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Plasticity of materials:
• Metals, Metallic compounds and alloys, Ceramics  (Periodic structure)
• Polymers, Biological materials (Chain Structure)
• Complex materials (metallo –organic framework, liquid crystals, cement hydration products – lamellar structures)

Metal plasticity

Dislocation mechanisms Twinning mechanisms



Dislocation typesEdge dislocation Screw dislocation
Edge‐screw dislocation



Dislocation evolution

Hirth lock Stacking fault tetrahedra

Frank Read

Mechanisms at continuum scale affected by dislocations and their reactions:
• Slip in materials leading to plasticity
• Hardening mechanisms in plasticity
• Various other time dependent behavior of materials



Experimental observations of Dislocations in materials













amita
Sticky Note
Note:theta(x,y) is a smooth fn. with continuous derivative away from origin and +ve x-axis. Sograd theta - E is a continuous fn. on the y axis except origin. It is zero away from y-axis - by continuity it is zero on the y axis too (except origin).





Amit
Line

Amit
Sticky Note
on the simply connected body, we have a symmetric tensor field that satisfies the compatibility conditions. So, we can construct a displacement field up to an infinitesimally rigid deformation. Choose one such field - call it u_i.Given points N_u, M_u, the next formula in the text for difference in the displacements holds.

Amit
Sticky Note
the compatibility of the strain field has been used here to write this formula, which needs an omega field to be constructed (that has to be independent of path).
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Amit
Sticky Note
compatibility of strain field used in writing this formula
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Amit
Sticky Note
missing in denominator 1/|x - x'|appropriately in both equations.





Amit
Sticky Note
The term R comes from integrating over the variable r from 0 to RThe limits for theta should be-Pi/2 to +Pi/2
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Sticky Note
in a +ve definite linear elastic body
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3.40 Lecture Summary 

 

September 16, 2009 

BCC, FCC, and HCP Crystals 

BCC1 FCC 2 HCP3 

Basic Crystallography 

1 

[1] Li, J. Modeling Simul. Mater. Sci. Eng. 11 (2003) 173. (AtomEye Visualization Software) 
[2] NRL. Lattice Crystal Structures (2008)<http://cst‐www.nrl.navy.mil/lattice/>. 
[3] Abbaschian, R. et al. Physical Metallurgy Principles 4th ed. (2009). 

BCC Metals FCC Metals HCP Metals 

Fe, W, V, Mo Cu, Ag, Au, Pt, Al, Ni, Pb Ti,Zr, Mg, Zn, Be, Cd 

At high temps: Ti, Zr At high temps: Fe ‐‐

1 



–
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Miller Indices 

Cubic Lattices 1 Hexagonal Lattices 2 

Basic Crystallography 

2 

(010) a b c 

Intercept Length ∞ 1 ∞ 

Reciprocal 0 1 0 

[1] Li, J. Modeling Simul. Mater. Sci. Eng. 11 (2003) 173. (AtomEye Visualization Software) 

(1010) a1 a2 a3 c 

Intercept Length 1 ∞ ‐1 ∞ 

Reciprocal 1 0 ‐1 0 

Crystal Symmetry 

Cubic Lattice Symmetry 

o Crystallographic families 

1 Hexagonal Lattice Symmetry 

o Why (hkil) indexing scheme? 

2 

Basic Crystallography 

o Crystallographic families 

• Directions: <hkl> 

• Plane: {hkl} 
• Implies permutation rule 

o Why (hkil) indexing scheme? 

• Allows permutation rule! 

• (hkil) 
• Permute over (hki) 

3 

Equivalent Planes: {1010} 

Equivalent Directions 
<110> 

– 

[1] Li, J. Modeling Simul. Mater. Sci. Eng. 11 (2003) 173. (AtomEye Visualization Software) 

2 
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Basic Crystallography 
Crystal Symmetry and Stereographic Projection 

What symmetry exists in cubic crystals? 

o Rotational 

1 

o Rotational 

• 2 fold ‐

• 3 fold ‐

• 4 fold – 

What symmetry exists in hexagonal crystals? 

o Rotational 

6 f ld  

2 

4 
[4]Schlom, D. G. Stereographic Projection Notes. <http://www.ems.psu.edu/~schlom/MatSE535/StereoProjection.pdf>. 
[5] Henderson, D. W. (1999) <http://www.math.cornell.edu/~dwh/books/eg99/Ch16/Ch16.html 

• 6 fold – 

How do we keep track of crystal symmetries? 

o Answer: Stereographic Projection 

3 

3 

Stereographic Projection of Crystal Directions

Basic Crystallography

[1] www.ems.psu.edu/~schlom/MatSE535/StereoProjection.pdf 5 

Image removed due to copyright restrictions.
Please see Fig 16.4 
in Henderson, David, and Daina Taimina.
Experiencing Geometry: Euclidean and Non-Euclidean With History.
3rd Ed. Upper Saddle River, NJ: Prentice-Hall, 2005.

Image removed due to copyright restrictions.
Please see p. 3 in Schlom, Darrell G.
"Stereographic Projection."
MatSE535 Course Notes, 2009.

Image removed due to copyright restrictions.
Please see p. 3, 10 in Schlom, Darrell G.
"Stereographic Projection."
MatSE535 Course Notes, 2009.

http://www.ems.psu.edu/~schlom/MatSE535/StereoProjection.pdf
http://www.math.cornell.edu/~dwh/books/eg99/Ch16/37850c63.jpg
http://www.ems.psu.edu/~schlom/MatSE535/StereoProjection.pdf
http://www.ems.psu.edu/~schlom/MatSE535/StereoProjection.pdf
http://www.math.cornell.edu/~dwh/books/eg99/Ch16/Ch16.html
www.ems.psu.edu/~schlom/MatSE535/StereoProjection.pdf
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Stereographic Projection of Crystal Planes 

Basic Crystallography 

[1] http://www.doitpoms.ac.uk/tlplib/stereographic/index.php 6 
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The plane is 90 degrees 
from the pole direction 

Reading a Stereographic Projection 

1 

Basic Crystallography 

The directions on a 
plane are in the plane 

from the pole direction 
on a longitudinal line 

2 

Symmetry markers 
reflect the point 

3 

[1] Abbaschian, R. et al. Physical Metallurgy Principles 4th ed. (2009). 

reflect the point 
symmetry of the crystal 

4 

Figure by MIT OpenCourseWare.

Adapted from Fig. 1.33 in Reed-Hill and Abbaschian, 
Physical Metallurgy Principles 7 
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Basic Crystallography 
Symmetry on the Stereographic Projection 

[1] Abbaschian, R. et al. Physical Metallurgy Principles 4th ed. (2009). 

5 
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Figure by MIT OpenCourseWare.

 

Physical Metallurgy 

8

 

Adapted from Fig. 1.33 in
Reed-Hill and Abbaschian, 

Principles

Image courtesy of U.S. Naval Research Laboratory.

http://www.nrl.navy.mil/research/nrl-review/2003/materials-science/geltmacher/


An Interesting Experiment 

�	 Take a single-crystal metal 
sample, and measure its 
stress-strain curve in 
tension 

�	 Deformed sample exhibits 
slip steps 

�	 The slip is always along 
crystallographic planes 

�	 What is the slip 
mechanism? 

<http://www.tf.uni-kiel.de/matwis/amat/def_en/index.html>


Courtesy of DoITPoMS, University of Cambridge. Used with permission.

http://www.tf.uni-kiel.de/matwis/amat/def_en/index.html


Initial (and incorrect) theory of 

crystal yield under shear


�	 Under shear stress, planes of 
atoms slide past one another, 
moving as a unit 

�	 By Hooke's Law: � � ��  

�	 From the proposed geometry: 
�	� � �� � � tan ���� 

� 
y y �3 

�	 ~104 - 105 discrepancy between 
theory and experiment! 

�	 There must be a lower-energy 
way to shear the lattice 

a 

a 

� 

elastic 

plastic 

(yield point) 

<http://www.tf.uni-kiel.de/matwis/amat/def_en/index.html>

Courtesy of DoITPoMS, University of Cambridge. Used with permission.

http://www.tf.uni-kiel.de/matwis/amat/def_en/index.html


Crystal yield under shear 

(how it really happens)


�	 The dislocations generates a local strain field that 
makes it easier to shear the lattice 

�	 Displacement ripples through the crystal, moving one 
column at a time 

<http://courses.eas.ualberta.ca/eas421/lecturepages/microstructures.html> 

Figure by MIT OpenCourseWare. Adapted from Fig. 9.4 in Ashby, M. F., and D. R. H. Jones. Engineering Materials 1. Boston, MA: Elsevier
Butterworth-Heinemann,2005.

τ
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"Burgers Vector," b

 b

 b

 b

http://courses.eas.ualberta.ca/eas421/lecturepages/microstructures.html


The Burgers Vector (RHFS Convention)


�	 Define a line axis �t 
�	 Construct a right-

handed loop about 
� �b    is the v ector that 

heals the closure in
the finish-to-start 
direction 

�t 

 

<http://courses.eas.ualberta.ca/eas421/lecturepages/microstructures.html>


Courtesy of Don Sadoway. Used with permission.

t

�
b

 

⊗

http://courses.eas.ualberta.ca/eas421/lecturepages/microstructures.html


    

Dislocation Characteristics


� Have a single, constant   �b   over their entire length 
� Slip occurs always in the plane defined by �b and �t 
� Dislocation characterized by �b and �t together, 

not just by �b alone 
� Dislocations cannot terminate in a crystal 



Adapted from <http://courses.eas.ualberta.ca/eas421/lecturepages/microstructures.html> 

Figure by MIT OpenCourseWare.

http://courses.eas.ualberta.ca/eas421/lecturepages/microstructures.html


   

Loop Dislocation

�b 
Right-Handed Screw �t�b is constant in space, 

and �t (by definition) 
follows the loop: 

�t 

�b 
�b�t 

Positive Edge 
Negative Edge 

�t 
Left-Handed Screw �b 



   

Loop Dislocation

�b 
Right-Handed Screw �t�b is constant in space, 

and �t (by definition) 
follows the loop: 

�t 

�b 
�b�t 

Positive Edge 
Negative Edge 

But oh no! What about �t 
Left-Handed Screw the intermediate regions? �b 



    

   

�	 Mixed dislocations: when    �b and �t are neither 
parallel, antiparallel, or perpendicular 

�	 Characterize them by decomposing  �b into 
parallel and perpendicular components 

�t	 �t �t 

perp	 �bb� 

�b =

b

+


�
 b� 
perp par 

par 



� � �

� 

��� 

Stress-Strain around Dislocations

�	 Displacement � strain � 

stress � energy 

�	 Construct a cylinder around 
the dislocation axis 

�	 Unwrapping the cylinder 
produces a 

Courtesy of Helmut Föll. Used with permission. screw � �rz	 � 

parallelogram 
b	 screw 

�b	 2 �r 
� � zr 

�r r  � z r  �� r 

� � ��r z  � z z  �� z �
r � z � ��  

<http://www.tf.uni-kiel.de/matwis/amat/def_en/index.html>


http://www.tf.uni-kiel.de/matwis/amat/def_en/index.html


� � �

Stress-Strain around Dislocations


4b 

�	 Displacement � strain � 
stress � energy 

�	 Construct a cylinder around 
the dislocation axis 

�	 Unwrapping the cylinder 
produces a parallelogram 

screw b	 screw � � �	 � �rz	 zr2 �r


�r r  � z r  �� r


� � ��r z  � z z  �� z �

r � z � ��  

<http://www.tf.uni-kiel.de/matwis/amat/def_en/index.html>


Courtesy of Helmut Föll. Used with permission.

http://www.tf.uni-kiel.de/matwis/amat/def_en/index.html


Dislocation Energy
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Energy of dislocation proportional to length
Same dimensions as F, “line tension”

Edge dislocation always higher energy
(1-ν)<1

Crystals try to form long screw dislocationsy y g
Dislocations often zigzag to accommodate screw

http://www.tf.uni-kiel.de/matwis/amat/def_en/kap_5/backbone/r5_2_3.html 

http://www.tf.uni-kiel.de/matwis/amat/def_en/kap_5/backbone/r5_2_3.html


Mixed Dislocations

Stress Edge ScrewStress
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Stress Fields

Dislocations can interact
Imagine them like charges: similar dislocations 
repel, opposites attract

http://www.matter.org.uk/matscicdrom/manual/images/image109.gif

Image of stress fields around two dislocations removed due to copyright restrictions.

http://www.matter.org.uk/matscicdrom/manual/images/image109.gif


Dislocation Motion

Peach-Koehler Equation

Fx = bxσ

(
xy + byσ yy + bzσ zy

)Fy = −(bxσ xx + byσ xy + bzσ xz )

Edge Dislocation
σxx F
σyy F=0

0

Screw Dislocation
σxx F= 0

= 0
0=0

=0

σyy F
σzz F=0
τxy F 
τxz F=0
τyz F=0

σzz

τyz Fτyz F 0 τyz F
*assumes pos Edge, RH Screw

http://www.tf.uni-kiel.de/matwis/amat/def_en/kap_5/illustr/dislocation_3dim.jpg

τxy F= 0 
τxz F 

 Image removed due to copyright restrictions.F= 0 Please see the cover of Nature Physics 5
(April 2009).  

http://www.tf.uni-kiel.de/matwis/amat/def_en/kap_5/illustr/dislocation_3dim.jpg
http://www.nature.com/nphys/journal/v5/n4/covers/largecover.gif


Dislocation Motion

Dislocation moves along plane containing b, tg p g ,

Edge Screw

SS

S

t
b



1. Interactions between dislocations : 

Peach‐Koehler equation : 

� General rule : 

���� Peach Koehler equation :����

http://www.soton.ac.uk/~engmats/xtal/deformation/dislocation.html 

Figure by MIT OpenCourseWare.

Compression

Tension



R l i F b /

� Main results : 

2 Repulsion F ~ b2/r 

Attraction F ~ - b2/r 

T No interaction 

http://www.tf.uni-kiel.de/matwis/amat/ 

Courtesy of Helmut Föll.  Used with permission.

Courtesy of Helmut Föll.  Used with permission.



2. Effects on material behavior: 

� Same plane, same sign PILE UP 

� Same plane, opposite sign ANNIHILATION 

Frank’s rule : 

+ 2b 

0 

http://www.cemes.fr/r2_rech/r2_sr3_mc2 

Courtesy of Helmut Föll.  Used with permission.

Please see videos of pileup and annihilation
from Groupe Matériaux Cristallins sous
sous Contrainte, CNRS.

http://www.cemes.fr/index.php?option=com_content&view=article&id=781:superalliage&catid=38&Itemid=844
http://www.cemes.fr/index.php?option=com_content&view=article&id=749&Itemid=837


� Low energy configurations: 

Dislocation dipole : 

Grain boundaries : 

http://www.tf.uni-kiel.de/matwis/amat Courtesy of Helmut Föll.  Used with permission.

Courtesy of Helmut Föll.  Used with permission.



  h b d f blh b d f bl

3. Line Tension3. Line Tension3. Line Tension3. Line Tension

b t b t 

- edge 

b t 

+ edge 

�Restoring force promotes straight dislocations�Restoring force promotes straight dislocations
�Sharp bends are not favorable�Sharp bends are not favorable



. D slocat on Mult cat on. D slocat on Mult cat on4. Dislocation Multiplication4. Dislocation Multiplication

Pinned ends 
Two opposite 

segments meet 

plpl

Shear stress 
segments meet 
and annihilate 

Dislocation 
bows out 

Loop and 
segment 
separate 

Dislocation 
spontaneously 

grows 

Loop expands 

Line straightens 

http://www.tf.uni-kiel.de/matwis/amat/def_en/kap_5/backbone/r5_3_2.html 
Courtesy of Helmut Föll.  Used with permission.



Frank ead SourceFrank ead Source

m n fm n f

Frank-Read SourceFrank-Read Source

� Dislocation is pinned at both ends 
� Shear stress is exerted on slip plane
� Dislocation is pinned at both ends
� Shear stress is exerted on slip plane� Shear stress is exerted on slip plane 
� Force causes dislocation to lengthen and bend 
� Dislocation spontaneously grows when 

� Shear stress overcomes restoring force 

� Shear stress is exerted on slip plane
� Force causes dislocation to lengthen and bend
� Dislocation spontaneously grows when

�Shear stress overcomes restoring forceg 
� Past the semicircular equilibrium state 

� Generate many dislocations on slip planes 

g
� Past the semicircular equilibrium state

� Generate many dislocations on slip planes

http://web.earthsci.unimelb.edu.au/wilson/ice1/generations.html 
http://en.wikipedia.org/wiki/Frank-Read_Source 

Image removed due to copyright restrictions.
Please see http://commons.wikimedia.org/wiki/File:Frank-Read_Source.png

B C

A D Non-Basal Dislocation

Slip Plane

Figure by MIT OpenCourseWare.

http://commons.wikimedia.org/wiki/File:Frank-Read_Source.png
http://web.earthsci.unimelb.edu.au/wilson/ice1/generations.html
http://en.wikipedia.org/wiki/Frank-Read_Source


5. D slocat on Obser at on5. D slocat on Obser at on

��

p pp p

5. Dislocation Observation5. Dislocation Observation

Dislocations are sub nm featuresDislocations are sub nm features�Dislocations are sub-nm features 
�Frank-read source generates many dislocations in 

one plane 

�Dislocations are sub-nm features
�Frank-read source generates many dislocations in 

one plane
�Therefore, it allows macroscopic observation of 

dislocations 
�Slip steps 

�Therefore, it allows macroscopic observation of 
dislocations
�Slip steps

http://www.msm.cam.ac.uk/doitpoms/tlplib/miller_indices/printall.php 
Courtesy of DoITPoMS, University of Cambridge. Used with permission.

cc_gegrov
Note

http://www.msm.cam.ac.uk/doitpoms/tlplib/miller_indices/printall.php


D slocat on Obser at onD slocat on Obser at on

interferometer 

t

interferometer 

t

Dislocation ObservationDislocation Observation

� White light interferometer� White light interferometer� White light
image from an optical profiler 

� Partially decomposed
crystalline GaN around a Ga 
d l 

� White light
image from an optical profiler

� Partially decomposed
crystalline GaN around a Ga 
d ldroplet 

� characteristics suggestive of a
Frank-Read dislocation source 

droplet

� characteristics suggestive of a
Frank-Read dislocation source

� Millimeter scale feature� Millimeter scale feature

http://materialstoday.com/covercomp2008.html 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.

http://www.sciencedirect.com
http://materialstoday.com/covercomp2008.html


Key Lecture Topics

Crystal Structures in Relation to Slip 

Systems

Resolved Shear Stress

Using a Stereographic Projection to 

Determine the Active Slip System



Slip Planes and Slip Directions

Figures by MIT OpenCourseWare.

A

B
C

D
E

F

 Slip Planes

 Highest Planar Density 

 Corresponds to most widely spaced planes

 Slip Directions

 Highest Linear Density

 Slip System

 Slip Plane + Slip Direction
A

B C

D
E

F

The FCC unit cell has a 

slip system consisting of 

the {111} plane and the 

<110> directions.



b1

b2 b3

A

A

A A A

A

A

C

B

CC

B B

Face Centered Cubic Slip Systems

FCC (eg. Cu, Ag, Au, Al, and Ni)

Slip Planes {111}     Slip Directions    [110]

 The shortest lattice vectors are ½[110] and 
[001]

 According to Frank’s rule, the energy of a 
dislocation is proportional to the square of the 
burgers vector, b2

 Compare energy 

 ½[110] dislocations have energy 2a2/4 

 [001] dislocations have energy a2

  Slip Direction is [110]
Partial dislocations along 

{111} planes in FCC metals.

Figure by MIT OpenCourseWare.



More Slip Systems

Metals Slip Plane Slip Direction Number of  Slip Systems

Cu, Al, Ni, Ag, 

Au

FCC

{111} <110> 12

α-Fe, W, Mo BCC

{110} <111> 12

α-Fe, W {211} <111> 12

α-Fe, K {321} <111> 24

Cd, Zn, Mg, Ti, 

Be

HCP

{0001} <1120> 3

Ti, Mg, Zr {1010} <1120> 3

Ti, Mg {1011} <1120> 6



Resolved Shear Stress

 What do we need to move dislocations?
 A Shear Stress!

 Thus the shear stress τ, resolved on the slip plane in 
the slip direction

 Note that Φ + λ ≠ 90 degrees because the tensile 
axis, slip plane normal, and slip direction do not 
always lie in the same plane

AF /

cosF Component of force in the slip direction

cos/A Area of slip surface

 coscoscoscos/  AF

Schmid 

Factor

Courtesy of DoITPoMS, University of 
Cambridge. Used with permission.



Critical Resolved Shear Stress

 Critical Resolved Shear Stress, τCRSS 
- the minimum shear stress 
required to begin plastic 
deformation or slip.  

 Temperature, strain rate, and 
material dependent

 The system on which slip occurs has 
the largest Schmid factor

 The minimum stress to begin 
yielding occurs when λ=Φ=45°
 σ=2τCRSS

 coscoscoscos/  AF

Courtesy of DoITPoMS, University of 
Cambridge. Used with permission.



Determining Active Slip System

 There are two methods to determine which slip 

system is active

 Brute Force Method- Calculate angles for each slip 

system for a given load and determine the maximum 

Schmid Factor

 Elegant Method- Use stereographic projection to 

determine the active slip system graphically



Stereographic Projection Method

1 Identify the triangle containing the tensile axis

2 Determine the slip plane by taking the pole 

of the triangle that is in the family of the slip 

planes (i.e. for FCC this would be {111}) and 

reflecting it off the opposite side of the 

specified triangle

3 Determine the slip direction by taking the 

pole of the triangle that is in the family of 

directions (i.e. for FCC this would be <1-10>) 

and reflecting it off the opposite side of the 

specified triangle

Courtesy of DoITPoMS, University of Cambridge.



Rotation of Crystal Lattice Under an 

Applied Load

 With increasing load, the slip plane and slip direction 

align parallel to the tensile stress axis

 This movement may be traced on the stereographic 

projection

 The tensile axis rotates toward the slip direction 

eventually reaching the edge of the triangle

 Note that during compression the slip direction rotates away 

from the compressive axis

 At the edge of the triangle a second slip system is 

activated because it has an equivalent Schmid factor



More Physical Examples

 Initial Elastic Strain- results from bond stretching (obeys 

Hooke’s Law)

 Stage I (easy glide)- results from slip on one slip system

 Stage II- Multiple slip systems are active.  A second slip 

system becomes active when it’s Schmid factor increases to 

the value of the primary slip system

 In some extreme orientations of HCP crystals, the material 

fractures rather than deforms plastically

Courtesy of DoITPoMS, University of Cambridge. Used with permission.



y Cross‐slip  
y Applied stress:Applied stress: 
y Stress axis & slip systems


y Dislocation Locking Interactions

y Intersections

y Combinations


yy Partial DislocationsPartial Dislocations




Cross‐slipCross slip

y Overcome an obstacle in primary slip plane 

y Screw dislocation: no uniquely defined slip plane


y Transfer to intersecting slip plane with same b 

y Returns to initial slip plane ((double cross slip)) 
y Conservative: length of dislocation line unchanged 

W. Hosford. Mechanical behavior of materials. Cambridge. 2005  Courtesy of Krystyn Van Vliet. Used with permission. S Baker. MS&E 402 course notes 2006. Cornell University 
Please also see Fig. 10.8 in Hosford, William F. Mechanical

Courtesy of Shefford Baker. Used with permission.Behavior of Materials. New York, NY: Cambridge University Press, 2005.

(111)

(111)

(111)

(101)
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Rotation

λ'
Φ 

Reorientation of stres

ension: s towar
slip direction b


Compression: s
wards slip plane

s 

T ds



to  n

hh  h d f  

Activates new slip systems 
C anges Sc mi actors:

FCC <110>{111} slip system 
Tension applied 

T. Courtney. Mechanical behavior of materials. 2000 R. Abbaschian, R Hill. Physical metallurgy principles. Cengage Learning.  2008 

Image removed due to copyright restrictions.
Please see Fig. 5.31 in Reed-Hill and Abbaschian,
Physical Metallurgy Principles. Boston, MA: PWS Publishing, 1994.



Dislocation Intersections
Dislocation Intersections

Slip plane 

y Dislocation acquires a step 
y Equal in direction and magnitude to intersecting y Equal in direction and magnitude to intersecting

dislocations burgers vector

y Exception: b || dislocation line: Nothing happens


y May have different character and glide plane than

original dislocation


http://www.bss.phy.cam.ac.uk/~amd3/teaching/A_Donald/Crystalline_solids_2.htm 

Courtesy of Helmut Föll. Used with permission.

http://www.bss.phy.cam.ac.uk/~amd3/teaching/A_Donald/Crystalline_solids_2.htm


Steps in DislocationsSteps in Dislocations


Edge dislocations 

Screw 

Step normal to slip plane Step normal to slip plane Step in slip plane Step in slip plane 

Changes glide plane Constant glide plane 

Pinning point (glissile) Pinning point (glissile) Mobile (sessile) Mobile (sessile) 

http://www.tf.uni-kiel.de/matwis/amat/def_en/index.html 

Courtesy of Helmut Föll. Used with permission.



Steps in DislocatiSteps in Dislocati

Figure by MIT OpenCourseWare

Kink Jog

Kink Jog

Screw Dislocation:

Edge Dislocation:

b b

b b

ons‐ Visualons Visual


web.nchu.edu.tw/~jyuan/handout/3_3%20Dislocation.pdf 

Courtesy of A. M. Donald. Used with permission.



primary slip planes

combine (001)


2 2 2aa aa aa 

Lomer Lock: CombinationLomer Lock: Combination 
y 2 Dislocations on 
primary slip planes 

+ >
2 2 2 

y new dislocation:new dislocation: 
y b primary slip direction 

y n non‐pprimaryy slipp pplane 

y Dislocation becomes

immobile “locked”


S Baker. MS&E 402 course notes 2006. Cornell University 

Courtesy of Shefford Baker. Used with permission.



Partial DislocationsPartial Dislocations 

Edisloc≅ μb2/2 

2 2a a

Singgle dislocation Æ 
E partials 6 

+ 
22 

6 = 
2


2 partials & stacking fault EE Perfect a 33

2

Courtesy of Sam Allen and Krystyn Van Vliet. Used with permission.



A. Putnis. Introduction to mineral sciences. Cambridge Univ. Press. 1992 

Please also see Fig. 9.20 and 9.25 in Hosford, William F.
Mechanical Behavior of Materials. New York, NY: Cambridge University Press, 2005.

t̂

A
B

A

C

A
B

t̂

Partial dislocation



ABC ABCAC 

A
B B

C

(a/2) [110]

(a/6) [121] (a/6) [211]



γ

Partial Dislocations
Partial Dislocations

μb2 

Δx ∝
γ SF SF 

A. Putnis. Introduction to mineral sciences. Cambridge Univ. Press. 1992 

L. E. Murr, Interfacial Phenomena in Metals and Alloys(Addison Wesley, Reading MA, 1975). 

Courtesy of Sam Allen and Krystyn Van Vliet. Used with permission.
Please also see Fig. 9.25 in Hosford, William F. Mechanical Behavior of Materials. 
New York, NY: Cambridge University Press, 2005.

 




t̂

A
B

A

C

A
B

t̂

Partial dislocation


Hi d

γ SFγ SF

Dislocations repel
Stacking f ault resists •Stacking Fault Energy γSF (mJ/m2)

•Ag: 22   Cu: 78   Ni: 128

•Low γSF = large separation
•Hinders partial recombinatiHi d ti l bi tion

•Limits cross-slip
•Easier work hardening

γ SF = bτ
μb

τ =
μb

(screw)
( )2

( (edge)
πΔx

)
2π (1−ν )Δx

( g )



B ue a ows:

s Tetrahedron
Thompson’s TetrahedronThompson
y Notation for all slip planes, 
di i i ldirections, andd partials.


Example: FCC


yy Triangles are slip planesTriangles are slip planes 
y {111} 

yy Edges are slip directionsEdges are slip directions 
y <110> 

y Blue arrows: 

http://www.tf.uni-kiel.de/matwis/amat/def_en/kap_5/illustr/i5_4_5.html 

Courtesy of Helmut Föll. Used with permission.Partial dislocations

http://www.tf.uni-kiel.de/matwis/amat/def_en/kap_5/illustr/i5_4_5.html


y

FCC
les are slip planes

are slip directions

ws:ows:
ial dislocations

s Tetrahedron
Thompson’s TetrahedronThompson
y Example: 
y Triang 
y {111} 
Ed li di iy Edges 
y <110> 

Blue arro y Blue arr 
y Part 

http://www.tf.uni-kiel.de/matwis/amat/def_en/kap_5/illustr/i5_4_5.html

Courtesy of Helmut Föll. Used with permission.

http://www.tf.uni-kiel.de/matwis/amat/def_en/kap_5/illustr/i5_4_5.html


∆x∆x 

View from below 
Glide plane 

Courtesy of Helmut Föll. Used with permission.

Image removed due to copyright restrictions.
Please see Fig. 5.8b in Hull, D., and D. J. Bacon.

Introduction to Dislocations. Boston, MA: Butterworth-Heinemann, 2001.



•

DISLOCATION INTERACTIONSDISLOCATION INTERACTIONS 

• Dislocations reduce the stress required to
Dislocations reduce the stress required to 
plastically deform materials 

•• Dislocations interact withDislocations interact with 
▫ Forests of Dislocations

▫
▫ Grain BoundariesGrain Boundaries 
x Hall - Petch Relationship 

▫ Precipitates 
▫ SolutesSolutes Schhematiic off a Diisllocatiion 

Pile up at a Grain Boundary 

Mechanical Metallurgy, Dieter G., 3rd Edition http://en.wikipedia.org/wiki/File:Dislocation_pileup.png 

Courtesy of Markus Buehler. Used with permission.

┴
┴

┴┴
d

2nd source

http://en.wikipedia.org/wiki/File:Dislocation_pileup.png


OROWOROWAN LOOPINGAN LOOPING



• Precipitates act as 
pinning points for 
dislocationsdislocations 

•• Bowing leads toBowing leads to 
unpinning leaving 
bbehindd ddisloocatioon 
loops around the 
particles 

Dislocation bypass around precipitates 
http://www.cemes.fr/r2_rech/r2_sr3_mc2/videos  

http://aluminium.matter.org.uk/ 

Please also see "Strengthening Processes: Dispersion Hardening."

Glide 

Climb 

Figures by MIT OpenCourseWare.

(111)

(111)

(111)

(101)

aluMATTER, University of Liverpool.

Courtesy of Krystyn Van Vliet. Used with permission.

Bowing

Cross-slip

http://www.cemes.fr/r2_rech/r2_sr3_mc2/videos
http://aluminium.matter.org.uk/
http://aluminium.matter.org.uk/content/html/eng/default.asp?catid=71&pageid=-1534697066


•

OROWAN LOOPING
OROWAN LOOPING


• Yield Stress to overcome
Yield Stress to overcome 
obstacles: 

• Dislocation densityy has 
units of 1/Area 

• Ageing Treatment 
▫ Precipitation Hardening 
▫ eg. Al – Cu alloys 
▫ “O i“Overageing”” 

Microstructure of an aged Al – 4 % Cu 
alloy showing CuAl2 precipitates 

Fig. 1204.03.18 in Jacobs, M. H. "1204 Precipitation Hardening."
Introduction to Aluminium Metallurgy. TALAT, 1999.

http://aluminium.matter.org.uk/

http://www.eaa.net/eaa/education/talat/lectures/1204.pdf
http://aluminium.matter.org.uk/


WORK HARDENING
WORK HARDENING

• Orowan’s Equation: 

1010 1011 1012 1013 1014 1015
0.1

1

10

100

1000

Dislocation density, ρ (m-2)

R
es

ol
ve

d 
sh

ea
r s

tre
ss

. M
Pa

Schematic of a Stress Strain Curve 

Heavily Cold Worked Steel 
Microstructure 

http://en.wikipedia.org/wiki/File:Work_HArd.png 

Microstructures, George Langford, MIT 

Courtesy of George Langford. Used with permission.Figure by MIT OpenCourseWare.

http://en.wikipedia.org/wiki/File:Work_HArd.png


•

WORK HARDENING
WORK HARDENING


• Holloman Power Law 
Hardening 

n Strain Hardening• n – Strain Hardening 
Exponent 

• KK – StrengthStrength 

Coefficient 


Values of n and K for certain selected 
met ltals 

Handbook of Workability and Process design, Dieter GE 

Table removed due to copyright restrictions.
Please see Table 9 in "Design for Deformation Processes."
Ch. 11 in Dieter, George Ellwood, Howard A. Kuhn, and
S. L. Semiatin. Handbook of Workability and Process Design.
Materials Park, OH: ASM International, 2003.



WORK HARDENINGWORK HARDENING 

• Stages in a single crystalStages in a single crystal 
▫ Stage I : Single Slip 
▫ Stage II : Work Hardening Stage 
▫ Stage III : Saturation of Work Hardening 

http://www.doitpoms.ac.uk/tlplib/slip/slip_in_ccp.php Courtesy of DoITPoMS, University of Cambridge. Used with permission.

http://www.doitpoms.ac.uk/tlplib/slip/slip_in_ccp.php


POLYCRYSTAL DEFORMATIONPOLYCRYSTAL DEFORMATION 

• Multiple Slip RegimeMultiple Slip Regime 
▫ Elastic Anisotropy 
x Local stress state is 


complicated


▫ Accommodation of Plasticity 
xx Shape compatibility must be Shape compatibility must be 


satisfied

x Nucleates “Geometrically 

Necessary Dislocations” to 
remove the incompatibility Removal of Shape 

Incompatibilities during
x Stage II is absent deformationStage II is absent 

Mechanical Metallurgy, Dieter G., 3rd Edition 

deformation

Image removed due to copyright restrictions.
Please see Fig. 4.23c in Courtney, Thomas.
Mechanical Behavior of Materials. Long Grove,
IL: Waveland Press, 2005.



Lecture Summary
10/07/09 “Twinning”



Glide vs Twinning Comparison
Glide Twinning

Atomic 
movement

Atoms move a whole number of atomic 
spacing on a single plane.

Planes of atoms move fractional atomic 
spacing.  Distributed over entire volume.

Microscopic 
appearance

Thin lines Wide bands or broad lines

Lattice 
orientation

No change in lattice orientation. The steps 
are only visible on the surface of the crystal 
and can be removed by polishing. After 
polishing there is no evidence of slip.

Lattice orientation changes. Surface polishing 
will not destroy the evidence of twinning. 

http://info.lu.farmingdale.edu/depts/met/met205/plasticdeformation.html

Image removed due to copyright restrictions. Please see Fig. 17.2 in 
Reed-Hill, Robert E., and Reza Abbaschian. Physical Metallurgy 
Principles. 3rd ed. Boston, MA: PWS Publishing, 1994.

http://info.lu.farmingdale.edu/depts/met/met205/plasticdeformation.html


Characteristics of Twinning
Distributed over entire volume and not 
confined to a single plane
Happens very quickly (speed of sound in 
material)
Cooperative motion of many planes of atoms 
with each plane moving only a small distance

Lattice is rotated not distorted » NOT a phase 
transformation



Rules for Twinning

Fundamental Rule: crystal orientation is 
rotated but crystal is not distorted -Crystal 
structure is unchanged as a result of twinning

Basis vectors maintain same mutual angles and 
length
Solving for the vector combinations that follow the 
above rules yields the twinning system



Rule Development

Reed-Hill, Physical Metallurgy Principles 3rd Edition, PWS Publishing Company, 1994

Image removed due to copyright restrictions. Please see Fig. 17.5, 17.7 in 
Reed-Hill, Robert E., Reza Abbaschian, and Lara Abbaschian. Physical 
Metallurgy Principles. 3rd ed. Boston, MA: PWS Publishing, 1994.



Rules for Twinning
Twin is completely 
defined when K1, 
K2, η1, η2 are all 
known

η1 and η2 must lie 
in the same plane

η1 and η2 must be perpendicular to the 
intersection of the K1 and K2 planes

Image removed due to copyright restrictions. Please see Fig. 17.7 in 
Reed-Hill, Robert E., Reza Abbaschian, and Lara Abbaschian. Physical 
Metallurgy Principles. 3rd ed. Boston, MA: PWS Publishing, 1994.



FCC Twinning System

{111}

Glide
<110>

Twinning
<112>



Cubic Close Packed Twinning

Courtesy of DoITPoMS, University of Cambridge. (Online)

http://www.doitpoms.ac.uk/tlplib/superelasticity/martensitic_crystallography.php


Cubic Close Packed Twinning

Courtesy of DoITPoMS, University of Cambridge. (Online)

http://www.doitpoms.ac.uk/tlplib/superelasticity/martensitic_crystallography.php


Twinning Systems
Type of Metal K1 η1 K2 η2

BCC {112} <111> {112} <111>

FCC {111} <112> {111} <112>

HCP (Mg, Ti) {1011} <1012> {1013} <3032>
(Be, Cd, Hf, Mg, Ti, 
Zn, Zr)

{1012} <1011> {1012} <1011>

(Mg) {1013} <3032> {1011} <1012>
(Hf, Ti, Zr) {1121} <1126> {0002} <1120>
(Ti, Zr) {1122} <1123> {1124} <2243>

“Physical Metallurgy Principles” Appendix E



Hexagonal Metals

Twinning system is often {1012} <1011>, 
corresponding to K1=(1012), K2=(1012)
Zn: c/a=1.86, β=86°
Mg: c/a=1.62, β=94°

β

α

0001

10121012

α



Twinning & Stress Sign
Obtuse β

K1

K2

K1

K2

Twinning will occur

•Mg in compression

Twinning will not occur → fracture

•Mg in tension



Twinning & Stress Sign
Acute β

Twinning will occur

•Zn in tension

Twinning will not occur → fracture

•Zn in compression

K1 K1

K2 K2



Magnesium Twinning

M. R. Barnett, 2007

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.

http://www.sciencedirect.com/


Titanium Twinning

Zhong et al., 2008

Image removed due to copyright restrictions.
Please see Fig. 9 in Zhong, Yong, Fuxing Yin, and Kotobu Nagai.
"Role of deformation twin on texture evolution in cold-rolled commercial-purity Ti."
Journal of Materials Research 23 (November 2008): 2954-2966.



Physical Metallurgy
10/13-10/14 Lecture Review

Dept. of Mechanical Engineering, MIT

beat heat

alloy



With increasing temperature

http://www.msm.cam.ac.uk/wjc/coursef/Lecture5.htm

 Glide becomes 
easier

 Apparent 
activation 
barrier is lower

 T
Other 

obstaclesLow T

Energy req’d to move

Courtesy of Bill Clegg. Used with permission. 2



3

Dislocation climb 

Vitelli V et al. PNAS 2006;103:12323-12328
http://neon.materials.cmu.edu/rohrer/defects_lab/polygoniz_bg.html

 Edge dislocations 
can leave their slip 
plane

  climb can absorb 
or emit vacancies

 Increase T  = 
increase vacancies

Vacancy moves to 

core of dislocation

Dislocation shifts by 

one atomic distance

Courtesy of National Academy of Sciences, U. S. A. Used with permission. Source: Vitelli, 
Vincenzo, J. B. Lucks, and D. R. Nelson. "Crystallography on Curved Surfaces." PNAS 103 
(August 2006): 12323-12328. Copyright (c) 2006 National Academy of Sciences, U.S.A.

Courtesy of Gregory S. Rohrer. Used with permission.

http://neon.materials.cmu.edu/rohrer/defects_lab/polygoniz_bg.html


4

Recovery (Annealing)

 Recovery of , stored  energy
 T ≥ 1/3 Tmelt

 Heat + mobility =  annihilation

1/ = Ae-(Q/RT)



T

t



5

Recovery: Polygonization

  of like sign assemble into 
boundaries

 Subgrain formation of low-
angle grain boundaries

 Localizes lattice curvature 
into polygonal regions

Steel heat treatment: metallurgy and technologies, Totten (2006)
http://en.wikipedia.org/wiki/Recovery_%28metallurgy%29

Image removed due to copyright restrictions.
Please see Fig. 6.82 in Totten, George E.
Steel Heat Treatment Handbook: Metallurgy and
Technologies. Vol. 1. Boca Raton, FL: Taylor & Francis, 2007.

http://en.wikipedia.org/wiki/Recovery_%28metallurgy%29


6

Recovery: Coarsening

 Loss of boundary 
area to reduce 
interaction energy

Gutierrez-Urrutia et al (2006) J. Materials Research

























Einitial ~ b2

Efinal ~ b2/2

Image removed due to copyright restrictions.
Please see Fig. 3 in Gutierrez-Urrutia, I., M. A. Muñoz-Morris,
and D. G. Morris. "Recovery of deformation substructure and
coarsening of particles on annealing severely plastically deformed
Al-Mg-Si alloy and analysis of strengthening mechanisms."
Journal of Materials Research 21 (February 2006): 329-342.



7

Recrystallization: ReX

 Nucleation of new, 
-free grains

 Heterogeneous 
process, complex 
kinetics

 Original 
microstructure 
erased

Steel heat treatment: metallurgy and technologies, Totten (2006)

nucleation growth impingement

t1 t2 > t1 t3 > t2

t5 > t4t4 > t3 t6 > t5

Figure by MIT OpenCourseWare. Adapted from Fig. 6.85 in Totten, George E. Steel Heat Treatment Handbook: Metallurgy
and Technologies. Vol. 1. Boca Raton, FL: Taylor & Francis, 2007.



Recrystallization: JMAK analysis

Johnson-Mehl-Avrami-Kolmogorov Theory
 Nucleation

 N = nucleation rate
 Growth

 G = constant growth rate
 Impingement

 df = dfex (1-f)

http://en.wikipedia.org/wiki/Recrystallization_%28metallurgy%29

8

f = 1 – exp( -K t n )
General form

(n = d + 1 )

f 

Spherical grains

http://en.wikipedia.org/wiki/Recrystallization_%28metallurgy%29


Recrystallization: ReX

http://www.doitpoms.ac.uk/miclib/full_record.php?id=772

302 stainless steel 

annealed @ 704C 

for 1h

‘annealing twins’

Courtesy of H. K. D. H. Bhadeshia and DoITPoMS, University of Cambridge. 9

http://www.doitpoms.ac.uk/miclib/full_record.php?id=772


10

Annealing of stainless steel bellows

http://www.youtube.com/watch?v=VJNY-68ulGk

Please see MazzolaTermomacchine.
"Stainless Steel Bellows End Annealing." March 12, 2009.
YouTube. Accessed May 5, 2010. http://www.youtube.com/watch?v=VJNY-68ulGk

http://www.youtube.com/watch?v=VJNY-68ulGk
http://www.youtube.com/watch?v=VJNY-68ulGk


Recrystallization! (copper(II) sulfate)

http://www.youtube.com/watch?v=erjXD1iUXKo

Please see mikishima. "Recrystallization of Copper Vitriol." April 4, 2007.
YouTube. Accessed May 5, 2010. http://www.youtube.com/watch?v=erjXD1iUXKo

11

http://www.youtube.com/watch?v=erjXD1iUXKo
http://www.youtube.com/watch?v=erjXD1iUXKo
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Heat Treatment 

Please see dziadunio. "Heat Treatment." February 29, 2008.
YouTube. Accessed May 5, 2010. http://www.youtube.com/watch?v=rAm2Y0wGRF4

http://www.youtube.com/watch?v=rAm2Y0wGRF4

http://www.youtube.com/watch?v=rAm2Y0wGRF4
http://www.youtube.com/watch?v=rAm2Y0wGRF4


13

Bandsaw blade manufacturing  

M42 

edge

D6A 

backing

E-beam 

welder

Vacuum pit 

furnace
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Before Anneal After Anneal

Bandsaw blade annealing

38 HRC

29 HRC

69 HRC

23 HRC

36 HRC

88 HRB

19 hours 

later
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Recovery time vs. hardness 



16

Familiar looking curve? 



Physical MetallurgyPhysical Metallurgy
12/09 Lecture Review

Nanocrystalline MetalsNanocrystalline Metals

Dept. of Mechanical Engineering, MIT

http://schuh.mit.edu/research/images/nanox_3Datomicstruct.jpg

Courtesy of Chris Schuh. 
Used with permission.



2

nanocrystalline metals

Grain size

Nanocrystalline 
(nc) Ni

T. Hanlon, Y.-N. Kwon, S. Suresh (2003) Scripta Materialia

Ultra-fine-crystalline
(ufc) Ni

Microcrystalline 
(mc) Ni

100 nm 1000 nm

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.

http://www.sciencedirect.com/


3

strengthening effects of grain size

(nc)

K. S. Kumar, H. Van Swygenhoven and S. Suresh (2003) Acta Materialia

(ufc)(mc)

mc
Hall-Petch relationship (σ ∼ d-½ ) 

ufc
σ ↑ as d ↓, but not like H-P

nc
σ plateau or decreasing!

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.

http://www.sciencedirect.com/


4

strengthening effects of grain size

(nc)

K. S. Kumar, H. Van Swygenhoven and S. Suresh (2003) Acta Materialia

(ufc)(mc)

mc
Hall-Petch relationship (σ ∼ d-½ ) 

ufc
σ ↑ as d ↓, but not like H-P

nc
σ plateau or decreasing!

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.

http://www.sciencedirect.com/


5

dislocation motion in nc materials

Grain Boundaries (GB) 
can act as dislocation 
sources

3 step process:
Nucleation

Propagation

Reabsorbed at GB

H. Van Swygenhoven, P.M. Derlet and A.G. Frøseth (2006) Acta Materialia

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.

http://www.sciencedirect.com/


6

nc (partial) dislocation emission

H. Van Swygenhoven, P.M. Derlet and A.G. Frøseth (2006) Acta Materialia

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.

http://www.sciencedirect.com/
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with very fine nc grains (d < 10 nm)

H. Van Swygenhoven, P.M. Derlet and A.G. Frøseth (2006) Acta Materialia

plasticity mainly occuring @ GB’s
(dark atoms indicate movement)

0.4% strain

before after

Courtesy of Jakob Schiøtz. Used with permission.



8

nc tensile testing data

increased strain 
rate sensitivity

M. Dao, L. Lu, R.J. Asaro, J.T.M. De Hosson, E. Ma, Toward (2007) Acta Materialia

very low ductility 
(<10%)

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.

http://www.sciencedirect.com/


9

nc yield criteria

A.C. Lund, C.A. Schuh (2005) Acta Materialia

Mohr - Coulomb

Drucker–Prager

tension/compression 
asymmetry

atomistic simulations 
for d = 4 nm

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.

http://www.sciencedirect.com


10

mechanically-induced grain growth

D. Moldovan, D. Wolf, S. R. Phillpot, A. J. Haslam (2002) Acta Materialia
A.J. Haslam, D. Moldovan, V. Yamakov, D. Wolf, S.R. Phillpot, H. Gleiter (2003) Acta Materialia

GB rotation

Driven by mechanical force

GB migration

GB rotation

before after
Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.

http://www.sciencedirect.com/
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“Nanovated” material

“Integran’s Grain Boundary 
Engineering (GBE®) process 
enhances reliability and durability by 
altering the internal structure of 
materials on the nanometre-scale.”

http://www.integran.com/tech/nanovate.htm

average “nanovated” grain size ~ 20 nm

“Integran’s patented Nanovating 
process, creates materials with 1000 
times smaller grain sizes.”

conventional grains

Images removed due to copyright restrictions. Please 
see “Nanovate Technology.” Integran, 2008.

http://web.archive.org/web/20080417211355/http:/www.integran.com/tech/nanovate.htm


12

video – nc testing

Atomistic simulation of nc Al: 
Psuedo1ntellectual. “Mechanical Properties of Nano-phase 
Metals (Tensile test).” August 7, 2007. YouTube. Accessed May 
14, 2010. http://www.youtube.com/watch?v=QVJ1DOIDl2A

Bending test of nc Ni-W coating on steel: 
TJRupert. “Bending test – 25 nm grain size – Nanocrystalline 
nickel-tungsten.” October 6, 2009. YouTube. Accessed May 14, 
2010. http://www.youtube.com/watch?v=xl8Ziy3H8CI

http://www.youtube.com/watch?v=QVJ1DOIDl2A
http://www.youtube.com/watch?v=xl8Ziy3H8CI
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