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Lecture 6 - Imperfections in the Atomic and
Ionic Arrangements
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Objectives of Chapter 4

O Introduce the three basic types of
imperfections: point defects, line defects
(or dislocations), and surface defects.

O Explore the nature and effects of different
types of defects.
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Chapter Outline

4.0 Defects

4.1 Point Defects

4.3 Linear Defects

4.4 Observing Defects

4.5 Significance of Linear Defects
4.6 Schmid’s Law

4.7 Influence of Crystal Structure
4.8 Surface Defects

4.9 Importance of Defects
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Defects have a profound impact on the macroscopic

properties of materials
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Bonding
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Structure * Properties
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Defects
& <>

20.11.2022



20.11.2022

Polycrystalline Metal Grain boundary

Ky vvvvvy
|0 0000000
j0o 00 0000e

Atomic arrangement within the grain
boundary is significantly different from
the periodical arrangement
atgraininterior.

4 <>

y Section 4.1 Defects
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Real crystals are
never perfect,
there are aloways
defects
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The processing determines the defects

Composition

1

Bonding

Crystal Structure

\/

Thermomechanical
Processing

defects introduction l and manipulation

Microstructure

Defects may be classified into four categories depending on

Types of Defects

their dimension:

0D, Point defects: atoms missing or in irregular places in
the lattice (vacancies, interstitials, impurities)

1D, Linear defects: groups of atoms in irregular positions

(e.g. screw

2D, Planar defects: the interfaces between homogeneous

and edge dislocations)

regions of the material (grain boundaries, external

surfaces)

3D, Volume defects: extended defects (pores, cracks)

[
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Section 4.1 Point Defects %

O Point defects - Imperfections, such as vacancies, that are
located typically at one (in some cases a few) sites in the
crystal.

O Extended defects - Defects that involve several
atoms/ions and thus occur over a finite volume of the
crystalline material (e.g., dislocations, stacking faults,
etc.).

O Vacancy - An atom or an ion missing from its regular
crystallographic site.

O Interstitial defect - A point defect produced when an
atom is placed into the crystal at a site that is normally
not a lattice point.

O Substitutional defect - A point defect produced when an
atom is removed from a regular lattice point and replaced
with a different atom, usually of a different size.
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Point defects change the crystal lattices, called " distortion”.
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Carburization in industry

Carbon interstitial

. atom in BCC iron

7

O Surface hardening

Interstitial solid solution of C in a-Fe. The C atom is small
enough to fit, after introducing some strain into the BCC

lattice.
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Point defects: vacancies &
interstitials

Vacancy - lattice
position that is vacant
because atom is
missing.

Interstitial - atom that
occupies a place
outside the normal
lattice position. May be
same type of atom
(self interstitial) or an
impurity interstitial.

11
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How many vacancies?

Equilibrium number of vacancies is due to therl

vibrations
N, =N, exp| - & j
v s p( kBT

N; = number of regular lattice sites

kg = Boltzmann constant

Q, = energy to form a vacant lattice site in a perfect crystal
T = temperature in Kelvin (note, not in °C or °F).

Room temperature in copper: one vacancy per 105 atoms.
Just below the melting point: one vacancy for every 10,000 atoms.

Above lower bound to number of vacancies. Additional (non-
equilibrium) vacancies introduced in growth process or treatment
(plastic deformation, quenching, etc.)

12 e <>]>
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Point defects: self-interstitials, impuritie%

OQOOQQOO (1) vacancies
OOQOO (2) self-interstitial )
(3) interstitial impurity
%@ (4,5) substitutional impurities

QQOgOO OO Arrows > local  stress

O introduced by defect
656 OO 4
O Self-interstitials

Q0O
80 O 08 8 La;E(;: distorti(;.ns :?°s‘:rr0:;d:1;g lattit:e )
nergy of self-interstitial formation is
~ 3 x larger than for vacancies (Q; ~ 3xQ,)
QQ OOO QO => equilibrium concentration oll' self-m:erstltlals
OOOOOOO) isvery low(< 1/ em?at 300K)
13 <>
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Vacancys

15

Ornek 4.2. Demirdeki Bosluk Konsantrasyonu

HMK yapidaki demir kristalinin yogunlugunun 7.87g/cm3 olmasi
icin gerekli bosluk konsantrasyonunu hesaplayiniz? Demir igin
latis parametresi 2.866 x 108 cm.

) . ) ) Lo 55.847 g/mol
Teorik yogunluk latis parametresi ve atom agirligindan

hesaplanabilir.
(2 atoms/cell)(55.847 g/mol)

= E = = 7.8814 g/cm?
(2.866 x 10=3 cm)”(6.02 x 103 atoms/mol)

p:

cOzUM Demirin atom agirhgr:

16
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¢cOzUM (Devami) %

Istenilen yodunluga gére hiicredeki atom sayisini
belirleyelim: 7.87 g/cm?3:

. (X ai;)ms/c::ll)(55.847 f/'mol) _ 7.87 g/em®
(2.866 x 10=% cm)”(6.02 x 10% atoms/mol)
(7.87)(2.866 x 10=8)3(6.02 x 102)

55.847

X atoms/cell = =007

Bilindigi gibi hiicredeki atom sayisi 2 olmasi beklenir.
Dolayisiyla hiicre basina 2.00 - 1.9971 = 0.0029 bosluk
mevcuttur. 1 cm?3 teki toplam bosluk:

3 0.0029 vacancies/cell

Vacancies/cm” — — = 123 x 10%
(2.866 x 10~ ¢cm)°
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Ornek 4.3. Demirdeki Karbon Bdlgeleri

YMK demirde, karbon atomlari oktahedral bdlgelerde ve
hicrenin merkezinde vyerlesmislerdir. HMK demirde
tetrahedral bélgelerdedirler.

YMK latis parametresi 0.3571 nm HMK latis parametresi
0.2866 nm. Karbon atomlarinin yarigapit 0.071 nm.

(1) YMK vyapida mi yoksa HMK yapida mi en ylksek
distorsiyon gérilir. (2) Tum arayerler doldugunda her iki
kristal yapi icin karbonlarin atomik ytzdesi ne olur?

18
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(c)

(a) HMK yapida arayer bodlgelerinin gosterimi %, %2, 0 (b)
YMK yapida 2, 0, 0 ara yeri. (¢) YMK yapida kenar orta ve
merkez ara yer bdlgeleri.

(100) face
/ C\
| N T

19

coziM
HMK'daki demir atomunun yaricapini hesaplayalim:

V3ag _ (v/3)(0.2866)

7 7 =0.1241 nm

Rpce =

Ara yer atomunun yarigapi:

la 2-I— la 2—(1‘- itial + R )2
) 0 4 0 — Vinterstitial BCC

Finterstiial = V0.02567 — 0.1241 = 0.0361 nm

20
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cHzUM

Ayni hesaplamalar YMK yapidaki demir ve ara yer atomu igi
yapildiginda:.

3 7)(0.3571

Rrcc = Vaay _ (V2 ) — 01263 nm
y 3
2rinterstitial + 2Rrcc = ao

3 —(2)(0.1263
Finterstitial — il (2 )(0 1263) = 0.0522 nm

Arayer bodlgesi HMK da YMK dan daha kulcuktlr. Her iki
bolgede karbondan kuglk oldugundan C, HMK'yr YMK’'dan
daha fazla distorsiyona ugratir. Sonucta, HMK arayerine
YMK dan daha az atom girmesi beklenir.

21
cOHzZUM
2. 24 arayer atomu icin yer vardir ancak her bir bolge/ye
birim htcrenin ylzeyinde bulundugu icin bu bdlgelerin
sadece yarisi bir hticreye aittir. Boylece:
(24 bolge)(1/2) = 12 birim hlcre basina ara yer
bélgelerinin sayisi
HMK daki C'larin atomik ytzdesi:
12 C atoms
at % C = x 100 = 86%
) 12 C atoms + 2 Fe atoms
YMK da ise oktahedral arayerlerin sayisi
(12 kenar) (1/4) + 1 merkez = 4 brim hucre basina arayer
sayisl
YMK demirde C'nun atomik ylzdesi:
4 C atoms
at% C = x 100 = 50%
( 4 C atoms + 4 Fe atoms '
22
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4.3 Linear defects

O Dislocation - A line imperfection in a crystalline material.

O Screw dislocation - A dislocation produced by skewing a
crystal so that one atomic plane produces a spiral ramp
about the dislocation.

O Edge dislocation - A dislocation introduced into the
crystal by adding an ‘‘extra half plane’’ of atoms.

O Mixed dislocation - A dislocation that contains partly
edge components and partly screw components.

19 (<>
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Surface roughening of an AIMg(0.8%) alloy due to
plastic deformation in tension

Image by confocal optical microscopy.
Eric Moore, Ph.D. Thesis, UMBC 2006

24
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Dislocation motion

slip mechanism during in situ TEM Dislocation glide during in situ TEM
deformation of alpha-titanium straining at 400 C of 304 stainless steel

25

25

Dislocation Motion y

Dislocations & plastic deformation (PD)

O Cubic & hexagonal metals - plastic deformation by plastic shear or slip
where one plane of atoms slides over adjacent plane by defect motion
(dislocations).

Slip plane -

Edge
dislocation
line

 |[f dislocations don't move, deformation doesn't occur!

21 <> -
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Ficure 7.3 Representation of the analogy between caterpillar and dislocation motion.

27

U The analogy usually given to understand the o i o e s 10
role of dislocations in weakening a crystal is the S S——

one of ‘pulling a carpet’. N\

U If one tries to pull an entire carpet (a long and
wide one), by sliding it against the floor, the
effort required is large.

U However, if a ‘bump’ is made in the carpet (as
in the figure in the following slide) and this
bump is moved across the length of the carpet,

i)
g
&
P
£
=2
£
2
4

then the carpet moves forward by a small —~

distance (as provided by the bump).
U The force required to move the bump will be —

considerably small as compared to the force

required to pull the entire carpet. The carpet has moved forvard by & length provided by the fold
U By creating and moving a series of bumps

successively the carpet can be moved forward 0%\0%\]

‘bit by bit’. (Graphic on next slide). \\.\0%* 9

6\’9\)
. Q‘&‘Q
A\

28
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DISLOCATIONS

e ey

DISLOCATIONS

U Usually dislocations have a mixed character and Edge and Screw
dislocations are the ideal extremes

29

Edge dislocation

(a)

(a) The perfect crystal,
(b) The perfect crystal is cut an extra plane of atoms is inserted
(c) The bottom edge of the extra plane is an edge dislocation

A Burgers vector b is required to close a loop of equal atom
spacings around the edge dislocation.

23 <>

30
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Perfect cylinder

Note that not only can dislocations
be created this way; but also
disclinations

Edge and dislocations

Deformations of a hollow cylinder showing the formation of various defects (Volterra constructions)

dge dislocations

h

\

E
| q

I Screw dislocation

31
Burgers Vector . .
Edge dislocation
()
g | Crystal with edge dislocation
° d
o ¢ T start
o .
K Finish
o
Perfect crystal Slip > |
Plane.
RHEFS:
Right Hand Finish to Start
convention
Burgers circuit
32
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Edge dislocation

-

Direction of | t |vector
dislocation line vector

- — -

Direction of vector

33

Edge Dislocation

34
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U Dislocation is a boundary between the slipped and the unslipped parts
of the crystal lying over a slip plane

U The intersection of the extra half-plane of atoms with the slip plane
defines the dislocation line (for an edge dislocation)

U Direction and magnitude of slip is characterized by the Burgers vector
of the dislocation (A dislocation is born with a Burgers vector)

U The Burgers vector is determined by the Burgers Circuit

U Right hand screw (finish to start) convention is used for determining
the direction of the Burgers vector

U As the periodic force field of a crystal requires that atoms must move
from one equilibrium position to another => b must connect one
lattice position to another (for a full dislocation)

U Dislocations tend to have as small a Burgers vector as possible

35

U The edge dislocation has compressive stress field above and tensile
stress field below the slip plane

U Dislocations are non-equilibrium defects and would leave the crystal
if given an opportunity

36
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[1] Bryan Baker
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A\

AN\

Screw dislocation

(1]

chemed.chem.purdue.edu/genchem/ topicreview/bp/materials/defects3.html -

37

Screw dislocation

Bunwea ] uoswoy L / Burystiqnd 2100/$H003g €002 (9)

(a)
(a) The perfect crystal,
(b) The perfect crystal is cut

(b)

Screw
dislocatio

(c)the cut crystal is sheared one atom spacing

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.

30

<>
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Screw Dislocations

40
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Geometric properties of dislocations

Type of dislocation
Dislocation Property
Edge Screw
Relation between dislocation 1 I
line (t) and b
Slip direction ll'tob ltob
Direction of dislocation line I 1
movement relative to b
Process by \yhlch dislocation climb G
may leave slip plane
41
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.
34 &<
42

20.11.2022
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Mixed dislocations

Pure Edge

Section 4.4
Observing Dislocations

O Etch pits - Tiny holes created at areas where dislocations
meet the surface. These are used to examine the
presence and number density of dislocations.

O Slip line - A visible line produced at the surface of a
metallic material by the presence of several thousand
dislocations.

O Slip band - Collection of many slip lines, often easily
visible.

36 <>

44

20.11.2022

22



Buyueo] uoswoy | / Funystigng 2(00/SH00 €00 ()

b

a
/ /
/r
/
/
/ /
/ 7
/ /
dored
/ 7
a b

(a)

Slip plane

(b)

Slip plane
()

Figure 4.11 A sketch illustrating dislocations, slip planes,
and etch pit locations. (Source: Adapted from Physical
Metallurgy Principles, Third Edition, by R.E. Reed-Hill and
R. Abbaschian, p. 92, Figs. 4-7 and 4-8. Copyright (c)
1992 Brooks/Cole Thomson Learning. Adapted by

permission.)

37
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Figure 4.12 Optical image of etc pits in silicon

carbide (SiC). The etch pits correspond to
intersection points of pure edge dislocations with
Burgers vector a/3 (] 120) and the dislocation line
direction along [0001] (perpendicular to the
etched surface). Lines of etch pits represent low
angle grain boundaries (Courtesy of Dr. Marek
Skowronski, Carnegie Mellon University.)

38
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@) (b)
a
m °

Material after
plastic deformation

Original material

0 oo oot 50 s st ettt
Figure 4.13 Electron photomicrographs of dislocations in
TizAl: (a) Dislocation pileups (x26,500). (b) Micrograph at
x 100 showing slip lines and grain boundaries in Al (c)
Schematic of slip bands development.

39
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Dislocation motion

slip mechanism during in situ TEM Dislocation glide during in situ TEM

deformation of alpha-titanium

straining at 400 C of 304 stainless steel

48

48
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Dislocations & Materials Classes

Dislocation types: edge and screw

» Metals: Dislocation motion easier.
-non-directional bonding
-close-packed directions for slip.

 Covalent Ceramics 1
(Si, diamond): Motion hard. ~¢
- very hard, Tm>3550C
-directional bonding

42

i)

<>

D

* lonic Ceramics (NaCl): T O 000 06006 O
Motion hard. S
-need to avoid ++ and - - neighbors. 9999906
- non-directional bonding 00 0000
PD corresponds to the motion of large numbers of dislocations

49

Original defect-free crystal

dislocations.

low-angle grain boundaries.

with new shape is obtained.

43

[

<

>

>

Elastic deformation (ED): bonds are compressed
and stretched, but not broken.
Plastic deformation (PD) by the introduction of

Dislocations organize into parallel lines, forming

Recrystallization via annealing: defect free sample

50
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Deformation Mechanisms
Slip

Slip lines in Al

The orientation of the individual
crystallite determines which slip
system(s) are active.

51

Slip
Slip System: Slip planes and directions
O Slip plane - plane allowing easiest slippage
B Highest planar densities

O Slip direction - direction of movement
B - Highest linear densities

Slip is favored on closed packed planes since a lower shear stress for
atomic displacement is required than for less densely packed planes.

Slip in the closed packed direction is also favored since less energy is
required to move the atoms from one position to another if the atoms
are closer together.

45

52
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Slip is the process by which plastic deformation is produced by
dislocation motion

Dislocation Motion %

O Dislocation moves along slip plane in slip direction perpendicular
to dislocation line( slip system)

O Slip direction have the same direction as Burgers vector

Edge dislocation

Direction

f moti . .
SN =» Screw dislocation

T

46 <>
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Slip-Dislocation motion & CRYSTAL |
STRUCTURE

e Structure: close-packed ( .‘eeev?;.
; AVA
0000

view onto two

close-packed
planes.

planes & directions
are preferred.

close-packed directions
1 plane (bottom) close-packed plane (top)

¢ Comparison among crystal structures:

FCC: many close-packed planes/directions;
HCP: only one plane, 3 directions;

BCC: none
Mg (HCP)

* Results of tensile — i
testing. __tensile direction

{ Al (FCC)

47 <>

54
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Preferred slip systems for some metals

Critical
Crystal Purity, Slip Slip shear stress,

Metal structure % plane direction MPa
Zn hep 99.999 (0001) [1120] 0.18
Mg hep 99.996 (0001) [1120] 0.77
Cd hep 99.996 (0001) 11120] 0.58
Ti hep 99.99 (1010) [1120] 13.7

99.9 (1010) [1120] 90.1
Ag fee 99.99 (111) [110] 0.48

99.97 (111) [110] 0.73

99.93 (111) [110] 1.3
Cu fec 99.999 (111) [110] 0.65

99.98 (111) [110] 0.94
Ni fec 99.8 (111) [110] 5.7
Fe bee 99.96 (110) [111] 21.5

(112)
(123)
Mo bee (110) [111] 49.0
48 <>
55
Slip System
B FCC Slip occurs on {111} planes (close-packed) in <110> directions
(close-packed)
=> total of 12 slip systems in FCC
B in BCC & HCP other slip systems occur
49 <>
56
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3 (111)  (111)

Parallel

<>

So, for (111) plane:

(111), [101] or [101]---1
(111), [110] or [110]---2
(111), [011] or [011]---3

Therefore, for an FCC structure:
{111} - <110> , there are 12 slip systems.

51 <>

58
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To sum up: %

a Slip phenemenon is used to explain the plastic
behaviour of materials.

Q Slip occurs along certain crystal planes and
directions.

Q Slip planes & slip directions make slip systems.

Crystal Slip plane |Slip Total Active
system direction |[number of [slip
slip systems
systems
fce {111} <110> 12 L)
hep {0001} [<2110> |3 2/3
bee {110} <I11>  [48 2
{100}
52 <>
59
iy
Section 4.6
=17
Schmid’ s Law
O Schmid’s law -The relationship between shear stress, the
applied stress, and the orientation of the slip system—
that is,
T = 0 cos A cos @
O Critical resolved shear stress - The shear stress required
to cause a dislocation to move and cause slip.
53 <>
60
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Surface roughening of an AIMg(0.8%) alloy due to
plastic deformation in tension

Image by confocal optical microscopy.
Eric Moore, Ph.D. Thesis, UMBC 2006

61
Single Crystal Slip
Direction
of force
| Slip plane
!
55
62

20.11.2022
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,

the critical resolved shear stress.

@: Angle between the

normal to the slip plane

A and the applied stress
directions.

Slip plane normal n F

Applied force F = cA

and stress directions.

Slip plane
Slip direction

TcR =0 .COS A.cos @

Tensile axis

56 <>

» The stress that initiates slip is known as %

A: Angle between the slip

63
Stress and Dislocation Motion
* Crystals slip due to a resolved shear stress, tx.
* Applied tension can produce such a stress.
Applied tensile Resolved shear Relation between
stress: o= F/A stress: 1r=Fgsl/As c and tr
slip plane Tp= Fs As
A normal, ns TR R AN
As Fcos A Alcos ¢
F Ns (I)
@ & & Ev, -
%\\5\@0 é\\Q‘&é\\o ks
F & TR o
SR
&&e
Tr= OCOSACOS(
57 <> -
64
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¢=60; A

So the applied stress of 65 MPa will not cause the crystal to yield.

Ex: Deformation of single crystal =

a) Will the single crystal yield?
R b) If not, what stress is needed?

Torss = 30 MPa

i A=35°
J E T=0 COSA cos@
om0\ den | o = 65 MPa
i d‘rggﬁon = -) (cos35)(cos60")
<« | = (65 MPa) (0.41)
’ T=26.62 MPa <t__ =30 MPa

59 <> -

65

Tcrss =

O'y

So for d

Ex: Deformation of single crystal %

What stress is necessary (i.e., what is the
yield stress, c,)?

30 MPa=o0, cosA cosg=0,041)

T B 30 MPa

Crss

B cosAcos@ 0.41

=73.25 MPa

eformation to occur the applied stress must

be greater than or equal to the yield stress

oz0,= 73.25 MPa

60 <>

66
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Ex: Deformation of single crystal

Consider a single crystal of BCC iron oriented such
that a tensile stress is applied along a [010]
direction.

O (a) Compute the resolved shear stress along a (110)
plane and in a [-111] direction when a tensile stress of
52 MPa is applied.

O (b) If slip occurs on a (110) plane and in a [-111]
direction, and the critical resolved shear stress is 30
MPa, calculate the magnitude of the applied tensile
stress necessary to initiate yielding.

61 <>

67

) Normal to
Slip slip plane
direction

[111]

O 4
% \ Direction of

applied stress
[010]

62 <>

68
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Ex: Deformation of single crystal

O A BCC unit cell along with the slip direction and plane as well as

the direction of the applied stress are shown in the
accompanying diagram. In order to solve this problem, we must
use Schmid Equation.

However, it is first necessary to determine values for ¢ and 2,
where, from this diagram, ¢ is the angle between the normal to
the (110) slip plane (i.e., the [110] direction) and the [010]
direction, and A represents the angle between the [-111] and
[010] directions. In general, for cubic unit cells, the angle 0
between directions 1 and 2, represented by [u;y;w;] and
[uyy,wsy], respectively, is given by

1 Uy ar L) ar wiw,

\/(u% + v% + w%)(u% + v% -+ w%)

6 = cos™

63 <>

69

Ex: Deformation of single crystal

For the determination of the value of ¢, let [u,v;w,] = [110] and [u,v,w,] = [010], such that

2
it

¢ = cos™! 1)(0) + (1)(1) + (0)(0)
VA2 + 12 + 0202 + 1) + (07]

= cos"(%) =45

[However, for A, we take [ujvyw] = [111] and [uv,w,] = [010], and

P DO + O + WO
VICD? + A + W07 + W2 + 07]

1
= cos'l(ﬁ) = 54.7°

Thus, according to Equation 7.2,

Tr = ocos¢ cosA = (52 MPa)(cos 45°)(cos 54.7°)

= (52 MPa)(%)( \1/§>
= 21.3 MPa (3060 psi)

(b) The yield strength o, may be computed from Equation 7.4; ¢ and A are the same as for
part (a), and

30 MPa ) } 4 > N
= = 73.4 MPa (10,600
%y (cos 45°)(cos 54.7°) S ALY Y

70
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Twinning mechanism

O A part of the atomic lattice is deformed so that is forms a
mirror image of the un-deformed lattice next to it.

O Twinning plane: is the plane between the un-deformed
and deformed parts of the metal lattice

Figure. For a single

Twin  crystal subjected to a

> lanes
P A shear stress, 1 (a)

(a )

deformation by slip

" Lt (b) deformation by slip

twinning.

65 (<>
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Comparison between slip and twinning

mechanisms

1. the atoms in one side of the
slip plane all move equal
distances

2. Slip Leaves a series of
steps (lines)

3. Most for FCC and BCC
structure, they have more slip
systems

4. normally slip results in
relatively large deformations

1. the atoms move distances
proportional to their distance
from the twinning plane

2. Twinning leaves small but well
defined regions of the crystal
deformed

3. Is most important for HCP
structure , because its small
number of slip system

4. only small deformations result
for twinning

b 2>
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Plastic deformation mechanisms — Twinning

» It results when a portion of crystal takes up an orientation
that is related to the orientation of the rest of the untwined
lattice in a definite, symmetrical way.

» The important role of twinning in plastic deformation is that
it causes changes in plane orientation so that further slip can
occur.

» Twinning also occurs in a definite direction on a specific
plane for each crystal structure.

Crystal Example Twin plane Twin direction
FCC Ag, Au, Cu (111) [112]
BCC a-Fe, Ta (112) [111]
HCP Zn, Cd, Mg, Ti (10712) F1014]
73
Slip Vs. Twinning
00000000000 00000000000 Q000000 000Y
00000000000 00000000000 0000000000
O0000000000 00000000000 000000000
00000000000 Q0000000000 @eeeeeeeeeg
00000000000 00000000000 OO000000000
ooooooooo%% %%%%%%%%%%% Q0000000000
000000000 000000000
00000000000 00000000000 OOOOOOOOOOO%
Undeformed Crystal After Slip After Twinning
during/in slip during/in twinning
Crystal orientation e aboYe akamaain Differ across the twin plane
slip plane
i i Multiples Fractions
atomic distance)
Occurs on Widely spread planes Eyety Plane Slregion
involved
Time required Milli seconds Micro seconds
e On many slip systems On a particular plane f6 T
simultaneously each crystal
74
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Twin boundaries occur when two
crystals mirror each other.

For some materials, twinning
occurs due to work hardening at
low temperatures.

Slip Twinning
Slip Plane i Twinning | :“; ‘i
2 7 1) |4 Plane  |3-3-¢
A - oo 9 (11 -
AN S S o T
Figure 1-3 Twin boundaries in brass. ‘ 1 ‘
! 7| ’ 33|
H: | 33
/‘NNN
Not. To correctly determine the grain 0000

size in these types of materials, the
twin boundaries need to be removed

fromrthecatcutation:
69 <>
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7OSIip and Twin structures

slip-twinning interactions
fective continuum model (dislocation density)

strain patterning under loading
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Slip and Twin structures

Fig. SEM-EBSD based slip trace analysis on
Mg - 3Y:
HCP structure

Red lines show basal slip traces § 0001 b
Orange lines show 1st order pyramidal

slip traces 1011
Yellow lines show 2nd order pyramidal
slip traces 1122 ;

- basal slip plane
[(1010}] prismatic slip plane
1120, amidal slip plane
'( ) [l pyramidal slip plane

>a,

af

alpha titanium (HCP)

77

\W/ Polycrystalline Materials

Most materials are polycrystalline and are made of
many single crystals

& L " * during solidification the
£ ° ™ 2 crystal nucleate and grow
% %’ “ = from the liquid in a random
orientation

X
{7

* the grains impinge on each
other when the solidification is
complete

3 * junction of grains are grain
boundaries

/2 (@<
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Grain Boundaries

Angle of misalignment ® OCCUI'S due tO the
B crystallographic mismatch when
: two grains meet
A _wseee * When mis-orientation is large
o rd grain boundary . &
2 — high angle grain boundary

| oraee * When mis-orientation is small,
o) ey s low angle grain boundary

2  atoms are /ess bonded and the
atomic packing is lower than in

=2 the grain (lower coordination)
b XPRX * the result is an energy difference
T——— — interfacial surface energy or

grain boundary energy
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