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Readings
Callister 10e: Ch. 18.1-18.4

Suggested Practice Problems
Callister 10e: Ch. 18: 1,2, 3



Study Guide

Understand the basics of electricity (current, voltage, resistance, electric field).

What is the driving force that causes electrons to move within a direct current (DC) circuit?
Know Ohm’s law.

Understand the concept of a uniform electric field.

Know the difference between resistance, resistivity, and conductivity.

Why are the values of resistivity & conductivity preferred as material properties
compare to resistance and conductance?

For a given material, is resistivity (and therefore conductivity) a constant?
If not, what factors are expected to influence resistivity (and therefore conductivity)?

What are typical values / ranges of resistivity for metals? ceramics? polymers?

How does temperature affect the resistivity of a typical metal ?
What causes this change ?

Know how to calculate current flux for a simple conductor (JOE equation).

Understand the implications of the Drude model (how do we describe electron scattering
mathematically?).



Current, /
A measure of transport / flow.
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Current, /
A measure of transport / flow.

1 Coulomb, 1 C Electron Current

The charge, g, passed in Charge / Time

one second by a current

of one amperey_ [Coulomb / Second] = Ampere
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Charge of 1 Electron: s

Very Small ! :.
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Voltage, V'
A measure of electric potential (electromotive force).

Measured in Volts and often measured with respect to ground (0 V).
A household battery provides a constant 1.5 Volt of electrical potential.
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Uniform Electric Field £
The potential difference per unit distance between two different points in space: V/m

I=1m Note:

More complex fields can exist.
d @— F; (vacuum)

We don’t care about those in this course.




Resistance, R
Describes how poorly a specimen conveys electric current ... an object property.
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Resistance - Example

Calculate the resistance of a copper cable (10 m long & 2 cm diameter)
if a current of 10 A flows when 5.3 mV is applied.

10

5.31

VI mV]

53%x10°V

10A

=53x107" Q



Resistance - Examples
Note how the current passed (resistance) depends on the geometry of the wire
(length and cross sectional area) for a constant applied voltage of 5.3 mV

L=10m,d=2cm -3
g=23X10"V _ss10% 0
m 10A
5.3 mV

10A

€

L=5m,d=2cm 53! 10°V

R = =2.6!10"#

L=10m,d=4 cm | "3
R=5'3' 107V =131 10" #
m 40A
5.3 mV

40 A
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Resistivity, p
Describes how poorly electron flow is within a material ... a material property.

Not dependent on geometry !
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Resistivity - Example
The resistance of a 10 m long copper wire with a diameter of 2 cm
is measured to be 5.3x10-4 Q). Calculate the resistivity of this copper alloy.

d=2cm

L=10m

R

/ =1.67! 10 °# $n

L
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~_ RA 53! 10 “# [ " (0.0lm)z]
L 10 m



Resistivity, p
Measures how poorly electron flow is within a material ... a material property.
Not dependent on geometry !
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Conductivity, o 1
The inverse of resistivity. ] — __

Measures the ease of electron flow within a material. 11



Conductivity - Example
The resistance of a 10 m long copper wire with a diameter of 2 cm

is measured to be 5.3x104 Q. Calculate the conductivity of this copper alloy.

d=2cm

L=10m

1 1

| = _—

= .. =5.99! 10'[# $m] *
" 1.67! 10 °# $n | |

\
From previous example (same Cu).




Conductivity Values
Huge variation across materials: 28 orders of magnitude !

If superconductors are included : 44 orders of magnitude !
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ohm-meters) (logarithmic scale)
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Conductivity Values

Huge variation across practical materials: 28 orders of magnitude !
If superconductors are included : 44 orders of magnitude !
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Current Density, J
Ohm’s Law can be manipulated to a form that gives the current density
within a specimen (of conductivity o) exposed to an electric field !

The JOE equation.

This is the materials science version of Ohm’s Law:

A ! A $|V§t
m? V m@é'*m

l

L]=[""=[ )
" 1=V/A

Units:




Three wires of different materials having the same geometry all experience the same
electric field. Rank the current density, J, for these wires.

J=!I&

‘JAg > JCu > JAu



Three silver wires with different geometries all experience the same
electric field (not shown). Rank the current passing through these wires.




Thanks to Benjamin Franklin: m

| A
Current (also current flux, current density) is a measure of g
positive charge flow. Since electric fields “point” in the direction

of the force they apply on a positive charge, the resulting currents
are in same direction as the electric field.

Je

u

E

—

The MOTION OF ELECTRONS (being a negatively charged particle) is in the opposite

direction of the corresponding current, and therefore opposite to the applied electric
field.



Current Density - Example

Calculate the voltage required to induce a current density of 1.80x108 A/m?2
iIn a 3 mlong copper wire with a diameter of 20 mm.

[
J=I¢& \
I
g_V - J
|/ » Given in Table 18.1

| 38 2
yod o LRI

"V Ofo
| T "
60.0! 10@ m&

It we aren'’t told about the electrode
configuration, assume it is applied to
ends of the wire.



Drude Model

Consider the behavior of free electrons in a metal over time under non-zero electric field:

«© <O © «© 9O <O Electrons will feel a force opposite
& “© & © to the electric field. Free electrons
«0 @ will be accelerated, resulting in a

<@ @ 4'040 @ +© <@ motion of electrons (net current).
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Drude Model

Consider the behavior of free electrons in a metal over time under non-zero electric field:

«© <O © «© 9O <O Electrons will feel a force opposite
& “© & © to the electric field. Free electrons
«0 +© will be accelerated, resulting in a
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Drude Model

Consider the behavior of free electrons in a metal over time under non-zero electric field:

«© <O © «© 9O <O Electrons will feel a force opposite
& “© & -© to the electric field. Free electrons
«0 +© will be accelerated, resulting in a

<@ @ "Q@ @ +© <@ motion of electrons (net current).
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Electrons will scatter as they travel through
a material as a result of collisions with:

°

Host or Impurity Atoms (positive ion cores)
Other Electrons
Vacancies
Crystal Defects
Dislocations, Grain Boundaries, Surfaces
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Drude Model

Consider the behavior of free electrons in a metal over time under non-zero electric field:

«© <O © «© 9O <O Electrons will feel a force opposite
& “© & -© to the electric field. Free electrons
«0 +© will be accelerated, resulting in a

<@ @ 4'040 @ +© <@ motion of electrons (net current).
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Electrons can reach up to ~106 m/s in a solid
‘*‘-’ =) between collisions, but the net velocity is
much lower due to scattering.

Oscillating Positive lon Cores Electron Sea (contains other free electrons)
Cloud of negative charge.




Hypothesis:

Metals are great conductors because they have lots of free electrons per unit volume.

Test:
Calculate the electron density of Cu, given that its mass density is 8.96 g/cm3and its
atomic weight is 63.5 g/mol. Assume that 1 free electron is associated with each Cu atom.



Hypothesis:

Metals are great conductors because they have lots of free electrons per unit volume.

Test:
Calculate the electron density of Cu, given that its mass density is 8.96 g/cm3and its
atomic weight is 63.5 g/mol. Assume that 1 free electron is associated with each Cu atom.

n, A
| — atoms . .
;= Mass Density Equation
NAVC
/
Natoms — N _ n=- N, Electron Density
VC VC A Here, equated numerically to mass density

- (896 g/lcm®)(6.02" 10 € /mole)
63.5 g/mole

=85" 10* € /cm®

This is a very high number.
Indeed, metals tend to feature a large concentration of free electrons.
Later: other types of materials feature far fewer free electrons per volume.



Drude Model

Based on classical mechanics (F=ma).

Treats electrons as hard spheres that scatter while accelerating through a material that
IS exposed to a uniform electric field.

Applies to simple conductors, such as metals, where free electrons are the dominant
charge carrier.

Charge of Electron = 1.6x10-19C

C°“|d”°t_'1‘"ty | — né 4 Electron Mobility
[-' m] " - l‘le [cm2/(V-s)] or [m2/(V-s)]
[!I- cm]

Accounts for the scattered motion of
electrons in a material exposed to an
electric field.

Electron Density

[1 /Cm3] or [1 /m3] Virtually all changes in conductivity
for a metal / alloy are due to changes
in electron mobility (the probability of

electron scattering).



Conductivity (& Resistivity) Is Temperature Dependent

In a metal, atoms donate electrons to the bulk, leaving behind cations that will oscillate
since they have thermal (kinetic) energy. Higher temperatures are associated with greater
oscillation frequencies and amplitudes (increased velocities).

‘ = a positive ion core: metal atom nucleus & electron shell(s)
electrons can be scattered when encountering these along their path

TA

As the temperature of a
material is increased, the

‘ comprising particles will

oscillate within larger
volumes.




Conductivity (& Resistivity) Is Temperature Dependent

In a metal, atoms donate electrons to the bulk, leaving behind cations that will oscillate
since they have thermal (kinetic) energy. Higher temperatures are associated with greater
oscillation frequencies and amplitudes (increased velocities).
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Consider a metal system with a temperature gradient.Note that the free electron can travel
further, on average, in the colder parts of the sample before a scattering event occurs.
Thus, increasing the temperature of a metal tends to decrease electron mobility.




Conductivity (& Resistivity) Is Temperature Dependent.

Inconel and NICr ... not so much as other metals.
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Useful as a steady heating
element because the resistivity is
fairly constant with temperature.

*Note that the resistivity of metals tends to increase with temperature.
This is not necessarily the case for other material types. More about this later...



