imtermal stoms. This encrgy of the surface alom. foar s

77.18.2 Internal Surface Imperfections

nge in the st ki

LT iluan thil
" Tl | thie order | Jim

il AT RS AT
Intermal surface imperfections anse from a cha oty |;| 3
boundary. The change may be one of the orientation or of the stacking Scquence & C pia
The important internal surface imperfections are given below
(i} Gruin boundaries
(i) Tih boundarses and twist boundanes

[y Twin houndanes
() Stacking Laults and
[v) Fc'rnmu,z.::rm diorrimin wills

77.18.3 Grain Boundaries

Most of the engincenng matenals are
polycrystalline in nature. Grain boundancs
are those surlace imperfections which
separale crystals or grans of different on
entation m a polycrystalline sggregation
during nucleation or crystallisation. Dur
ing solidification or during recrystalliza
ton of polycrstalline crystals, new crys
tals are randomly onented with "-"'i"-"-1-|"
one another. They grow by the addition of
ioms trom the adjacent regions and even
tally impinge on each other. When two
crystals impinge in this manner, the stoms
that are caught in between the two crystals

Cerain Roundaripy,



al due

UP & compromise Plil"lﬂl-'l‘m The
ﬂﬂ m II I.mhr i rl:'\l' atismi

I Y .. ® the “H’th; forces from
uring crystal are elt by the inirven
l' called a crystal boundary
Y. The crystal orientation
S—" ‘ the grain boundary

Al !l A
-1—,;._., _ 1 are those planar imperfect fons in polyerystalline materials that

of different orientation.
1 ,.- '
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