
CHAPTER 7  
DISLOCATIONS AND STRENGTHENING

MECHANISMS



ISSUES TO ADDRESS...

Å PLASTIC DEFORMATION and DISLOCATIONS

* Dislocation motion

* Slip in:

-single crystals

-polycrystalline materials

* Dislocation motion and strength

Å  HOW TO INCREASE MATERIALS STRENGHT?

* Grain size reduction

* Solid-solution strengthening

* Strain hardening

Å  HEATING and STRENGHT 

* Recovery 

* Recrystallization 

* Grain Growth



The Strength of Perfect Crystal

s=Ee

2s=E(1.25ro-ro)/ ro

s = E/(8-15)
.
.. All metals have yield strength far below 

predicted perfect crystal values!!!



Introduction

ÅWhy plastic deformation occurs at stresses that are 
much smaller than the theoretical strength of perfect 
crystals? 

ÅWhy metals could be plastically deformed?

ÅWhy the plastic deformation properties could be 
changed to a very large degree, for example by forging, 
without changing the chemical composition?

ÅThese questions can be answered based on the idea 
proposed in 1934 by Taylor, Orowan and Polyani: 

Plastic deformation is due to the motion of a large 
number of dislocations.



Edge-Dislocation Conventions

Edge 

dislocation line

Burgers vector
Shear stress

Extra half-plane of atoms!!



How the Edge Dislocation Moves

The atoms bonds at the center of

dislocation (only!) break and reform 

to allow the dislocation to move

Introduction of the dislocation

into a crystal , its migration 

through the its volume and 

expulsion to the on the crystal 

surface

This process causes the lower half of the crystal to 

slip by a distance of b under the upper part

Slip step



A screw Dislocation

The ñscrewò

Open circles lower half atoms

Crosses upper half atoms

Connecting ñlooks like a screwò



How the Screw Dislocation Moves

The ñplankingô analogy

Slide one in a time!!



Motion of Screw Dislocation in Crystal 

during Slip

Red arrows - directions 

of the applied shear stress 

ÅNote that applied stress and direction 

of line motion are perpendicular 

ÅAgain slip proceeds step by step, without

breakage of all bonds simultaneously

http://www.uet.edu.pk/dmems/ScrewDislocation.gif


Thus in both cases slip leads to the material 

plastic deformation, e.g. permanent steps 

formation on the crystal surface

Slip and Deformation

Plastically

stretched

Zinc single

crystal.



Slip and Deformation

ÅDislocations are the elementary carriers of plastic flow thus 

they define material mechanical properties

ÅDislocations allow deformation at much lower stress than in a 

perfect crystal because slip does not require break of all bonds

across the slip line simultaneously, but only small fraction of 

the bonds are broken at any given time.



Slip: Energetic Considerations

Region of

expansion

Region of

compression

Region of

expansion

Region of

compression

Region of

distortion

E dist~/b/2

Thus energy associated with dislocation is a minimum

for the shortest Burger Vectors

Dislocationsô Strain Field

http://www.uet.edu.pk/dmems/EdgeDislocation.gif


Slip and Deformation

ÅDislocations are the elementary carriers of plastic flow thus 

they define material mechanical properties

ÅDislocations allow deformation at much lower stress than in a 

perfect crystal because slip does not require break of all bonds

across the slip line simultaneously, but only small fraction of 

the bonds are broken at any given time.



Slip: Crystallographic Requirements

ÅBurger vector for unit dislocations  

MUST joint crystallographically

equivalent positions in the lattice

ÅThe motion of the dislocation

MUST transport atoms from

one equilibrium position to another

Thus the most favorable Burgers vectors is the shortest vectors

that connect equivalent lattice positions     

In the simple crystal structures the Burgers Vectors 

are in the closed ïpacked directions!!!



Dislocations Movement



Schmidtôs Law

Å In order for a dislocation to move in its slip system, a shear force acting in 

the slip direction must be produced by the applied force.



Å Crystals slips in particular direction on particular plane due to a resolved 

shear stress, tR, i.e. shear stress applied along these plane and direction 

tR=s(cosl cosf)

Relation between 
sand tR

tR=Fs/As

Fcosl A/cosf

fns

A
As

SLIP IN SINGLE CRYSTAL: 

Resolved Shear Stress

Applied tensile 
stress: s= F/A

F
A

F

Resolved shear
stress: tR =Fs/As

As

tR

tR

Fs

slip 
plane
normal, 
nsslip plane

Schmid factor



Å Condition for dislocation 

motion:

tR
max >tR

critical

Å Crystal orientation can make it easy

or hard to move dislocations

10-4G to 10-2G

typically

SLIP IN SINGLE CRYSTAL: 

Critical Resolved Shear Stress

In general, one slip system is oriented to produce

largest tR= tR
max=s(cosfcosl)max

Thus the yield, sy, strength is:

max

critical
R

y
)cos(cos lÖf

t
=s



Schmidtôs Law

Slip direction

Normal to 

slip plane
lf

Ao

A

s = F/A

tr= sÖcos qÖcosf

- Resolved Shear 

Stress

Slip

plane

F

Tensile axis
sy = tCR / cos qÖcosf

where tCR is critical resolved shear stress, 

at which plastic deformation occurs

sC is corresponding critical normal stress



Problem
ÅA single crystal of BCC iron. Tensile stress (52MPa) is applied along [010] 

direction Compute the resolved shear stress along (110) plane and [-111] direction. 

ÅFor the same slip system and direction of the applied tensile stress, calculate the 

magnitude of the applied tensile stress necessary to initiate yielding if critical 

resolved shear stress known to be equal to 30MPa

tR=s(cosl cosf)

f = 45¯

aÕ3 a2=b2+c2-2ab cos(l)

cos(l)=(b2+c2- a2)/2ab

a

b

c

l

tR = 52 (cos45̄)(a2+3a2- 2a2)/2a a Õ3

= 52 (Õ2/2) (1/ Õ3)=21.2 MPa 

max

critical
R

y
)cos(cos lÖf

t
=s

sy=30/[(cos45̄)1/Õ3=73.4MPa



Å Polycrystalline materials involve 

numerous number of randomlyoriented 

crystals (grains).

ÅThus slip planes & directions (l, f), as  

well as tR changefrom one grain to 

another.

Å  The crystal with the largest tR yields 

first, other (less favorably

oriented) crystals yield later.

ÅAs a result polycrystalline metals are 

typically strongerthan single crystals
300 mm

Dislocation Motion in Polycrystalline Materials

2 active

slip systems

Slip lines 

on the surface 

of the deformed

polycrystalline Cu



Å Also it is important that deformation of grains is constrained by grain 

boundaries, which maintain their integrity and coherency (i.e. typically do 

not come apart and open during deformation). Thus even though a single 

grain may be favorable oriented for slip, it cannot deform until the adjacent 

grains (less favorable) also are capable to slip. adjacent (and less favorably 

oriented) grains are capable of slip also. For large deformation the shape of 

the individual crystals changes but the grain boundaries do not come apart.

Plastic Deformation in Polycrystalline Materials

Before deformation After deformation

Result will be anisotropy 

in ůy. Initially equi-axed 

grains elongated in direction

of the applied shear stress

t


