
CHAPTER 7   
DISLOCATIONS AND STRENGTHENING  

MECHANISMS  



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. 



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  

   t R = s (cosl cosf) 
 

Relation between  
s  and  tR 
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SLIP IN SINGLE CRYSTAL:  

Resolved Shear Stress 

Applied tensile  
stress:  s  = F/A 
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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(cosf cosl)max 

Thus the yield, sy, strength is: 
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Schmidtôs Law 
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slip plane 
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Tensile axis 
        sy = tCR / cos qÖcos f 

 
where tCR is critical resolved shear stress,  

at which plastic deformation occurs 

sC is corresponding critical normal stress 



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

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

Å For 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 

   t R = 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 Õ 3 

= 52 (Õ2/2) (1/ Õ3)=21.2 MPa  
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sy=30/[(cos45̄)1/Õ 3=73.4MPa 



Material Strength & Dislocations 

Movement  

Å Thus dislocations are imperfections in the crystal lattice, which 

are mobile and can move through the lattice when stress is applied.  

 

Å They have extremely important effects on the materials properties 

 

Å In particular, on the mechanical strength, since they are the 

mechanism by which materials yield and plastically deform.  

 

ÅMetals are strengthened by making it more difficult to move 

dislocations. 



5.0
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Å  Example: 

70wt%Cu-30wt%Zn brass 

alloy 

0.75mm 

Strengthening by Reduction of Grain Size 

The Hall -Petch equation describes dependence of yield  strength, sy, as 

a function of average grain diameter, d: 

The s0 is the Peierls (frictional) stress and is the minimum 

stress needed to induce dislocation glide in a single crystal 

and ky is the HallïPetch slope. 

Å Valid for many materials but not for nano-structures !! 

Å Grain size can be changed for example by plastic deformation or heat-treatment 



2:  Solid Solution Strengthening (1) 

ÅAlloys of a particular metal are usually stronger than the pure metal. 

ÅInterstitial or substitutional impurities in a solution cause lattice strain. As a 

result, these impurities interact with dislocation strain fields and hinder dislocation 

motion. 

ÅImpurities tend to diffuse and segregate around the dislocation core to find 

atomic sites more suited to their radii. This reduces the overall strain energy and 

ñanchorò or ñpinò the dislocation. 

ÅThe total lattice strain will increase if dislocation movement is initiated since the 

dislocation core moves to a region with larger local lattice strain (not compensated 

by impurity). 

ÅGreater applied stress is required to initiate and continue plastic deformation 

than without the impurity. 

ÅRequires diffusion of solute atoms, hence T dependent. At high T, interstitial 

atoms can catch up to dislocations and re-pin them. (One origin for serrated ů.Ů 

curves.) 

 



Solid Solution Strengthening (3) 

Å  Smaller impurity: 

 tensile strain imposed 

Å  Larger impurity: 

compressive strain imposed 

Dislocation 

strain field 

+ 

+ 

= Reduction of strain field 

Å The impurities, to find atomic sites more fit to their radii, typically  

segregate around the dislocation core, thus reducing the overall  

 strain energy and ñpiningò the dislocation  



Å  Tensile strength & yield strength increase w/wt% Ni. 

Å  Empirical relation: 

Å  In general alloying increases strength and hardness 

  sy ~ C1/2

Example:  Solid Solution Strengthening  

in Copper 



Å  Strain hardening or cold working is the phenomenon of increasing 

hardness and strength of the a ductile material as a result of  plastic 

deformation at temperatures far below its melting point. 

Å  Indeed, plastic deformation leads to the multiplication of dislocations, 

which strain fields start to interact more ñcloselyò, hindering the 

dislocations motion.   

3:  Strain Hardening 

Dislocation tangles produced by  

plastic deformation in Iron 

ñInitialò ñFinalò ñIntermediateò 



Å Dislocation density, rd, goes up: 

   - Carefully prepared sample:  rd ~ 103  mm/mm3 
    - Heavily deformed sample:    rd  ~ 1010 mm/mm3 

Å Ways of measuring dislocation density: 

or 
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Result of Cold Work 



Å  Yield strength (sy) increases. 

Å  Ductility (% EL or %AR) decreases. 

Impact of Cold Work  

Example: the influence of cold work 

on the stress-strain behavior of low-carbon steel 

Initial wire 

1st drawn wire 

3nd drawn wire 



Å  What is the tensile strength & 

     ductility after cold working? 
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Recovery, Recrystallization,  

and Grain Growth 
 Å Plastic deformation introduces massive changes in the crystal 

lattice, including increases dislocation density (single and 

polycrystalline materials) and changes grain size distributions 

(polycrystalline materials). 

 

Å This results in stored strain energy in the system (dislocation 

strain fields and grain distortions). When applied external stress is 

removed - most of the dislocations,grain distortions and associated  

strain energy are retained. 

 

Å Restoration to the state before cold-work can be done by heat  

Treatment and involves two processes: recovery and recrystallization. 

These may be followed by grain growth. 

 



Å  1 hour treatment at Tanneal decreases TS and increases %EL. 

Å  Effects of cold work are reversed! 

Å  Three annealing 

     stages to be 

     discussed: 

-Recovery 

- Recrystallization 

- Grain Growth 

Effect of Heat-treatment after Cold 

Work  



Å After recovery is  completed, the grains are still in high strain state. 

 

Å  During next annealing stage, i.e. recrystallization, formation of   

   new grains occurs  

 

 - The driving force of the process is difference in internal energy  

    between the strained and unstrained grains 

 - Recrystallization occurs through formation of fine nuclei and   

    their growth by short-range diffusion mechanism until they   

    completely consume the parent material  

 

Å  Structure and properties of the final material depend on the  

   temperature-time schedule of the annealing process 

Å  As a result the material mechanical properties that were changed  

   during cold working can be restore 

Recrystallization 



Different Recrystallization Stages  

Brass 33% CW Nuclei formation:  

3s 580 C 

Partial replacement  

of CW grains: 4s 580 C 

Complete  recrystal.: 

 8s 580 C 

Grain growth: 

15 min 580 C 

Grain growth: 

10 min 700 C 


