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Defects in Solids



In real crystals, lattices are not perfect. They contain imperfections and 

impurities, which can alter the electrical properties of solid materials.
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Impact on Properties
Mechanical Properties:

Defects like dislocations and pores can disrupt the regular atomic arrangement,
making materials weaker, more brittle, or increasing their yield strength.

Electrical/Electronic Properties:

Defects influence electrical conductivity by scattering charge carriers and creating
localized energy levels within the material's band structure.

Optical Properties:

Defects can lead to new light absorptions, shifts in resonances, and changes in
transparency by creating new energy states that interact with photons.

Thermal Properties:

The presence of defects, such as vacancies or dislocations, can hinder the movement
of phonons, which are the primary carriers of heat in a material. This scattering
reduces the material's thermal conductivity and alters its specific heat capacity.

Magnetic properties
In magnetic materials, defects can change the local magnetic environment, affecting 
magnetic behavior.



Properties of Materials affected by defects
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Mechanical: Dislocation

Electronic: Conduction in electronic ceramic 

(vacancies)

Mobility in semiconductors

Diffusions: Vacancies and Interstitials

Optical: recombination centers



How Bonding affects

The nature and strength of chemical bonds, as well

as intermolecular forces, directly influence a substance's

properties such as its melting point, boiling point,

solubility, and electrical conductivity.

For instance, strong ionic bonds result in high melting

points and electrical conductivity in molten or dissolved

states, while the weak but numerous hydrogen bonds in

water give it a high boiling point and surface tension.

Metallic bonds enable electrical and thermal conductivity and

malleability due to delocalized electrons.
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• Vacancies:

-vacant atomic sites in a structure.

Point Defects in Metals

Vacancy

distortion 

of planes

• Self-Interstitials:
-"extra" atoms positioned between atomic sites.

self- 
interstitial

distortion

of planes
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Two outcomes if impurity (B) added to host (A):
• Solid solution of B in A (i.e., random dist. of point defects)

OR

• Solid solution of B in A plus particles of a new

phase (usually for a larger amount of B)

Second phase particle

-- different composition

-- often different structure.

Substitutional solid soln.

(e.g., Cu in Ni)

Interstitial solid soln.

(e.g., C in Fe)

Imperfections in Metals (i)
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Boltzmann's constant

(1.38 x 10-23 J/atom-K)

(8.62 x 10-5 eV/atom-K)

Nv = exp 
 −Qv 

N  kT 


No. of defects

No. of potential  
defect sites

Activation energy

Temperature

Each lattice site 
is a potential 
vacancy site
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• Equilibrium concentration varies with temperature!

Equilibrium Concentration: 

Point Defects



• We can get Qv from

an experiment.


Nv

N
= exp

−Qv




 kT 


Measuring Activation Energy

• Measure this...

Nv

N

T

exponential

dependence!

defect concentration

• Replot it...

1/T

Nv
ln 

N
-Qv /k

slope

Physics of Materials ABV- IIITM-Gwalior (MP) India 20



Physics of Materials ABV- IIITM-Gwalior (MP) India 21



• Find the equil. # of vacancies in 1 m3 of Cu at 1000C.

• Given:
 = 8.4 g/cm3

Qv = 0.9 eV/atom

ACu = 63.5 g/mol

NA = 6.02 x 1023 atoms/mol

Estimating Vacancy Concentration

For 1 m3 , N =  x
N

A 

A
Cu

x 1 m3 = 8.0 x 1028 sites

1273 K

8.62 x 10-5 eV/atom-K
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 −Q 
0.9 eV/atom

N 

N
v = exp 

 kT 
v  = 2.7 x 10-4

• Answer:

Nv = (2.7 x 10-4)(8.0 x 1028) sites = 2.2 x 1025 vacancies



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



ABV- IIITM-Gwalior (MP) IndiaPhysics of Materials 29



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



ABV- IIITM-Gwalior (MP) IndiaPhysics of Materials 33



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



Physics of Materials ABV- IIITM-Gwalior (MP) India



ABV- IIITM-Gwalior (MP) IndiaPhysics of Materials 47

Dislocations:

• are line defects,

• slip between crystal planes result when dislocations move,

• produce permanent (plastic) deformation.

Schematic of Zinc (HCP):

• before deformation • after tensile elongation

slip steps

Line Defects



Imperfections in Solids

48
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Linear Defects (Dislocations)
⚫ Are one-dimensional defects around which atoms are 

misaligned

⚫ Edge dislocation:
⚫ extra half-plane of atoms inserted in a crystal structure

⚫ b perpendicular (⊥) to dislocation line

⚫ Screw dislocation:
⚫ spiral planar ramp resulting from shear deformation

⚫ b parallel () to dislocation line

Burger’s vector, b: measure of lattice distortion



Imperfections in Solids

Fig. 4.3, Callister & Rethwisch 8e.

Edge Dislocation

49
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• Dislocation motion requires the successive bumping 

of a half plane of atoms (from left to right here).

• Bonds across the slipping planes are broken and 

remade in succession.

Atomic view of edge 

dislocation motion from 

left to right as a crystal 

is sheared.

Motion of Edge Dislocation

Click once on image to start animation 

(Courtesy P.M. Anderson)
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Imperfections in Solids

Burgers vector b

Dislocation 

line

(a)
Adapted from Fig. 4.4, Callister & Rethwisch 8e.
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b

(b)

Screw Dislocation



Imperfections in Solids

Screw Dislocation



VMSE: Screw Dislocation

⚫ In VMSE:
⚫ a region of crystal containing a dislocation can be rotated in 3D

⚫ dislocation motion may be animated

Front View
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Top ViewVMSE Screen Shots



Dislocations

Adapted from Fig. 4.5, Callister & Rethwisch 8e.

Edge

Screw

Mixed
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Imperfections in Solids

Fig. 4.6, Callister & Rethwisch 8e.
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Dislocations are visible in electron micrographs



55

Dislocations & Crystal Structures

• Structure: close-packed 

planes & directions 

are preferred.

view onto two 

close-packed

planes.

close-packed directions 

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

• Comparison among crystal structures: 

FCC: many close-packed planes/directions; 

HCP:  only one plane, 3 directions;

BCC: none

• Specimens that

were tensile
tested.

Mg (HCP)

Al (FCC)

tensile direction
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Planar Defects in Solids
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⚫ One case is a twin boundary (plane)
⚫ Essentially a reflection of atom positions across the twin

plane.

⚫ Stacking faults
⚫ For FCC metals an error in ABCABC packing sequence

⚫ Ex: ABCABABC

Adapted from Fig. 4.9,

Callister & Rethwisch 8e.

In crystallography, a twin plane (also known as
a composition plane or mirror plane) is the
boundary or interface between two otherwise
identical crystal lattices that have been joined in
a twinned structure. This plane is where the
crystal lattice points are shared between the
individual crystals, creating a symmetrical
intergrowth where one part of the crystal is a
reflection or mirror image of the other across
this plane.

https://www.google.com/search?sca_esv=71dabbe3f75c4242&sxsrf=AE3TifPWqINTrxAyPqLwBGGw56FcRHCPng%3A1757645747306&q=composition+plane&sa=X&ved=2ahUKEwjl2qLTnNKPAxVHSWwGHbR_LqIQxccNegQIHBAB&mstk=AUtExfDWFsLbZxXgNfxWSP4WFE2O7zUy_vDmTWtM5uu8_1KLWasKBYC8fenkxCe7RYhUUA4Qlozc6OvALo0qkpxfiDuU_b6L1JbGSR4WB9c6DIR1JmPKQ8HV9LatLvBidXwyVR4t43OIdESgqzjaxljH0ma3U8jSZNr8FRG7nkaABGPC1Xo_fHRxzZb0li8064hWgVa-pxBzvvhaUozyJe-hSQGNASHrdachVz6kN-rECp03LbReuEXTS33k8k7ruYuO9PgjAkGItbxY7rDpc7FLt8BL&csui=3
https://www.google.com/search?sca_esv=71dabbe3f75c4242&sxsrf=AE3TifPWqINTrxAyPqLwBGGw56FcRHCPng%3A1757645747306&q=composition+plane&sa=X&ved=2ahUKEwjl2qLTnNKPAxVHSWwGHbR_LqIQxccNegQIHBAB&mstk=AUtExfDWFsLbZxXgNfxWSP4WFE2O7zUy_vDmTWtM5uu8_1KLWasKBYC8fenkxCe7RYhUUA4Qlozc6OvALo0qkpxfiDuU_b6L1JbGSR4WB9c6DIR1JmPKQ8HV9LatLvBidXwyVR4t43OIdESgqzjaxljH0ma3U8jSZNr8FRG7nkaABGPC1Xo_fHRxzZb0li8064hWgVa-pxBzvvhaUozyJe-hSQGNASHrdachVz6kN-rECp03LbReuEXTS33k8k7ruYuO9PgjAkGItbxY7rDpc7FLt8BL&csui=3
https://www.google.com/search?sca_esv=71dabbe3f75c4242&sxsrf=AE3TifPWqINTrxAyPqLwBGGw56FcRHCPng%3A1757645747306&q=mirror+plane&sa=X&ved=2ahUKEwjl2qLTnNKPAxVHSWwGHbR_LqIQxccNegQIHBAC&mstk=AUtExfDWFsLbZxXgNfxWSP4WFE2O7zUy_vDmTWtM5uu8_1KLWasKBYC8fenkxCe7RYhUUA4Qlozc6OvALo0qkpxfiDuU_b6L1JbGSR4WB9c6DIR1JmPKQ8HV9LatLvBidXwyVR4t43OIdESgqzjaxljH0ma3U8jSZNr8FRG7nkaABGPC1Xo_fHRxzZb0li8064hWgVa-pxBzvvhaUozyJe-hSQGNASHrdachVz6kN-rECp03LbReuEXTS33k8k7ruYuO9PgjAkGItbxY7rDpc7FLt8BL&csui=3
https://www.google.com/search?sca_esv=71dabbe3f75c4242&sxsrf=AE3TifPWqINTrxAyPqLwBGGw56FcRHCPng%3A1757645747306&q=mirror+plane&sa=X&ved=2ahUKEwjl2qLTnNKPAxVHSWwGHbR_LqIQxccNegQIHBAC&mstk=AUtExfDWFsLbZxXgNfxWSP4WFE2O7zUy_vDmTWtM5uu8_1KLWasKBYC8fenkxCe7RYhUUA4Qlozc6OvALo0qkpxfiDuU_b6L1JbGSR4WB9c6DIR1JmPKQ8HV9LatLvBidXwyVR4t43OIdESgqzjaxljH0ma3U8jSZNr8FRG7nkaABGPC1Xo_fHRxzZb0li8064hWgVa-pxBzvvhaUozyJe-hSQGNASHrdachVz6kN-rECp03LbReuEXTS33k8k7ruYuO9PgjAkGItbxY7rDpc7FLt8BL&csui=3
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Catalysts and Surface Defects

⚫ A catalyst increases the 

rate of a chemical 

reaction without being 

consumed

⚫ Active sites on catalysts 

are normally surface 

defects

Fig. 4.10, Callister & Rethwisch 8e.

Fig. 4.11, Callister & Rethwisch 8e.

Single crystals of 

(Ce0.5Zr0.5)O2

used in an automotive

catalytic converter
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Grain Boundaries 
▪regions between crystals 
▪transition from lattice of one region to 
another 
(a) The atoms near the boundaries of the 
3 grains do not have an equilibrium 
spacing or arrangement; slightly 
disordered. 
(b) Grains and grain boundaries in a 
stainless steel sample. low density in grain 
boundaries 

Polycrystalline Materials 



Bulk and Volume Defect

Bulk or volume defects are three-dimensional imperfections within a

material's crystal lattice, occurring at a larger scale than point or line

defects, and include

voids, inclusions, pores, cracks, and other foreign particles.

These defects are typically introduced during material processing and can

significantly affect mechanical properties by acting as "stress raisers," but

in some cases, foreign particles can also be added to strengthen the

material through mechanisms like dispersion hardening.

Bulk or volume defects

•Porosity

•Inclusions

•Cracks

•These defects form during manufacturing processes for various reasons 

and are harmful to the material.
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Microscopic Examination

⚫ Crystallites (grains) and grain boundaries. 

Vary considerably in size. Can be quite large.

⚫ ex: Large single crystal of quartz or diamond or Si

⚫ ex: Aluminum light post or garbage can - see the 

individual grains

⚫ Crystallites (grains) can be quite small (mm 

or less) – necessary to observe with a 

microscope.



ABV- IIITM-Gwalior (MP) IndiaPhysics of Materials 61

• Useful up to 2000X magnification.

• Polishing removes surface features (e.g., scratches)

• Etching changes reflectance, depending on crystal

orientation.

Micrograph of

brass (a Cu-Zn alloy)

0.75mm

Optical Microscopy

Adapted from Fig. 4.13(b) and (c), Callister 

& Rethwisch 8e. (Fig. 4.13(c) is courtesy 

of J.E. Burke, General Electric Co.)

crystallographic planes
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Grain boundaries...

• are imperfections,

• are more susceptible 

to etching,

• may be revealed as

dark lines,

• change in crystal 

orientation across 

boundary.

ASTM grain 
size number

N = 2n-1

number of grains/in2 

at 100x
PmhyasicgsnofifMicataertiailos n

Adapted from Fig. 4.14(a) 

and (b), Callister & 

Rethwisch 8e.

(Fig. 4.14(b) is courtesy

of L.C. Smith and C. Brady, 

the National Bureau of 

Standards, Washington, DC 

[now the National Institute of 

Standards and Technology, 

Gaithersburg, MD].)

Optical Microscopy

Fe-Cr alloy
(b)

ABV- IIITM-Gwalior (MP) India

surface groove 

grain boundary

polished surface

(a)



Optical Microscopy
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⚫ Polarized light

⚫ metallographic scopes often use polarized light 

to increase contrast

⚫ Also used for transparent samples such as 

polymers



Microscopy
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Optical resolution ca. 10-7 m = 0.1 m = 100 nm 

For higher resolution need higher frequency

⚫ X-Rays? Difficult to focus.

⚫ Electrons

⚫ wavelengths ca. 3 pm (0.003 nm)

▪ (Magnification - 1,000,000X)

⚫ Atomic resolution possible

⚫ Electron beam focused by magnetic lenses.
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