
Point	
  Defects
Point	
  defects	
  are	
  localized	
  disruptions	
  in	
  perfect	
  atomic	
  or	
  ionic	
  arrangements	
  in	
  
a	
  crystal	
  structure.	
  

Even	
  though	
  we	
  call	
  them	
  point	
  defects,	
  the	
  disruption	
  affects	
  a	
  region	
  involving	
  
several	
  atoms	
  or	
  ions.	
  

These	
  imperfections,	
  may	
  be	
  introduced	
  by	
  movement	
  of	
  the	
  atoms	
  or	
  ions	
  
when	
  they	
  gain	
  energy	
  by	
  heating,	
  during	
  processing	
  of	
  the	
  material,	
  or	
  by	
  the	
  
intentional	
  or	
  unintentional	
  introduction	
  of	
  impurities	
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silicon that impart special electrical properties to different parts of the silicon crystal.
This, in turn, allows us to make useful devices such as transistors—the basic build-
ing blocks that enabled the development of modern computers and the information
technology revolution. The effect of point defects, however, is not always desirable.
When we want to use copper as a conductor for microelectronics, we use the high-
est purity available. This is because even small levels of impurities will cause an
orders of magnitude increase in the electrical resistivity of copper!

Grain boundaries, regions between different grains of a polycrystalline material,
represent one type of defect. Ceramic superconductors, under certain conditions, can
conduct electricity without any electrical resistance. Materials scientists and engineers
have made long wires or tapes of such materials. They have also discovered that,
although the current flows quite well within the grains of a polycrystalline superconduc-
tor, there is considerable resistance to the flow of current from one grain to another—
across the grain boundary. On the other hand, the presence of grain boundaries actually
helps strengthen metallic materials. In later chapters, we will show how we can control
the concentrations of these defects through tailoring of composition or processing tech-
niques. In this chapter, we explore the nature and effects of different types of defects.

4-1 Point Defects
Point defects are localized disruptions in otherwise perfect atomic or ionic arrangements in
a crystal structure. Even though we call them point defects, the disruption affects a region
involving several atoms or ions. These imperfections, shown in Figure 4-1, may be intro-
duced by movement of the atoms or ions when they gain energy by heating, during process-
ing of the material, or by the intentional or unintentional introduction of impurities.

Figure 4-1 Point defects: (a) vacancy, (b) interstitial atom, (c) small substitutional atom, 
(d) large substitutional atom, (e) Frenkel defect, and (f) Schottky defect. All of these defects
disrupt the perfect arrangement of the surrounding atoms.
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Point	
  defects:	
  (a)	
  vacancy,	
  (b)	
  
interstitial	
  atom,	
  (c)	
  small	
  
substitutional	
  atom,	
  (d)	
  large	
  
substitutional	
  atom,	
  (e)	
  Frenkel
defect,	
  and	
  (f)	
  Schottky defect.	
  



Vacancies	
  
A	
  vacancy	
   is	
  produced	
  when	
  an	
  atom	
  or	
  an	
  ion	
  is	
  missing	
  from	
  its	
  normal	
  site	
  in	
  
the	
  crystal	
  structure.

When	
  atoms	
  or	
  ions	
  are	
  missing	
  (i.e.,	
  when	
  vacancies	
  are	
  present),	
  the	
  overall	
  
randomness	
  or	
  entropy	
  of	
  the	
  material	
  increases,	
  which	
  increases	
  the	
  
thermodynamic	
  stability	
  of	
  a	
  crystalline	
  material.	
  

Vacancies	
  are	
  introduced	
  into	
  metals	
  and	
  alloys	
  during	
  solidification,	
  at	
  high	
  
temperatures,	
  or	
  as	
  a	
  consequence	
  of	
  radiation	
  damage.	
  



Vacancies	
  
At	
  room	
  temperature	
  (~298	
  K),	
  the	
  concentration	
  of	
  vacancies	
  is	
  small,	
  but	
  the	
  
concentration	
  of	
  vacancies	
  increases	
  exponentially	
  as	
  the	
  temperature	
  increases,	
  as	
  
shown	
  by	
  the	
  following	
  Arrhenius	
  behaviour:
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Typically, impurities are elements or compounds that are present from raw materials or
processing. For example, silicon crystals grown in quartz crucibles contain oxygen as an
impurity. Dopants, on the other hand, are elements or compounds that are deliberately
added, in known concentrations, at specific locations in the microstructure, with an
intended beneficial effect on properties or processing. In general, the effect of impurities is
deleterious, whereas the effect of dopants on the properties of materials is useful.
Phosphorus (P) and boron (B) are examples of dopants that are added to silicon crystals
to improve the electrical properties of pure silicon (Si).

A point defect typically involves one atom or ion, or a pair of atoms or ions, and
thus is different from extended defects, such as dislocations or grain boundaries. An impor-
tant “point” about point defects is that although the defect occurs at one or two sites,
their presence is “felt” over much larger distances in the crystalline material.

Vacancies A vacancy is produced when an atom or an ion is missing from its nor-
mal site in the crystal structure as in Figure 4-1(a). When atoms or ions are missing (i.e., when
vacancies are present), the overall randomness or entropy of the material increases, which
increases the thermodynamic stability of a crystalline material. All crystalline materials have
vacancy defects. Vacancies are introduced into metals and alloys during solidification, at high
temperatures, or as a consequence of radiation damage. Vacancies play an important role in
determining the rate at which atoms or ions move around or diffuse in a solid material, espe-
cially in pure metals. We will see this in greater detail in Chapter 5.

At room temperature (!298 K), the concentration of vacancies is small, but the
concentration of vacancies increases exponentially as the temperature increases, as shown
by the following Arrhenius type behavior:

(4-1)

where
nv is the number of vacancies per cm3;
n is the number of atoms per cm3;
Qv is the energy required to produce one mole of vacancies, in cal mol or Joules mol;

R is the gas constant, or ; and

T is the temperature in degrees Kelvin.
Due to the large thermal energy near the melting temperature, there may be as

many as one vacancy per 1000 atoms. Note that this equation provides the equilibrium
concentration of vacancies at a given temperature. It is also possible to retain the concen-
tration of vacancies produced at a high temperature by quenching the material rapidly.
Thus, in many situations, the concentration of vacancies observed at room temperature is
not the equilibrium concentration predicted by Equation 4-1.

8.314 
Joules
mol # K

1.987 
cal

mol # K

>>
nv = n exp a -Qv

RT
b

Example 4-1 The Effect of Temperature on Vacancy Concentrations

Calculate the concentration of vacancies in copper at room temperature (25°C).
What temperature will be needed to heat treat copper such that the concentration of
vacancies produced will be 1000 times more than the equilibrium concentration of
vacancies at room temperature? Assume that 20,000 cal are required to produce a
mole of vacancies in copper.
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Vacancies	
  
Due	
  to	
  the	
  large	
  thermal	
  energy	
  near	
  the	
  melting	
  temperature,	
  there	
  may	
  be	
  as	
  
many	
  as	
  one	
  vacancy	
  per	
  1000	
  atoms.	
  

Note	
  that	
  this	
  equation	
  provides	
  the	
  equilibrium	
  concentration	
  of	
  vacancies	
  at	
  a	
  
given	
  temperature.	
  

It	
  is	
  also	
  possible	
  to	
  retain	
  the	
  concentration	
  of	
  vacancies	
  produced	
  at	
  a	
  high	
  
temperature	
  by	
  quenching	
  the	
  material	
  rapidly.	
  

Thus,	
  in	
  many	
  situations,	
  the	
  concentration	
  of	
  vacancies	
  observed	
  at	
  room	
  
temperature	
  is	
  not	
  the	
  equilibrium	
  concentration	
  predicted	
  by	
  Equation	
  



Exercise
Calculate	
  the	
  concentration	
  of	
  vacancies	
  in	
  copper	
  at	
  room	
  temperature	
  (25°C).	
  Given	
  
the	
  lattice	
  parameter	
  of	
  FCC	
  copper	
  is	
  0.36151	
  nm.	
  Assume	
  that	
  20,000	
  cal are	
  required	
  
to	
  produce	
  a	
  mole	
  of	
  vacancies	
  in	
  copper.	
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Example 4-1 The Effect of Temperature on Vacancy Concentrations

Calculate the concentration of vacancies in copper at room temperature (25°C).
What temperature will be needed to heat treat copper such that the concentration of
vacancies produced will be 1000 times more than the equilibrium concentration of
vacancies at room temperature? Assume that 20,000 cal are required to produce a
mole of vacancies in copper.
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SOLUTION
The lattice parameter of FCC copper is 0.36151 nm. There are four atoms per unit
cell; therefore, the number of copper atoms per cm3 is

At room temperature, T = 25 + 273 = 298 K:

We wish to find a heat treatment temperature that will lead to a concentration of vacan-
cies that is 1000 times higher than this number, or .

We could do this by heating the copper to a temperature at which this number
of vacancies forms:

By heating the copper slightly above 100°C, waiting until equilibrium is reached, and
then rapidly cooling the copper back to room temperature, the number of vacancies
trapped in the structure may be one thousand times greater than the equilibrium
number of vacancies at room temperature. Thus, vacancy concentrations encoun-
tered in materials are often dictated by both thermodynamic and kinetic factors.

  T =
20,000

(1.987)(26.87)
= 375 K = 102°C

 
-20,000
1.987T

= ln(0.214 * 10-11) = -26.87

 exp a -20,000
1.987T

b = 1.814 * 1011

8.466 * 1022 = 0.214 * 10-11

 = (8.466 * 1022) exp (-20,000)>(1.987T )

n ! = 1.814 * 1011 = n exp a -Qv

RT
b

ny = 1.814 * 1011 vacancies/cm3

 = 1.814 * 108  vacancies>cm3

 = a8.466 * 1022 
atoms
cm3 b  exp ≥ -20,000 

cal
mola1.987 

cal
mol # K

b (298 K)
 ¥

 ny = n exp a -Qv

RT
b

n = 4 atoms/cell

(3.6151 * 10-8 cm)3
= 8.466 * 1022 copper atoms/cm3

Example 4-2 Vacancy Concentrations in Iron

Calculate the theoretical density of iron, and then determine the number of vacan-
cies needed for a BCC iron crystal to have a density of 7.874 g cm3. The lattice
parameter of iron is 2.866 * 10-8 cm.

SOLUTION
The theoretical density of iron can be calculated from the lattice parameter and the
atomic mass. Since the iron is BCC, two iron atoms are present in each unit cell.

>
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Exercise	
  (Continue)
What	
  temperature	
  will	
  be	
  needed	
  to	
  heat	
  treat	
  copper	
  such	
  that	
  the	
  
concentration	
  of	
  vacancies	
  produced	
  will	
  be	
  1000	
  times	
  more	
  than	
  the	
  
equilibrium	
  concentration	
  of	
  vacancies	
  at	
  room	
  temperature?	
  
We	
  wish	
  to	
  find	
  a	
  heat	
  treatment	
   temperature	
   that	
  will	
   lead	
  to	
  a	
  concentration	
   of	
  vacancies	
   that	
  is	
  1000	
  
times	
  higher	
   than	
  this	
  number,	
  or	
  nv =	
  1.814	
  x 1011 vacancies/cm3.	
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Interstitial	
  Defects	
  
An	
  interstitial	
  defect	
  is	
  formed	
  when	
  an	
  extra	
  atom	
  or	
  ion	
  is	
  inserted	
  into	
  the	
  crystal	
  
structure	
  at	
  a	
  normally	
  unoccupied	
  position	
  

Interstitial	
  atoms	
  or	
  ions,	
  although	
  much	
  smaller	
  than	
  the	
  atoms	
  or	
  ions	
  located	
  at	
  the	
  
lattice	
  points,	
  are	
  still	
   larger	
  than	
  the	
  interstitial	
  sites	
  that	
  they	
  occupy

Consequently,	
  the	
  surrounding	
  crystal	
  region	
  is	
  compressed	
  and	
  distorted.	
  

Interstitial	
  atoms	
  such	
  as	
  hydrogen	
  are	
  often	
  present	
  as	
  impurities,	
  whereas	
  carbon	
  
atoms	
  are	
  intentionally	
  added	
  to	
  iron	
  to	
  produce	
  steel.	
  

For	
  small	
  concentrations,	
  carbon	
  atoms	
  occupy	
  interstitial	
  sites	
   in	
  the	
  iron	
  crystal	
  
structure,	
  introducing	
  a	
  stress	
  in	
  the	
  localized	
  region	
  of	
  the	
  crystal	
  in	
  their	
  vicinity.	
  



Interstitial	
  Defects	
  
the	
  introduction	
  of	
  interstitial	
  atoms	
  is	
  one	
  important	
  way	
  of	
  
increasing	
  the	
  strength	
  of	
  metallic	
  materials.	
  
Unlike	
  vacancies,	
  once	
  introduced,	
  the	
  number	
  of	
  interstitial	
  atoms	
  
or	
  ions	
  in	
  the	
  structure	
  remains	
  nearly	
  constant,	
  even	
  when	
  the	
  
temperature	
  is	
  changed.	
  



Frenkel Defect	
  
vacancy-­‐interstitial	
  pair	
  formed	
  when	
  an	
  ion	
  jumps	
  from	
  a	
  normal	
  
lattice	
  point	
  to	
  an	
  interstitial	
  site,	
  leaving	
  behind	
  a	
  vacancy.	
  
Although,	
  this	
  is	
  usually	
  associated	
  with	
  ionic	
  materials,	
  a	
  Frenkel
defect	
  can	
  occur	
  in	
  metals	
  and	
  covalently	
  bonded	
  materials.	
  



Schottky Defect	
  
Is	
  unique	
  to	
  ionic	
  materials	
  and	
  is	
  commonly	
  found	
  in	
  many	
  ceramic	
  materials.	
  

When	
  vacancies	
  occur	
  in	
  an	
  ionically	
  bonded	
  material,	
  a	
  stoichiometric	
  number	
  
of	
  anions	
  and	
  cations	
  must	
  be	
  missing	
  from	
  regular	
  atomic	
  positions	
  if	
  electrical	
  
neutrality	
  is	
  to	
  be	
  preserved.

For	
  example,	
  one	
  Mg2+	
  vacancy	
  and	
  one	
  O2-­‐ vacancy	
  in	
  MgO constitute	
  a	
  
Schottky pair.	
  

In	
  ZrO2,	
  for	
  one	
  Zr4+	
  vacancy,	
  there	
  will	
  be	
  two	
  O2-­‐ vacancies.	
  



Dislocations
Dislocations	
  are	
  line	
  imperfections	
  typically	
  introduced	
  into	
  a	
  crystal	
  during	
  
solidification	
  of	
  the	
  material	
  or	
  when	
  the	
  material	
  is	
  deformed	
  permanently.	
  

Although	
  dislocations	
  are	
  present	
  in	
  all	
  materials,	
  including	
  ceramics	
  and	
  polymers,	
  they	
  
are	
  particularly	
  useful	
  in	
  explaining	
  deformation	
  and	
  strengthening	
  in	
  metallic	
  materials.	
  

We	
  can	
  identify	
  three	
  types	
  of	
  dislocations:	
  

1. screw	
  dislocation

2. edge	
  dislocation

3. mixed	
  dislocation



Screw	
  Dislocations	
  
The	
  screw	
  dislocation can	
  be	
  illustrated	
  by	
  cutting	
  partway	
  through	
  a	
  perfect	
  crystal	
  
and	
  then	
  skewing	
  the	
  crystal	
  by	
  one	
  atom	
  spacing.	
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oxygen site must be used and since mass balance must also be maintained, we will
have to keep this site vacant (i.e., an oxygen ion vacancy will have to be created).

The concentration of oxygen vacancies in ZrO2 (i.e., ) will increase with increas-
ing CaO concentration. These oxygen ion vacancies make CaO stabilized ZrO2 an
ionic conductor. This allows the use of this type of ZrO2 in oxygen sensors used in
automotives and solid oxide fuel cells.

4-3 Dislocations
Dislocations are line imperfections in an otherwise perfect crystal. They typically are intro-
duced into a crystal during solidification of the material or when the material is deformed
permanently. Although dislocations are present in all materials, including ceramics and
polymers, they are particularly useful in explaining deformation and strengthening in metal-
lic materials. We can identify three types of dislocations: the screw dislocation, the edge
dislocation, and the mixed dislocation.

Screw Dislocations The screw dislocation (Figure 4-4) can be illustrated
by cutting partway through a perfect crystal and then skewing the crystal by one atom
spacing. If we follow a crystallographic plane one revolution around the axis on which the
crystal was skewed, starting at point x and traveling equal atom spacings in each direction,
we finish at point y one atom spacing below our starting point. If a screw dislocation were
not present, the loop would close. The vector required to complete the loop is the Burgers
vector b. If we continued our rotation, we would trace out a spiral path. The axis, or line
around which we trace out this path, is the screw dislocation. The Burgers vector is par-
allel to the screw dislocation.

Edge Dislocations An edge dislocation (Figure 4-5) can be illustrated by
slicing partway through a perfect crystal, spreading the crystal apart, and partly filling

[VO
# #

]

CaO
ZrO2¡ Cafl

Zr + OO
x + VO

..

Figure 4-4 The perfect crystal (a) is cut and sheared one atom spacing, (b) and (c). 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.
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Edge	
  Dislocations	
  
An	
  edge	
  dislocation can	
  be	
  illustrated	
  by	
  slicing	
  partway	
  through	
  a	
  perfect	
  crystal,	
  
spreading	
  the	
  crystal	
  apart,	
  and	
  partly	
  filling	
  the	
  cut	
  with	
  an	
  extra	
  half	
  plane	
  of	
  atoms.	
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Figure 4-5 The perfect crystal in (a) is cut and an extra half plane of atoms is inserted 
(b). The bottom edge of the extra half plane is an edge dislocation (c). A Burgers vector b is
required to close a loop of equal atom spacings around the edge dislocation. (Adapted from
J.D. Verhoeven, Fundamentals of Physical Metallurgy, Wiley, 1975.)

the cut with an extra half plane of atoms. The bottom edge of this inserted plane repre-
sents the edge dislocation. If we describe a clockwise loop around the edge dislocation,
starting at point x and traveling an equal number of atom spacings in each direction, we
finish at point y one atom spacing from the starting point. If an edge dislocation were not
present, the loop would close. The vector required to complete the loop is, again, the
Burgers vector. In this case, the Burgers vector is perpendicular to the dislocation. By
introducing the dislocation, the atoms above the dislocation line are squeezed too closely
together, while the atoms below the dislocation are stretched too far apart. The surround-
ing region of the crystal has been disturbed by the presence of the dislocation. [This is
illustrated later in Figure 4-8(b).] A “ ” symbol is often used to denote an edge dislo-
cation. The long axis of the “ ” points toward the extra half plane. Unlike an edge dis-
location, a screw dislocation cannot be visualized as an extra half plane of atoms.

Mixed Dislocations As shown in Figure 4-6, mixed dislocations have both
edge and screw components, with a transition region between them. The Burgers vector,
however, remains the same for all portions of the mixed dislocation.

!
!

Figure 4-6
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. (Adapted from
W.T. Read, Dislocations in
Crystals. McGraw-Hill,
1953.)
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Mixed	
  Dislocation
Mixed	
  dislocations	
  have	
  both	
  edge	
  and	
  screw	
  components,	
  with	
  a	
  transition	
  region	
  
between	
  them.	
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(b). The bottom edge of the extra half plane is an edge dislocation (c). A Burgers vector b is
required to close a loop of equal atom spacings around the edge dislocation. (Adapted from
J.D. Verhoeven, Fundamentals of Physical Metallurgy, Wiley, 1975.)
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Burgers vector. In this case, the Burgers vector is perpendicular to the dislocation. By
introducing the dislocation, the atoms above the dislocation line are squeezed too closely
together, while the atoms below the dislocation are stretched too far apart. The surround-
ing region of the crystal has been disturbed by the presence of the dislocation. [This is
illustrated later in Figure 4-8(b).] A “ ” symbol is often used to denote an edge dislo-
cation. The long axis of the “ ” points toward the extra half plane. Unlike an edge dis-
location, a screw dislocation cannot be visualized as an extra half plane of atoms.

Mixed Dislocations As shown in Figure 4-6, mixed dislocations have both
edge and screw components, with a transition region between them. The Burgers vector,
however, remains the same for all portions of the mixed dislocation.

!
!

Figure 4-6
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. (Adapted from
W.T. Read, Dislocations in
Crystals. McGraw-Hill,
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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.  



Dislocation	
  Motion
When	
  a	
  sufficiently	
  large	
  shear	
  stress	
  is	
  applied	
  to	
  a	
  crystal	
  containing	
  a	
  
dislocation,	
  the	
  dislocation	
  can	
  move	
  through	
  a	
  process	
  known	
  as	
  slip.	
  

The	
  bonds	
  across	
  the	
  slip	
  plane	
  between	
  the	
  atoms	
  in	
  the	
  column	
  to	
  the	
  right	
  of	
  
the	
  dislocation	
  shown	
  are	
  broken.	
  

The	
  atoms	
  in	
  the	
  column	
  to	
  the	
  right	
  of	
  the	
  dislocation	
  below	
  the	
  slip	
  plane	
  are	
  
shifted	
  slightly	
  so	
  that	
  they	
  establish	
  bonds	
  with	
  the	
  atoms	
  of	
  the	
  edge	
  
dislocation.	
  



Dislocation	
  Motion
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Stresses When discussing the motion of dislocations, we need to refer to the
concept of stress, which will be covered in detail in Chapter 6. For now, it suffices to say
that stress is force per unit area. Stress has units of lb in2 known as psi (pounds per square
inch) or N m2 known as the Pascal (Pa). A normal stress arises when the applied force acts
perpendicular to the area of interest. A shear stress t arises when the force acts in a direc-
tion parallel to the area of interest.

Dislocation Motion Consider the edge dislocation shown in Figure 4-7(a).
A plane that contains both the dislocation line and the Burgers vector is known as a
slip plane. When a sufficiently large shear stress acting parallel to the Burgers vector is
applied to a crystal containing a dislocation, the dislocation can move through a process
known as slip. The bonds across the slip plane between the atoms in the column to the
right of the dislocation shown are broken. The atoms in the column to the right of the
dislocation below the slip plane are shifted slightly so that they establish bonds with
the atoms of the edge dislocation. In this way, the dislocation has shifted to the right
[Figure 4–7(b)]. If this process continues, the dislocation moves through the crystal
[Figure 4-7(c)] until it produces a step on the exterior of the crystal [Figure 4-7(d)] in the
slip direction (which is parallel to the Burgers vector). (Note that the combination of a

> >

e

Slip
plane

(b)

Figure 4-7 (a) When a shear stress is applied to the dislocation in (a), the atoms are displaced,
(b) causing the dislocation to move one Burgers vector in the slip direction. (c) Continued
movement of the dislocation eventually creates a step (d), and the crystal is deformed. (Adapted
from A.G. Guy, Essentials of Materials Science, McGraw-Hill, 1976.) (e) The motion of a
caterpillar is analogous to the motion of a dislocation.
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Dislocation	
  Motion
This	
  process	
  of	
  progressively	
  breaking	
  and	
  reforming	
  bonds	
  requires	
  
far	
  less	
  energy	
  than	
  the	
  energy	
  that	
  would	
  be	
  required	
  to	
  
instantaneously	
  break	
  all	
  of	
  the	
  bonds	
  across	
  the	
  slip	
  plane.	
  
The	
  crystal	
  deforms	
  via	
  the	
  propagation	
  of	
  dislocations	
  because	
  it	
  is	
  
an	
  energetically	
  favorable	
  process.	
  



Slip
The	
  dislocation	
  moves	
  in	
  a	
  slip	
  system	
  that	
  requires	
  the	
  least	
  
expenditure	
  of	
  energy.	
  
Several	
  important	
  factors	
  determine	
  the	
  most	
  likely	
  slip	
  systems	
  that	
  
will	
  be	
  active:	
  
◦ the	
  slip	
  direction	
  should	
  have	
  a	
  small	
  repeat	
  distance	
  or	
  high	
  linear	
  density.	
  
The	
  close-­‐packed	
  directions	
  in	
  metals	
  and	
  alloys	
  satisfy	
  this	
  criterion	
  and	
  are	
  
the	
  usual	
  slip	
  directions.	
  

◦ Slip	
  occurs	
  most	
  easily	
  between	
  planes	
  of	
  atoms	
  that	
  are	
  smooth	
  (so	
  there	
  are	
  
smaller	
  “hills	
  and	
  valleys”	
  on	
  the	
  surface)	
  and	
  between	
  planes	
  that	
  are	
  far	
  
apart	
  (or	
  have	
  a	
  relatively	
  large	
  interplanar spacing).	
  



Slip
◦ Dislocations	
  do	
  not	
  move	
  easily	
  in	
  materials	
  such	
  as	
  silicon,	
  which	
  have	
  
covalent	
  bonds.	
  Because	
  of	
  the	
  strength	
  and	
  directionality	
  of	
  the	
  bonds,	
  the	
  
materials	
  typically	
  fail	
  in	
  a	
  brittle	
  manner	
  before	
  the	
  force	
  becomes	
  high	
  
enough	
  to	
  cause	
  appreciable	
  slip.	
  Dislocations	
  also	
  play	
  a	
  relatively	
  minor	
  role	
  
in	
  the	
  deformation	
  of	
  polymers.	
  

◦ Materials	
  with	
  ionic	
  bonding,	
  including	
  many	
  ceramics	
  such	
  as	
  MgO,	
  also	
  are	
  
resistant	
  to	
  slip.	
  Movement	
  of	
  a	
  dislocation	
  disrupts	
  the	
  charge	
  balance	
  
around	
  the	
  anions	
  and	
  cations,	
  requiring	
  that	
  bonds	
  between	
  anions	
  and	
  
cations	
  be	
  broken.	
  



Slip
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4-4 Significance of Dislocations
Dislocations are most significant in metals and alloys since they provide a mechanism for
plastic deformation, which is the cumulative effect of slip of numerous dislocations.
Plastic deformation refers to irreversible deformation or change in shape that occurs when
the force or stress that caused it is removed. This is because the applied stress causes dis-
location motion that in turn causes permanent deformation. There are, however, other

Figure 4-11 Optical image of etch pits in silicon carbide (SiC). The etch pits correspond to
intersection points of pure edge dislocations with Burgers vector 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.)

a
3 81q1209

Figure 4-12 Electron micrographs of dislocations in Ti3Al: (a) Dislocation pileups
(* 36,500). (b) Micrograph at * 100 showing slip lines in Al. (Reprinted courtesy 
of Don Askeland.)
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Electron micrographs of dislocations in Ti3Al: Dislocation 
pileups (x 36,500). 



Exercise-­‐Preferred	
  Slip	
  Planes
The	
  planar	
  density	
  of	
  the	
  (112)	
  plane	
  in	
  BCC	
  iron	
  is	
  9.94	
  x	
  1014 atoms/cm2.	
  

Calculate	
  the	
  plane	
  density	
  of	
  plane	
  (110).	
  The	
  lattice	
  parameter	
  of	
  BCC	
  iron	
  is	
  
0.2866	
  nm.
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crystal. The vector b is the Burgers vector. Because b is parallel a [110] direction, it
must be perpendicular to (110) planes. The length of b is the distance between two
adjacent (110) planes. From Equation 3-7,

The Burgers vector is a (110) direction that is 0.280 nm in length. Note, however, that
two extra half planes of atoms make up the dislocation—one composed of oxygen ions
and one of magnesium ions (Figure 4-9). This formula for calculating the magnitude
of the Burgers vector will not work for non-cubic systems. It is better to consider the
magnitude of the Burgers vector as equal to the repeat distance in the slip direction.

d110 =
a02h2 + k2 + l2

= 0.396212 + 12 + 02
= 0.280 nm

Figure 4-10 (a) Burgers vector for FCC copper. (b) The atom locations on a (110)
plane in a BCC unit cell (for Examples 4-7 and 4-8, respectively).

Example 4-7 Burgers Vector Calculation

Calculate the length of the Burgers vector in copper.

SOLUTION
Copper has an FCC crystal structure. The lattice parameter of copper (Cu) is
0.36151 nm. The close-packed directions, or the directions of the Burgers vector,
are of the form 110 . The repeat distance along the 110 directions is one-half
the face diagonal, since lattice points are located at corners and centers of faces
[Figure 4-10(a)].

The length of the Burgers vector, or the repeat distance, is

b = 1
2

 (0.51125)nm = 0.25563 nm

Face diagonal = 12a0 = (12)(0.36151) = 0.51125 nm

9898
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Example 4-8 Identification of Preferred Slip Planes

The planar density of the (112) plane in BCC iron is 9.94 * 1014 atoms cm2.
Calculate (a) the planar density of the (110) plane and (b) the interplanar spac-
ings for both the (112) and (110) planes. On which plane would slip normally
occur?

SOLUTION
The lattice parameter of BCC iron is 0.2866 nm or 2.866 * 10-8 cm. The (110) plane
is shown in Figure 4-10(b), with the portion of the atoms lying within the unit cell
being shaded. Note that one-fourth of the four corner atoms plus the center atom
lie within an area of a0 times .

(a) The planar density is

(b) The interplanar spacings are

The planar density is higher and the interplanar spacing is larger for the (110)
plane than for the (112) plane; therefore, the (110) plane is the preferred slip
plane.

 d112 = 2.866 * 10-8212 + 12 + 22
= 1.17 * 10-8 cm

 d110 = 2.866 * 10-8212 + 12 + 0
= 2.0266 * 10-8 cm

 Planar density (112) = 0.994 * 1015 atoms/cm2 (from problem statement)

 = 1.72 * 1015 atoms/cm2

 Planar density (110) = atoms
area

= 2

(12)(2.866 * 10-8cm)2

12a0

>

When a metallic material is “etched” (a chemical reaction treatment that involves exposure
to an acid or a base), the areas where dislocations intersect the surface of the crystal react
more readily than the surrounding material. These regions appear in the microstructure
as etch pits. Figure 4-11 shows the etch pit distribution on a surface of a silicon carbide
(SiC) crystal. A transmission electron microscope (TEM) is used to observe dislocations. In
a typical TEM image, dislocations appear as dark lines at very high magnifications as
shown in Figure 4-12(a).

When thousands of dislocations move on the same plane, they produce a large
step at the crystal surface. This is known as a slip line [Figure 4-12(b)]. A group of slip lines
is known as a slip band.
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Exercise-­‐Preferred	
  Slip	
  Planes
Calculate	
  the	
  interplanarspacings for	
  both	
  the	
  (112)	
  and	
  (110)	
  
planes.	
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Example 4-8 Identification of Preferred Slip Planes

The planar density of the (112) plane in BCC iron is 9.94 * 1014 atoms cm2.
Calculate (a) the planar density of the (110) plane and (b) the interplanar spac-
ings for both the (112) and (110) planes. On which plane would slip normally
occur?

SOLUTION
The lattice parameter of BCC iron is 0.2866 nm or 2.866 * 10-8 cm. The (110) plane
is shown in Figure 4-10(b), with the portion of the atoms lying within the unit cell
being shaded. Note that one-fourth of the four corner atoms plus the center atom
lie within an area of a0 times .

(a) The planar density is

(b) The interplanar spacings are

The planar density is higher and the interplanar spacing is larger for the (110)
plane than for the (112) plane; therefore, the (110) plane is the preferred slip
plane.

 d112 = 2.866 * 10-8212 + 12 + 22
= 1.17 * 10-8 cm

 d110 = 2.866 * 10-8212 + 12 + 0
= 2.0266 * 10-8 cm

 Planar density (112) = 0.994 * 1015 atoms/cm2 (from problem statement)

 = 1.72 * 1015 atoms/cm2

 Planar density (110) = atoms
area

= 2

(12)(2.866 * 10-8cm)2

12a0

>

When a metallic material is “etched” (a chemical reaction treatment that involves exposure
to an acid or a base), the areas where dislocations intersect the surface of the crystal react
more readily than the surrounding material. These regions appear in the microstructure
as etch pits. Figure 4-11 shows the etch pit distribution on a surface of a silicon carbide
(SiC) crystal. A transmission electron microscope (TEM) is used to observe dislocations. In
a typical TEM image, dislocations appear as dark lines at very high magnifications as
shown in Figure 4-12(a).

When thousands of dislocations move on the same plane, they produce a large
step at the crystal surface. This is known as a slip line [Figure 4-12(b)]. A group of slip lines
is known as a slip band.

96023_04_ch04_p112-153.qxd  5/21/10  3:04 PM  Page 129

Copyright 2010 Cengage Learning, Inc. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part.



Significance	
  of	
  Dislocation
Dislocations	
  are	
  most	
  significant	
  in	
  metals	
  and	
  alloys	
  since	
  they	
  provide	
  a	
  
mechanism	
  for	
  plastic	
  deformation,	
  which	
  is	
  the	
  cumulative	
  effect	
  of	
  slip	
  of	
  
numerous	
  dislocations.	
  

Plastic	
  deformation	
  refers	
  to	
  irreversible	
  deformation	
  or	
  change	
  in	
  shape	
  that	
  
occurs	
  when	
  the	
  force	
  or	
  stress	
  that	
  caused	
  it	
  is	
  removed.	
  

(Plastic	
  deformation	
  is	
  to	
  be	
  distinguished	
  from	
  elastic	
  deformation,	
  which	
  is	
  a	
  
temporary	
  change	
  in	
  shape	
  that	
  occurs	
  while	
  a	
  force	
  or	
  stress	
  remains	
  applied	
  to	
  
a	
  material.)



Significance	
  of	
  Dislocation
Amorphous	
  materials	
  such	
  as	
  silicate	
  glasses	
  do	
  not	
  have	
  a	
  periodic	
  
arrangement	
  of	
  ions	
  and	
  hence	
  do	
  not	
  contain	
  dislocations.	
  

The	
  slip	
  process,	
  therefore,	
  is	
  particularly	
  important	
  in	
  understanding	
   the	
  
mechanical	
  behavior	
  of	
  metals.	
  

slip	
  explains	
  why	
  the	
  strength	
  of	
  metals	
  is	
  much	
  lower	
  than	
  the	
  value	
  predicted	
  
from	
  the	
  metallic	
  bond.	
  
◦ If	
  slip	
  occurs,	
  only	
  a	
  tiny	
  fraction	
  of	
  all	
  of	
  the	
  metallic	
  bonds	
  across	
  the	
  interface	
  need	
  
to	
  be	
  bro-­‐ ken	
  at	
  any	
  one	
  time,	
  and	
  the	
  force	
  required	
  to	
  deform	
  the	
  metal	
  is	
  small.	
  



Significance	
  of	
  Dislocation
slip	
  provides	
  ductility	
  in	
  metals.	
  
◦ If	
  no	
  dislocations	
  were	
  present,	
  an	
  iron	
  bar	
  would	
  be	
  brittle	
  and	
  the	
  metal	
  could	
  not	
  
be	
  shaped	
  by	
  metalworking	
  processes,	
  such	
  as	
  forging,	
  into	
  useful	
  shapes.	
  

we	
  control	
  the	
  mechanical	
  properties	
  of	
  a	
  metal	
  or	
  alloy	
  by	
  interfering	
  with	
  the	
  
movement	
  of	
  dislocations.	
  
◦ An	
  obstacle	
  introduced	
  into	
  the	
  crystal	
  prevents	
  a	
  dis-­‐ location	
  from	
  slipping	
  
unless	
  we	
  apply	
  higher	
  forces.	
  Thus,	
  the	
  presence	
  of	
  dislocations	
  helps	
  
strengthen	
  metallic	
  materials.	
  



Significance	
  of	
  Dislocation
Dislocations	
  also	
  influence	
  electronic	
  and	
  optical	
  properties	
  of	
  
materials.	
  
◦ For	
  example,	
  the	
  resistance	
  of	
  pure	
  copper	
  increases	
  with	
  increasing	
  
dislocation	
  density.	
  



Diffusion
Diffusion	
  refers	
  to	
  the	
  net	
  flux	
  of	
  any	
  species,	
  such	
  as	
  ions,	
  atoms,	
  electrons	
  and	
  
molecules.	
  

The	
  magnitude	
  of	
  this	
  flux	
  depends	
  upon	
  the	
  concentration	
  gradient	
  and	
  
temperature.	
  

Application:

The	
  carburization	
  process	
  can	
  be	
  used	
  to	
  increase	
  surface	
  hard-­‐ ness.	
  In	
  
carburization,	
  a	
  source	
  of	
  carbon,	
  such	
  as	
  a	
  graphite	
  powder	
  or	
  gaseous	
  phase	
  
containing	
  carbon,	
  is	
  diffused	
  into	
  steel	
  components	
  



Self-­‐Diffusion
In	
  materials	
  containing	
  vacancies,	
  atoms	
  move	
  or	
  “jump”	
  from	
  one	
  lattice	
  position	
  to	
  
another.	
  

This	
  process,	
  known	
  as	
  self-­‐diffusion,	
  can	
  be	
  detected	
  by	
  using	
  radioactive	
  tracers.	
  

As	
  an	
  example,	
  suppose	
  we	
  were	
  to	
  introduce	
  a	
  radioactive	
  isotope	
  of	
  gold	
  (Au198)	
  
onto	
  the	
  surface	
  of	
  standard	
  gold	
  (Au197).	
  

After	
  a	
  period	
  of	
  time,	
  the	
  radioactive	
  atoms	
  would	
  move	
  into	
  the	
  standard	
  gold.	
  

Eventually,	
  the	
  radioactive	
  atoms	
  would	
  be	
  uniformly	
  distributed	
  throughout	
  the	
  entire	
  
standard	
  gold	
  sample.	
  

Although	
  self-­‐ diffusion	
  occurs	
  continually	
  in	
  all	
  materials,	
  its	
  effect	
  on	
  the	
  material’s	
  
behavior	
  is	
  generally	
  not	
  significant.	
  



Interdiffusion
Diffusion	
  of	
  unlike	
  atoms	
  in	
  materials	
  also	
  occurs.	
  

Consider	
  a	
  nickel	
  sheet	
  bonded	
  to	
  a	
  copper	
  sheet.	
  

At	
  high	
  temperatures,	
  nickel	
  atoms	
  gradually	
  
diffuse	
  into	
  the	
  copper,	
  and	
  copper	
  atoms	
  migrate	
  
into	
  the	
  nickel.	
  

Again,	
  the	
  nickel	
  and	
  copper	
  atoms	
  eventually	
  are	
  
uniformly	
  distributed.	
  Diffusion	
  of	
  different	
  atoms	
  
in	
  different	
  directions	
  is	
  known	
  as	
  interdiffusion.	
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and vacancies, called vacancy diffusion. The number of vacancies, which increases as the
temperature increases, influences the extent of both self-diffusion and diffusion of sub-
stitutional atoms.

Interstitial Diffusion When a small interstitial atom or ion is present in
the crystal structure, the atom or ion moves from one interstitial site to another. No
vacancies are required for this mechanism. Partly because there are many more intersti-
tial sites than vacancies, interstitial diffusion occurs more easily than vacancy diffusion.
Interstitial atoms that are relatively smaller can diffuse faster. In Chapter 3, we saw that

Figure 5-5
Diffusion of copper atoms into
nickel. Eventually, the copper
atoms are randomly distributed
throughout the nickel.

Figure 5-6 Diffusion mechanisms in materials: (a) vacancy or substitutional atom diffusion
and (b) interstitial diffusion.
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Vacancy	
  Diffusion
In	
  self-­‐diffusion	
  and	
  diffusion	
  involving	
  substitutional	
  atoms,	
  an	
  atom	
  leaves	
  its	
  
lattice	
  site	
  to	
  fill	
  a	
  nearby	
  vacancy	
  (thus	
  creating	
  a	
  new	
  vacancy	
  at	
  the	
  original	
  
lattice	
  site).	
  

As	
  diffusion	
  continues,	
  we	
  have	
  counterflows of	
  atoms	
  and	
  vacancies,	
  called	
  
vacancy	
  diffusion.	
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Interstitial	
  Diffusion
When	
  a	
  small	
  interstitial	
  atom	
  or	
  ion	
  is	
  present	
  in	
  the	
  crystal	
  structure,	
  the	
  atom	
  
or	
  ion	
  moves	
  from	
  one	
  interstitial	
  site	
  to	
  another.	
  

No	
  vacancies	
  are	
  required	
  for	
  this	
  mechanism.	
  

Partly	
  because	
  there	
  are	
  many	
  more	
  interstitial	
  sites	
  than	
  vacancies,	
  interstitial	
  
diffusion	
  occurs	
  more	
  easily	
  than	
  vacancy	
  diffusion.	
  

Interstitial	
  atoms	
  that	
  are	
  relatively	
  smaller	
  can	
  diffuse	
  faster.	
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Rate	
  of	
  Diffusion
The	
  rate	
  at	
  which	
  atoms,	
  ions,	
  particles	
  or	
  
other	
  species	
  diffuse	
  in	
  a	
  material	
  can	
  be	
  
measured	
  by	
  the	
  flux	
  J.	
  

Here	
  we	
  are	
  mainly	
  concerned	
  with	
  
diffusion	
  of	
  ions	
  or	
  atoms.	
  

The	
  flux	
  J	
  is	
  defined	
  as	
  the	
  number	
  of	
  
atoms	
  passing	
  through	
  a	
  plane	
  of	
  unit	
  
area	
  per	
  unit	
  time	
  

5-5 Rate of Diffusion [Fick’s First Law] 165

where J is the flux, D is the diffusivity or diffusion coefficient , and dc dx is the
concentration gradient . Depending upon the situation, concentration may be
expressed as atom percent (at%), weight percent (wt%), mole percent (mol%), atom
fraction, or mole fraction. The units of concentration gradient and flux will change
accordingly.

Several factors affect the flux of atoms during diffusion. If we are dealing with
diffusion of ions, electrons, holes, etc., the units of J, D, and will reflect the appropri-
ate species that are being considered. The negative sign in Equation 5-3 tells us that the
flux of diffusing species is from higher to lower concentrations, so that if the term is neg-
ative, J will be positive. Thermal energy associated with atoms, ions, etc., causes the
random movement of atoms. At a microscopic scale, the thermodynamic driving force for
diffusion is the concentration gradient. A net or an observable flux is created depending
upon temperature and the concentration gradient.

Concentration Gradient The concentration gradient shows how the
composition of the material varies with distance: !c is the difference in concentration
over the distance !x (Figure 5-9). A concentration gradient may be created when two
materials of different composition are placed in contact, when a gas or liquid is in con-
tact with a solid material, when nonequilibrium structures are produced in a material due
to processing, and from a host of other sources.

dc
dx

dc
dx 

1  atoms
 cm3 # cm2 >1 cm2

 s 2

Figure 5-8
The flux during diffusion is defined as the number of
atoms passing through a plane of unit area per unit time.

Figure 5-9
Illustration of the concentration gradient.
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Fick’s	
  first	
  law	
  explains	
  the	
  net	
  flux	
  of	
  atoms:	
  

J	
  is	
  the	
  flux,	
  D	
  is	
  the	
  diffusivity	
  (cm2/s),	
  dc/dx is	
  the	
  concentration	
  gradient	
  (atom/cm3.cm)

The	
  concentration	
  can	
  be	
  expressed	
  as	
  atom	
  percent	
  (at%),	
  weight	
  percent	
  (wt%),	
  mole	
  percent	
  
(mol%),	
  atom	
  fraction,	
  or	
  mole	
  fraction.	
  The	
  units	
  of	
  concentration	
  gradient	
  and	
  flux	
  will	
  change	
  
accordingly.	
  

5-5 Rate of Diffusion [Fick’s First Law]
Adolf Eugen Fick (1829–1901) was the first scientist to provide a quantitative descrip-
tion of the diffusion process. Interestingly, Fick was also the first to experiment with
contact lenses in animals and the first to implant a contact lens in human eyes in
1887–1888!

The rate at which atoms, ions, particles or other species diffuse in a material can
be measured by the flux J. Here we are mainly concerned with diffusion of ions or atoms.
The flux J is defined as the number of atoms passing through a plane of unit area per
unit time (Figure 5-8). Fick’s first law explains the net flux of atoms:

(5-3)J = -D 
dc
dx 

164 CHAPTER 5 Atom and Ion Movements in Materials

TABLE 5-1 ■ Diffusion data for selected materials

Diffusion Couple Q (cal mol) D0 (cm2 s)

Interstitial diffusion:
C in FCC iron 32,900 0.23
C in BCC iron 20,900 0.011
N in FCC iron 34,600 0.0034
N in BCC iron 18,300 0.0047
H in FCC iron 10,300 0.0063
H in BCC iron 3,600 0.0012

Self-diffusion (vacancy diffusion):
Pb in FCC Pb 25,900 1.27
Al in FCC Al 32,200 0.10
Cu in FCC Cu 49,300 0.36
Fe in FCC Fe 66,700 0.65
Zn in HCP Zn 21,800 0.1
Mg in HCP Mg 32,200 1.0
Fe in BCC Fe 58,900 4.1
W in BCC W 143,300 1.88
Si in Si (covalent) 110,000 1800.0
C in C (covalent) 163,000 5.0

Heterogeneous diffusion (vacancy diffusion):
Ni in Cu 57,900 2.3
Cu in Ni 61,500 0.65
Zn in Cu 43,900 0.78
Ni in FCC iron 64,000 4.1
Au in Ag 45,500 0.26
Ag in Au 40,200 0.072
Al in Cu 39,500 0.045
Al in Al2O3 114,000 28.0
O in Al2O3 152,000 1900.0
Mg in MgO 79,000 0.249
O in MgO 82,100 0.000043

From several sources, including Adda, Y. and Philibert, J., La Diffusion dans les Solides, Vol. 2, 1966. 

//
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Diffusion	
  and	
  Material	
  Processing
Melting	
  and	
  Casting

One	
  of	
  the	
  most	
  widely	
  used	
  methods	
  to	
  process	
  metals,	
  alloys,	
  many	
  plastics,	
  
and	
  glasses	
  involves	
  melting	
  and	
  casting	
  of	
  materials	
  into	
  a	
  desired	
  shape.	
  

Diffusion	
  plays	
  a	
  particularly	
  important	
  role	
  in	
  solidification	
  of	
  metals	
  and	
  alloys.	
  

Example:	
  the	
  diffusion	
  of	
  elements	
  during	
  the	
  casting	
  of	
  alloys.	
  



Diffusion	
  and	
  Material	
  Processing
Sintering

Sintering	
   is	
  the	
  high-­‐temperature	
  treatment	
  that	
  causes	
  particles	
  to	
  join,	
  
gradually	
  reducing	
  the	
  volume	
  of	
  pore	
  space	
  between	
  them.	
  

A	
  variety	
  of	
  composite	
  materials	
  such	
  as	
  tungsten	
  carbide-­‐cobalt	
  based	
  
cutting	
  tools,	
  superalloys,	
  etc.,	
  are	
  produced	
  using	
  this	
  technique.	
  

The	
  driving	
  force	
  for	
  solid	
  state	
  sintering	
  of	
  powdered	
  metals	
  and	
  
ceramics	
  is	
  the	
  reduction	
  in	
  the	
  total	
  surface	
  area	
  of	
  powder	
  particles.	
  



Diffusion	
  and	
  Material	
  Processing
Sintering

Example:

When	
  a	
  powdered	
  material	
  is	
  compacted	
  into	
  a	
  shape,	
  the	
  powder	
  particles	
  are	
  
in	
  contact	
  with	
  one	
  another	
  at	
  numerous	
  sites,	
  with	
  a	
  significant	
  amount	
  of	
  pore	
  
space	
  between	
  them.	
  In	
  order	
  to	
  reduce	
  the	
  total	
  energy	
  of	
  the	
  material,	
  atoms	
  
diffuse	
  to	
  the	
  points	
  of	
  contact,	
  bonding	
  the	
  particles	
  together	
  and	
  eventually	
  
causing	
  the	
  pores	
  to	
  shrink.	
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Melting and Casting One of the most widely used methods to process
metals, alloys, many plastics, and glasses involves melting and casting of materials into a
desired shape. Diffusion plays a particularly important role in solidification of metals and
alloys. During the growth of single crystals of semiconductors, for example, we must
ensure that the differences in the diffusion of dopants in both the molten and solid forms
are accounted for. This also applies for the diffusion of elements during the casting of
alloys. Similarly, diffusion plays a critical role in the processing of glasses. In inorganic
glasses, for instance, we rely on the fact that diffusion is slow and inorganic glasses do not
crystallize easily. We will examine this topic further in Chapter 9.

Sintering Although casting and melting methods are very popular for many
manufactured materials, the melting points of many ceramic and some metallic materials
are too high for processing by melting and casting. These relatively refractory materials are
manufactured into useful shapes by a process that requires the consolidation of small par-
ticles of a powder into a solid mass (Chapter 15). Sintering is the high-temperature treat-
ment that causes particles to join, gradually reducing the volume of pore space between
them. Sintering is a frequent step in the manufacture of ceramic components (e.g., alu-
mina, barium titanate, etc.) as well as in the production of metallic parts by powder
metallurgy—a processing route by which metal powders are pressed and sintered into
dense, monolithic components. A variety of composite materials such as tungsten car-
bide-cobalt based cutting tools, superalloys, etc., are produced using this technique. With
finer particles, many atoms or ions are at the surface for which the atomic or ionic bonds
are not satisfied. As a result, a collection of fine particles of a certain mass has higher
energy than that for a solid cohesive material of the same mass. Therefore, the driving
force for solid state sintering of powdered metals and ceramics is the reduction in the total
surface area of powder particles. When a powdered material is compacted into a shape, the
powder particles are in contact with one another at numerous sites, with a significant
amount of pore space between them. In order to reduce the total energy of the material,
atoms diffuse to the points of contact, bonding the particles together and eventually caus-
ing the pores to shrink.

Lattice diffusion from the bulk of the particles into the neck region causes den-
sification. Surface diffusion, gas or vapor phase diffusion, and lattice diffusion from
curved surfaces into the neck area between particles do not lead to densification
(Chapter 15). If sintering is carried out over a long period of time, the pores may be
eliminated and the material becomes dense (Figure 5-20). In Figure 5-21, particles of a

Figure 5-20 Diffusion processes during sintering and powder metallurgy. Atoms diffuse to points of contact,
creating bridges and reducing the pore size.
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Primary	
  Knock-­‐on	
  Atoms	
  (PKA)	
  
1. The	
  first	
  atom	
  that	
  an	
  incident	
  particle	
  encounters	
  in	
  the	
  target.	
  

2. After	
  it	
  is	
  displaced	
  from	
  its	
  initial	
  lattice	
  site,	
  the	
  PKA:
◦ can	
  induce	
   the	
  subsequent	
  lattice	
   site	
  displacements	
   of	
  other	
  atoms	
  if	
  it	
  possesses	
  sufficient	
  energy,	
  

or	
  
◦ come	
  to	
  rest	
  in	
  the	
   lattice	
  at	
  an	
  interstitial	
   site	
   if	
  it	
  does	
  not.

3. A	
  neutron	
  with	
  sufficient	
  energy	
  produces	
  a	
  number	
  of	
  these	
  PKAs	
  which	
  in	
  	
  turn	
  	
  produce	
  	
  
knock-­‐ons	
  	
  leading	
  	
  to	
  	
  displacement/collision	
  	
  cascades	
  .

4. The	
  	
  atoms	
  displaced	
  	
  by	
  	
  PKAs	
  	
  are	
  	
  known	
  	
  as	
  	
  secondary	
  	
  knock-­‐on	
  	
  atoms.	
  	
  

5. Thus	
  	
  a	
  	
  high	
  energy	
  neutron	
  may	
  produce	
  a	
  number	
  of	
  PKAs	
  which	
  lead	
  to	
  many	
  secondary	
  
knock-­‐ons	
  resulting	
  in	
  a	
  large	
  number	
  of	
  atomic	
  displacements.	
  





Collision	
  Models
Upon	
  bombardment,	
  atoms	
  can	
  only	
  be	
  displaced	
  if	
  the	
  energy	
  they	
  receive	
  
exceeds	
  a	
  threshold	
  energy	
  Ed.	
  

When	
  a	
  moving	
  atom	
  collides	
  with	
  a	
  stationary	
  atom,	
  both	
  atoms	
  will	
  have	
  
energy	
  greater	
  than	
  Ed after	
  the	
  collision	
  only	
  if	
  the	
  original	
  moving	
  atom	
  had	
  an	
  
energy	
  exceeding	
  2Ed.	
  

Thus,	
  only	
  PKAs	
  with	
  an	
  energy	
  greater	
  than	
  2Ed can	
  continue	
  to	
  displace	
  more	
  
atoms	
  and	
  increase	
  the	
  total	
  number	
  of	
  displaced	
  atoms

The	
  majority	
  of	
  displaced	
  atoms	
  leave	
  their	
  lattice	
  sites	
  with	
  energies	
  no	
  more	
  
than	
  two	
  or	
  three	
  times	
  Ed.	
  



Such	
  an	
  atom	
  will	
  collide	
  with	
  another	
  atom	
  approximately	
  every	
  mean	
  interatomic distance	
  
traveled,	
  losing	
  half	
  of	
  its	
  energy	
  during	
  the	
  average	
  collision.	
  

Assuming	
  that	
  an	
  atom	
  that	
  has	
  slowed	
  down	
  to	
  a	
  kinetic	
  energy	
  of	
  1	
  eV becomes	
  trapped	
  in	
  an	
  
interstitial	
  site-­‐
◦ displaced	
   atoms	
  will	
   typically	
  be	
  trapped	
  no	
  more	
  than	
  a	
  few	
  interatomic	
   distances	
  away	
  from	
  the	
  
vacancies	
   they	
  leave	
  behind.

There	
  are	
  several	
  possible	
  scenarios	
  for	
  the	
  energy	
  of	
  PKAs,	
  and	
  these	
  lead	
  to	
  different	
  forms	
  of	
  
damage.	
  

In	
  the	
  case	
  of	
  electron	
  or	
  gamma	
  ray	
  bombardment,	
  the	
  PKA	
  usually	
  does	
  not	
  have	
  sufficient	
  
energy	
  to	
  displace	
  more	
  atoms.	
  



The	
  resulting	
  damage	
  consists	
  of	
  a	
  random	
  distribution	
  of	
  Frenkel defects,	
  usually	
  with	
  a	
  
distance	
  no	
  more	
  than	
  four	
  or	
  five	
  interatomic	
  distances	
  between	
  the	
  interstitial	
  and	
  vacancy.	
  

When	
  PKAs	
  receive	
  energy	
  greater	
  than	
  Ed	
  from	
  bombarding	
  electrons,	
  they	
  are	
  able	
  to	
  displace	
  
more	
  atoms,	
  and	
  some	
  of	
  the	
  Frenkel defects	
  become	
  groups	
  of	
  interstitial	
  atoms	
  with	
  
corresponding	
  vacancies,	
  within	
  a	
  few	
  interatomic	
  distances	
  of	
  each	
  other.	
  

In	
  the	
  case	
  of	
  bombardment	
  by	
  fast-­‐moving	
  atoms	
  or	
  ions,	
  groups	
  of	
  vacancies	
  and	
  interstitial	
  
atoms	
  widely	
  separated	
  along	
  the	
  track	
  of	
  the	
  atom	
  or	
  ion	
  are	
  produced.	
  

As	
  the	
  atom	
  slows	
  down,	
  the	
  cross	
  section	
  for	
  producing	
  PKAs	
  increases,	
  resulting	
  in	
  groups	
  of	
  
vacancies	
  and	
  interstitials	
  concentrated	
  at	
  the	
  end	
  of	
  the	
  track



PKA	
  moves	
  through	
  the	
  lattice
◦ produces	
  vacancy	
  interstitial	
  pairs	
  (Frenkel Pair)
◦ PKA	
  slows,	
  reduces	
  mean	
  distance	
  between	
  collisions
◦ clusters	
  formed

Displacements	
  per	
  atom	
  [dpa]	
  using	
  simple	
  models	
  and	
  	
  thus-­‐
evaluated	
  	
  dpa may	
  	
  be	
  	
  related	
  	
  to	
  	
  the	
  	
  changes	
  	
  in	
  	
  the	
  	
  
macroscopic	
  properties	
  of	
  the	
  materials.



Collision	
  Cascade

Linear	
  collision	
  cascade	
   theory:
The	
  primary	
   ion	
  collides	
   with	
  an	
  atom	
  on	
  the	
  surface	
  of	
  the	
  target,	
   causing	
  other	
  elastic	
   collisions	
   to	
  
occur	
  within	
  the	
   target.	
  Eventually,	
  a	
  target	
  atom	
  or	
  molecule	
   is	
  ejected	
   from	
  the	
  surface.



Collision	
  Cascade	
  in	
  Si
A	
  single	
   incident	
  particle	
   can	
  cause	
  a	
  cascade	
   of	
  collisions	
   to	
  
occur	
   to	
  a	
  portion	
  of	
  the	
  affected	
  material	
   (e.g.,	
  Si)	
  lattice	
  
atoms.	
  	
  

These	
  collisions	
   are	
  produced	
  by	
  both	
  incident	
   “heavy”	
  
particles	
   (p,	
  n,	
  ions)	
  and	
  secondary	
  particles.	
   	
  

Defects	
   (vacancies,	
   interstitials,	
   Frenkel pairs,	
  dislocations)	
  are	
  
produced	
  along	
  the	
   tracks	
  of	
  the	
  secondary	
  particles	
   and	
  in	
  
clusters	
  at	
  the	
  end	
  of	
  these	
   tracks	
  as	
  shown	
  in	
  Figure	
  



1. As	
  the	
  PKA	
  slows	
  to	
  stop,	
  it	
  can	
  collide	
  with	
  all	
  atoms	
  it	
  encounters,	
  impart	
  kinetic	
  energy	
  to	
  
other	
  atoms	
  and	
  initiate	
  the	
  ejections	
  of	
  atoms	
  from	
  their	
  localized	
  region

2. The	
  size	
  of	
  the	
  collision	
  cascade	
  is	
  the	
  primary	
  function	
  of	
  the	
  energy	
  of	
  the	
  PKA.

3. The	
  energy	
  of	
  PKA	
  produced	
  in	
  a	
  function	
  of	
  the	
  irradiating	
  species.

4. The	
  nature	
  of	
  residual	
  damage	
  is	
  the	
  function	
  of	
  both	
  PKA	
  energy	
  and	
  the	
  temperature	
  of	
  
the	
  material-­‐ at	
  high	
  temperature,	
  the	
  frenkel paairs have	
  greater	
  chance	
  of	
  spontaneously	
  
recombining	
  to	
  annihilate	
  the	
  damage

5. For	
  metal	
  like	
  Zirconium,	
  the	
  displacement	
  cascade	
  results	
  in	
  the	
  formation	
  of	
  damage	
  
zone/depleted	
  zone-­‐ characterized	
  by	
  vacancy-­‐rich	
  core	
  surrounded	
  by	
  the	
  interstitial-­‐rich	
  
shell



Damage	
  Analysis	
  of	
  PKA
1. The	
  degree	
  to	
  which	
  the	
  lattice	
  is	
  exposed	
  to	
  Frenkel damage	
  	
  is	
  described	
  in	
  term	
  of	
  an	
  

accumulated	
  fluence of	
  the	
  irradiating	
  species	
  (neutron).

2. Parameter	
  for	
  damage	
  analysis	
  :	
  number	
  of	
  	
  displacement	
  event	
  	
  which	
  occurred	
  in	
  the	
  atom	
  
of	
  the	
  lattice-­‐-­‐DISPLACEMENT	
  PER	
  ATOM	
  (dpa)

3. Dpa is	
  affected	
  by	
  the	
  particle	
  fluence,	
  type	
  of	
  irradiating	
  species,	
  energy	
  of	
  the	
  irradiating	
  
species.

4. Example:

Neutron	
  fluence of	
  	
  1x	
  10^21	
  n/cm2	
  in	
  zirconium	
  in	
  a	
  light	
  water	
  reactor	
  is	
  1.3	
  dpa

Neutron	
  fluence of	
  	
  1x	
  10^21	
  n/cm2	
  in	
  zirconium	
  in	
  a	
  heavy	
  water	
  reactor	
  is	
  1	
  dpa



A	
  fluence of	
  10^22	
  n/cm2 is	
  typical	
  of	
  end-­‐of-­‐life	
  exposure	
  for	
  many	
  zirconium	
  core	
  components

Based	
  on	
  the	
  previous	
  calculation,	
  during	
  the	
  lifetime	
  of	
  the	
  component,	
  every	
  atom	
  is	
  displaced	
  
from	
  its	
  laticce site	
  in	
  average	
  	
  ten	
  times.

There	
  must	
  be	
  a	
  process	
  which	
  restore	
  crystallinity	
  to	
  the	
  damaged	
  lattice!

A	
  large	
  fraction	
  of	
  the	
  interstitials	
  and	
  vacancies	
  can	
  recombine	
  with	
  one	
  another	
  	
  to	
  annihilate	
  
the	
  vacancy-­‐interstitial	
  pair.

Some	
  vacancies	
  and	
  interstitials	
  diffuse	
  to	
  lattice	
  impefection such	
  as	
  dislocations	
  or	
  grain	
  
boundaries	
  where	
  they	
  are	
  absorbed.

All	
  these	
  processes	
  normally	
  occur	
  at	
  very	
  high	
  temperature



Secondary	
  ion	
  mass	
  spectrometer	
  (SIMS)
SIMS	
  is	
  a	
  surface	
  analysis	
  technique	
  used	
  to	
  
characterize	
  the	
  surface	
  and	
  sub-­‐surface	
  
region	
  of	
  materials.	
  

It	
  effectively	
  employs	
  the	
  mass	
  
spectrometry of	
  ionised	
  particles	
  which	
  are	
  
emitted	
  when	
  a	
  solid	
  surface	
  is	
  bombarded	
  
by	
  energetic	
  primary	
  particles.	
  

The	
  primary	
  particles	
  may	
  be	
  electrons,	
  
ions,	
  neutrals	
  or	
  photons.


