MAT E 21 50 Diffusion 1

Dr. Tim Cullinan



Study Guide

What is chemical diffusion and why does it occur (what is the driving force for chemical diffusion)?

What are the mechanisms for diffusion in a crystalline solid?
Which mechanism is generally faster?
Give examples of scenarios that rely on these different mechanisms.

Understand what a flux quantity is, in general.
How is a flow rate computed if a flux is known?

What are the expressions for diffusion flux in one dimension for steady-state conditions?
What is the named law associated with these expressions?

If the mass rate of flow is constant, how can we re-write the diffusion flux equation?

What does this imply about the concentration profile & concentration gradient over time?
Note the concentration profile and the concentration gradient are not the same thing.
The concentration profile is C(x), whereas the concentration gradient is dC(x)/dx

Understand how to compute the diffusivity (diffusion coefficient), D, given the Arrhenius Equation
parameters for a system and a temperature of interest.

Understand the factors that influence diffusion.

Be able to provide some detail and connections to other topics (e.g. structure, bonding, the nature of
temperature, etc.)

Understand how the self-diffusion coefficient is correlated with bond strength.
What term specifically in the Arrhenius expression is simultaneously correlated with bond strength and the
structure of the material?



Diffusion
Molecules from these things diffuse through the air
and stimulate the olfactory receptors in your nose.




Example: Helium Filled Balloons
Initially a high concentration (partial pressure) of Helium inside the balloons.
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Example: Helium Filled Balloons
Initially a high concentration (partial pressure) of Helium inside the balloons.
Over time, Helium diffuses through the latex rubber and escapes to the atmosphere.
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Example: Helium Filled Balloons

Metals have dense structures
that restrict / limit the diffusion
of gases.
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Later:
Amorphous Polymers have

fairly open structure
comprised of long molecules.

The structure resembles a pile
/ of entangled string with a vast
network of porosity, allowing |
v small particles such as gas \
molecules to diffuse through.

Nylon coated with 15mil
Aluminum



Example: Lungs
Oxygen-rich air enters a lung via the windpipe during a breath, expanding the lung.

Tiny thin-walled sacks called alveoli are located at the ends of the branching bronchi
and they are wrapped with small blood capillaries that connect to pulmonary
arterioles and pulmonary venues (the incoming and outgoing

blood pipelines).

CO:2 rich blood is pumped into the capillary network
where gas exchange occurs. CO2 diffuses from the
incoming blood across the alveoli membrane and is
subsequently exhaled. At the same time, oxygen from
the previously inhaled air diffuses across the alveoli
membrane and enters the bloodstream.




Diffusion Mechanisms

Vacancy Diffusion Mechanism
Self-Diffusion
Substitutional Impurity Diffusion

All of the above involve diffusion of
species that normally reside on lattice
points, and they all require swapping
positions with a vacancy.




Diffusion Mechanisms

Some later point in time:
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Vacancy Diffusion Mechanism
Self-Diffusion
Substitutional Impurity Diffusion

All of the above involve diffusion of
species that normally reside on lattice
points, and they all require swapping
positions with a vacancy.




Diffusion Mechanisms

Vacancy Diffusion Mechanism
Self-Diffusion
Substitutional Impurity Diffusion

All of the above involve diffusion of
species that normally reside on lattice
points, and they all require swapping
positions with a vacancy.

Interstitial Diffusion Mechanism

Species that are small enough to fit in
the interstitial sites of a crystal are able
to diffuse rather freely, because this is
often connected network open space,
especially for structures that pack
inefficiently.

The diffusion rate of interstitial species
will depend on the concentration of
interstitial species, the activation energy
to pass / squeeze through the lattice
openings, and temperature.




Diffusion Mechanisms

iffusi - me later point in time:
Vacancy Diffusion Mechanism Some later point in time

Self-Diffusion ‘
Substitutional Impurity Diffusion

All of the above involve diffusion of
species that normally reside on lattice ”“ ““

points, and they all require swapping

positions with a vacancy. |
Interstitial Diffusion Mechanism , : z

Species that are small enough to fit in

the interstitial sites of a crystal are able

to diffuse rather freely, because this is

often connected network open space,

especially for structures that pack

inefficiently. .

The diffusion rate of interstitial species
will depend on the concentration of

interstitial species, the activation energy
to pass / squeeze through the lattice
openings, and temperature.




Energy Cost Comparison of Vacancy vs Interstitial Diffusion

Interstitial diffusion tends to be easier & faster than vacancy diffusion.

(1) Interstitial species tend to be small and can often navigate through interstitial sites with little to no lattice strain.
(2) Within inefficiently packed crystal structures, a continuous network or interstitial sites often exist.

(3) An interstitial species does not generally have to wait until an interstitial site becomes available.

$50:38 $3838 .98

Position



What is the driving force for diffusion?
The creation of entropy. Nature does not prefer concentration gradients.
Imagine starting with two pure solids that are in contact.
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What is the driving force for diffusion?
The creation of entropy. Nature does not prefer concentration gradients.
Over time, diffusion will occur and the species will tend to exchange / mix.
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Composition Profiles




What is the driving force for diffusion?

The creation of entropy. Nature does not prefer concentration gradients.

Over time, diffusion will occur and the species will tend to exchange / mix.
Exceptions to this exist (e.g. formation of compounds with chemical ordering)!!!

+4+ 4444
+444 +4+4+4
++++ 29090
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Composition Profiles




Ordered Compounds
Some systems prefer orderly structures for certain ratios
of the component species.

Diffusing a species into another might begin with random
configurations, but in cases where ordering is preferred,
orderly configurations are expected to evolve over time.

Yes, this is also an
ordered structure.
Just a complex one.

CsCli

NaCl



How can we quantify diffusion? M

A flux called the Diffusion Flux, J At
A flux is a count* of things passing through some area in some amount of time.

The count, M, could be a number of things (literal count, mass, volume, energy, etc.).



How can we quantify diffusion? M

A flux called the Diffusion Flux, J At
A flux is a count* of things passing through some area in some amount of time.

The count, M, could be a number of things (literal count, mass, volume, energy, etc.).

Example: Students arriving to and leaving MAT E 2150

15 students student
Average Flux Before Class: — = 050 —
1 x(1mx2m) (15 min) m2 min
15 students student
Average Flux After Class: — =/5 —-
1x(ITmx2m) (1 min) m2 min

Example: Students arriving and leaving MAT E 2730

400 students student

Average Flux Before Class: =5 —
(2x2mx2m) (10 min) m2 min

student

400 students = 25 U—

m2 min

Average Flux After Class: -
(2x2m x2m) (2 min)



How can we quantify diffusion?

A flux quantity called the Diffusion Flux, J that is often in terms of the mass, M,

passing a unit area, 4, in a unit time, ¢.

General diffusion flux in one dimension: J =

Two Cases:

2

1 dM
A df

dM
—— = Constant

dr

[1] Steady-State diffusion

—

Fick’s First Law

J

_M_
===

_D<

dC
dx
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How can we quantify diffusion?
A flux quantity called the Diffusion Flux, J that is often in terms of the mass, M,
passing a unit area, 4, in a unit time, ¢.

2

1 dM
General diffusion flux in one dimension: J = ———

A dt
Two Cases:

[1] Steady-State diffusion Fick’s First Law
dM M dC
—— = Constant — J=—=—-D|—

dr At dx

[2] Non-Steady-State Diffusion  Fick’s Second Law

dM oC 52C

s -+ Constant =Dy

Most situations are more complex than either of these (not of interest to us).




Steady-State Diffusion

Consider a gaseous species diffusing through a thin plate or membrane (ignoring host atoms in schematic).
The concentration at locations x4 and xz are maintained at C, and Cz, respectively.
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Steady-State Diffusion

Consider a gaseous species diffusing through a thin plate or membrane (ignoring host atoms in schematic).
The concentration at locations x4 and xz are maintained at C, and Cz, respectively.
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Concentration X4 Xp Slope = dx
Profile: ;
Olle CEX) : Also called the
Concentration
Cy = Clxy) Gradient
CB = C(XB)
»Position: X



Steady-State Diffusion

Consider a gaseous species diffusing through a thin plate or membrane (ignoring host atoms in schematic).
The concentration at locations x4 and xz are maintained at C, and Cz, respectively.

Concentration
Profile: (C(x)

A

C, = C(x,)

Cp = C(xp)

»Position: X

Fick’s First Law

Under steady-state conditions, the concentration
profile is linear, and thus the concentration
gradient is constant. J is constant with time.

D is the diffusion coefficient (diffusivity), a term
that represents how mobile / how capable of
moving the diffusing species is within some
specified host at some specified temperature.

dC/dx is a term that represents how motivated a
species is to participate in non-random diffusion.

If either term is too low, the rate of diffusion J will
be low. Both terms contribute and influence J.

The negative sign indicates that the diffusion flux is
“down the gradient”, from regions of high
concentration towards regions of low concentration.




Steady-State Diffusion - Example

Hydrogen gas can be purified by allowing an initially impure mixture of gas to diffuse through a thin sheet of metal.
A hydrogen molecule is relatively small. Therefore, it tends to diffuse faster compared to the larger impurity molecules.
The purification process occurs at 700°C through a 0.1 cm thick sheet of palladium with a cross sectional area of 1 m2.

The impure hydrogen is maintained at a concentration of 9.0x10-3 g/cm3 and the purified hydrogen is maintained at a
concentration of 9.0x10-4 g/cm3 by pumping the excess to a separate storage tank. The diffusivity of H2 in palladium at this
temperature is 1.2x106 cm?/s.

What is the mass of hydrogen purified in 1 hr, under the steady-state conditions described above ?



Steady-State Diffusion - Example

Hydrogen gas can be purified by allowing an initially impure mixture of gas to diffuse through a thin sheet of metal.
A hydrogen molecule is relatively small. Therefore, it tends to diffuse faster compared to the larger impurity molecules.

The purification process occurs at 700°C through a 0.1 cm thick sheet of palladium with a cross sectional area of 1 m2.

The impure hydrogen is maintained at a concentration of 9.0x10-3 g/cm3 and the purified hydrogen is maintained at a
concentration of 9.0x10-4 g/cm3 by pumping the excess to a separate storage tank. The diffusivity of Hz in palladium at this
temperature is 1.2x106 cm2/s.

What is the mass of hydrogen purified in 1 hr, under the steady-state conditions described above ?
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Diffusion
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~x4+0.1cm



Steady-State Diffusion - Example

Hydrogen gas can be purified by allowing an initially impure mixture of gas to diffuse through a thin sheet of metal.
A hydrogen molecule is relatively small. Therefore, it tends to diffuse faster compared to the larger impurity molecules.

The purification process occurs at 700°C through a 0.1 cm thick sheet of palladium with a cross sectional area of 1 m2.

The impure hydrogen is maintained at a concentration of 9.0x10-3 g/cm3 and the purified hydrogen is maintained at a
concentration of 9.0x10-4 g/cm3 by pumping the excess to a separate storage tank. The diffusivity of Hz in palladium at this
temperature is 1.2x106 cm2/s.

What is the mass of hydrogen purified in 1 hr, under the steady-state conditions described above ?

P4>Pp Pp [1] Steady-state so Fick’s First Law applies:
M dC
J=—=1D—
At dx
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Steady-State Diffusion - Example

Hydrogen gas can be purified by allowing an initially impure mixture of gas to diffuse through a thin sheet of metal.
A hydrogen molecule is relatively small. Therefore, it tends to diffuse faster compared to the larger impurity molecules.

The purification process occurs at 700°C through a 0.1 cm thick sheet of palladium with a cross sectional area of 1 m2.

The impure hydrogen is maintained at a concentration of 9.0x10-3 g/cm3 and the purified hydrogen is maintained at a
concentration of 9.0x10-4 g/cm3 by pumping the excess to a separate storage tank. The diffusivity of Hz in palladium at this
temperature is 1.2x106 cm2/s.

What is the mass of hydrogen purified in 1 hr, under the steady-state conditions described above ?

P4>Pp Pp [1] Steady-state so Fick’s First Law applies:
M dC

= —=1D—
At dx

[2] Rearrange for the mass:

M = JAt

J

Diffusion
of
H2

Cy4

XA xB
~x4+0.1cm



Steady-State Diffusion - Example

Hydrogen gas can be purified by allowing an initially impure mixture of gas to diffuse through a thin sheet of metal.
A hydrogen molecule is relatively small. Therefore, it tends to diffuse faster compared to the larger impurity molecules.

The purification process occurs at 700°C through a 0.1 cm thick sheet of palladium with a cross sectional area of 1 m2.

The impure hydrogen is maintained at a concentration of 9.0x10-3 g/cm3 and the purified hydrogen is maintained at a
concentration of 9.0x10-4 g/cm3 by pumping the excess to a separate storage tank. The diffusivity of Hz in palladium at this
temperature is 1.2x106 cm2/s.

What is the mass of hydrogen purified in 1 hr, under the steady-state conditions described above ?

P 4= P B P B [1] Steady-state so Fick’s First Law applies:
M dC
J=—=1D—
At dx
[2] Rearrange for the mass:
M = JAt
2 |ffu?|on [3] Solve for the flux:
(o) :
Ca H- J=1 (L2 10 © cn?ls) 9.0" 10 4 g/cm3! 9.0" 10 3 g/cmd
S 0.1 cm
J=9.72! 1083
cm-= S

XA xB
~x4+0.1cm



Steady-State Diffusion - Example

Hydrogen gas can be purified by allowing an initially impure mixture of gas to diffuse through a thin sheet of metal.
A hydrogen molecule is relatively small. Therefore, it tends to diffuse faster compared to the larger impurity molecules.

The purification process occurs at 700°C through a 0.1 cm thick sheet of palladium with a cross sectional area of 1 m2.

The impure hydrogen is maintained at a concentration of 9.0x10-3 g/cm3 and the purified hydrogen is maintained at a
concentration of 9.0x10-4 g/cm3 by pumping the excess to a separate storage tank. The diffusivity of Hz in palladium at this
temperature is 1.2x106 cm2/s.

What is the mass of hydrogen purified in 1 hr, under the steady-state conditions described above ?

P 4= P B P B [1] Steady-state so Fick’s First Law applies:
M dC
J=—=1D—
At dx
[2] Rearrange for the mass:
M = JAt
2 |ffu?|on [3] Solve for the flux:
(o) :
Ca H- J=1 (L2 10 © cn?ls) 9.0" 10 4 g/cm3! 9.0" 10 3 g/cmd
S 0.1 cm
J=9.72! 1083
cm-= S

[4] Solve for the mass:

# .. &
M =g§.72! 10 s _9 ( (100 cm)?*(3600'5)

2
XA - cm* s

M = 3.499
_x4+0.1cm ¢



Thermally Activated Processes
Arrhenius Relationship

Imagine a process where increasing
the temperature increases the process
rate exponentially.

Such a process is referred to as

thermally activated, and can be -k,
described by an Arrhenius equation. k(T)=k,exp | —

Y




Thermally Activated Processes
Arrhenius Relationship

Imagine a process where increasing
the temperature increases the process
rate exponentially.

Such a process is referred to as
thermally activated, and can be
described by an Arrhenius equation:

Example Processes:
Formation of Crystalline Defects

Chemical Diffusion (Diffusivity)

Certain Chemical Reactions
Nucleation & Growth (Phase Changes)
Certain Physiological Processes
Certain Events In Nature

lonic Conductivity



Thermally Activated Processes Ml e e i
Arrhenius Relat|onSh|p reaction 2HI H, + |5 in the g_?.s_lphh:Ss:

as a function of temperature

data show the exponential dependence
described by Equation (19.11). Source:
k(T) 20 [H Eyring and EM Eyring, Modern
Chemical Kinetics , Reinhold, New York,

1963.

Imagine a process where increasing
the temperature increases the process
rate exponentially.

Such a process is referred to as
thermally activated, and can be
described by an Arrhenius equation:

Example Processes:

, _ k Is the process value at T.
Formation of Crystalline Defects

ko IS the pre-exponential factor.

Chemical Diffusion (Diffusivity)

— X
Certain Chemical Reactions exp(x) = e
Nucleation & Growth (Phase Changes) Yes, the minus sign is critical.
Certain Physiological Processes E, is the activation energy.

Certain Events In Nature R is the gas constant.

lonic Conductivit :
¢ T is the absolute temperature.



Thermally Activated Processes 2.3
Arrhenius Relationship

In k(T) 2.1 |
A
Imagine a process where increasing Logarithm of the Frequency
the temperature increases the process of Chirping of Tree Crickets
rate exponentially. 19f | |
3.32 3.40 3.48

_ 1000/T (K1)
Such a process is referred to as
thermally activated, and can be -k,
described by an Arrhenius equation: kK(T) = k,exp RT

Example Processes:
Formation of Crystalline Defects

E \ 1
Ink(T)=—|— ) — + Ink,
. - o R/) T
Chemical Diffusion (Diffusivity)

Certain Chemical Reactions

E_\ 1000
Nucleation & Growth (Phase Changes) In k(1000/T) = — R T + Ink,

Certain Physiological Processes

Certain Events In Nature Various ways to plot Arrhenius behavior
lonic Conductivity exist and are commonly used.




Thermally Activated Processes
Arrhenius Relationship

Imagine a process where increasing
the temperature increases the process
rate exponentially.

Such a process is referred to as
thermally activated, and can be
described by an Arrhenius equation:

Example Processes:
Formation of Crystalline Defects

Chemical Diffusion (Diffusivity)

Certain Chemical Reactions
Nucleation & Growth (Phase Changes)
Certain Physiological Processes
Certain Events In Nature

lonic Conductivity

D(T) 10710
1 10—14

10—18

| 0.0006 0.0022 0.0038
T-1(K-1)

Figure 19.5 The di! usion coe " cient
D of carbon in iron as a function of
temperature:

_Ea
k(T) = ko cXp <ﬁ>

log() is a strange choice for the
axes here over In(), but many
references do this anyways.




Diffusion Coefficient or Diffusivity, D
A measure of the mobility of a diffusing species in a host material.

A HIGH value of D means that diffusion is FAST .
D is an Arrhenius function of temperature (changes DRAMATICALLY with temperature).

Two Common
Perspectives

- Ep - E;
D(T)= Doexp ! =—— = Dgexp ! —2&
(T) o €XP RT o €XP KT
DO A temperature-independent pre-exponential (m2/s)
E,. Activation energy for diffusion - Mole Basis (J/[mol])
R Energy Constant - Mole Basis (J/[mol-K])
EA' Activation energy for diffusion - Atom Basis (e\VV/atom)
kb Energy Constant - Atom Basis (eV/[atom-K])
T  Absolute Temperature (K)




Diffusion Coef Pcient or Diffusivity, D

A measure of the mobility of a diffusing species in a host material.
A HIGH value of D means that diffusion is FAST .
D is an Arrhenius function of temperature (changes DRAMATICALLY with temperature).

Ea EA
RT] kT

Do A Temperature-Independent Pre-exponential, m2/s

D(T) =|D, exp[ ¥

D, exp[ "’

EA Activation Energy For Diffusion, Molar Basis, J/mol

R Energy Constant, Molar Basis, 8.314 J/(mol-K) |

Two Common
Perspectives

EL\ Activation Energy For Diffusion, Atomic Basis, eV/atom |
kB Energy Constant - Atomic Basis, 8.617x10-> eV/(atom-K)

T  Absolute Temperature, K

Units and/or S| prebxes are likely to vary across references.




Diffusion Coef Pcient or Diffusivity, D

Table 5.2

Diffusing
Species

Fe
Fe
C
C

Cu
Zn
Al

Cu
Mg
Cu

A Tabulation of Diffusion Data

Host Metal

"_Fe
(BCC)

"_Fe
(FCC)

I -Fe
&Fe

Cu
Cu
Al
Al
Al
Ni

= D(T)

Calculated Value

D [} EA D [ 1] E#

exp = D lexp

27 Rl 22T [Tl

R = 8.3144J/(mol K) ks = 8.617! 10 ° eV/(atomK)

E,/100( Egt
Do(m?/s) kJ/mol eV/atom T (10)

2.8% 10 251 2.60 500
900

5.0$ 10% 284 2.94 900
1100

6.2$ 10"’ 80 0.83 500
900

2.3$ 10 148 1.53 900
1100

7.8% 10 211 2.19 500

2.4% 10% 189 1.96 500

2.3% 10 144 1.49 500

6.5% 10" 136 1.41 500

1.2$ 10 131 1.35 500

2.7$ 10%® 256 2.65 500

Not K!

Source: E. A. Brandes and G. B. Brook (Editors),
Heinemann, Oxford, 1992.

D (m?%s)

3.0$
1.8%

1.1%
7.8%

2.4%
1.7%

5.9%
5.3%

4.2%
4.0%
4.2%
4.1%
1.9%
1.3%

Smithells Metals Reference Book7th edition, Butterworth-

10%21
10%15

10%17
10%16

10%12
10%10

10%12
10%11

1 0%19
1 0%18
1 0%14
1 0%14
1 0%13
1 0%22



Diffusion Coef Pcient or Diffusivity, D

[1] Select a diffusing species and host material (possibly select a structure too, if options exist). This dePnes the pre-exponential term D, .

Ea Eh
D exp, # = [Dexp, # = D(T)
RIS 22T k4T
R = 8.3144J/(mol K) ks = 8.617" 10%° eV/(atomK)
Table 5.2 A Tabulation of Diffusion Data
E
Diffusing E,/100C A Calculated Value
Species Host Metal Do(M?/s) kJd/mol eV/atom T (IC)] Netk! | D(m?/s)
Fe "-Fe 2.8$ 10 251 2.60 500 3.0$ 10"
(BCC) 900 1.8 10%°
Fe "-Fe 5.0$ 10% 284 2.94 900 1.1$ 10%
(FCC) 1100 7.8% 107
C I -Fe 6.2$ 10 80 0.83 500 2.4$ 102
900 1.7$ 1010
C &Fe 2.3$ 10 148 1.53 900 5.9$ 10"12
1100 5.3% 10%
Cu Cu 7.8% 10 211 2.19 500 4.2$ 10719
Zn Cu 2.4% 10% 189 1.96 500 4.0$ 10718
Al Al 2.3%$ 10 144 1.49 500 4.2$ 10"
Cu Al 6.5% 10" 136 1.41 500 4.1$ 10"
Mg Al 1.2$ 10 131 1.35 500 1.9$ 1073
Cu Ni 2.7% 10" 256 2.65 500 1.3$ 10722

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-
Heinemann, Oxford, 1992.



Diffusion Coef Pcient or Diffusivity, D

[1] Select a diffusing species and host material (possibly select a structure too, if options exist). This dePnes the pre-exponential term D, .
[2] Select a perspective, maolar or atomic, which will debPne the activation energy (value and units) and energy constant (value and units).

EA
Dojexp;” il = D(T)
R = 8.3144J/(mol K)
Table 5.2 A Tabulation of Diffusion Data
E
Diffusing EA/].OOC A Calculated Value
Species Host Metal Do(m?/s) kJ/mol eV/atom T (IC)] Netk! | D(m?/s)
Fe "-Fe 2.8% 10 251 2.60 500 3.0$ 10%%t
(BCC) 900 1.8% 10%°
Fe "-Fe 5.0$ 10" 284 2.94 900 1.1$ 10%Y
(FCC) 1100 7.8% 10"
C I -Fe 6.2$ 10" 80 0.83 500 2.4$ 10”2
900 1.7$ 10710
C &Fe 2.3% 10 148 1.53 900 5.9% 10”2
1100 5.3% 10
Cu Cu 7.8% 10% 211 2.19 500 4.2% 10*1°
Zn Cu 2.4% 10 189 1.96 500 4.0% 107*8
Al Al 2.3$% 10* 144 1.49 500 4.2% 1074
Cu Al 6.5% 10 136 1.41 500 4.1$ 1074
Mg Al 1.2%$ 10 131 1.35 500 1.9$ 107%%3
Cu Ni 2.7% 10 256 2.65 500 1.3$ 10%?2

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-
Heinemann, Oxford, 1992.



Diffusion Coef Pcient or Diffusivity, D

[1] Select a diffusing species and host material (possibly select a structure too, if options exist). This dePnes the pre-exponential term D, .
[2] Select a perspective, molar or atomic, which will debne the activation energy (value and units) and energy constant (value and units).

[3] Select a temperature and compute D(T ), ensuring that T is converted to absolute temperature (Kelvin), as needed.

EA
Dojexp;” il = D(T)
R = 8.3144J/(mol K)
Table 5.2 A Tabulation of Diffusion Data
E
Diffusing EA/].OOC A Calculated Value
Species Host Metal Do(m?/s) kJ/mol eV/atom T (IC)] Netk! | D(m?/s)
Fe "-Fe 2.8% 10 251 2.60 500 3.0 10"t
(BCC) 900 1.8% 10%°
Fe "-Fe 5.0 10% 284 2.94 900 1.1$ 10%Y
(FCC) 1100 7.8% 1076
C I -Fe 6.2$ 10% 80 0.83 500 2.4$ 10%12
900 1.7$ 10%10
C &Fe 2.3% 10 148 1.53 900 5.9% 10”2
1100 5.3 10"
Cu Cu 7.8% 10 211 2.19 500 4.2% 10"°
Zn Cu 2.4% 10 189 1.96 500 4.0% 107*8
Al Al 2.3% 10 144 1.49 500 4.2% 10%4
Cu Al 6.5% 10 136 1.41 500 4.1$ 10"
Mg Al 1.2$ 10 131 1.35 500 1.9% 107%3
Cu NI 2.7% 10" 256 2.65 500 1.3$ 10%%?

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-
Heinemann, Oxford, 1992.



Diffusion Coef Pcient or Diffusivity, D

[1] Select a diffusing species and host material (possibly select a structure too, if options exist). This dePnes the pre-exponential term D, .
[2] Select a perspective, molar or atomic , which will debne the activation energy (value and units) and energy constant (value and units).

[3] Select a temperature and compute D(T ), ensuring that T is converted to absolute temperature (Kelvin), as needed.

Do exp # kEB}fl'] = D(T)

ks = 8.617" 10%° eV/(atomK)

Table 5.2 A Tabulation of Diffusion Data

E
Diffusing E,/100C A Calculated Value

Species Host Metal Do(m?/s) kJ/mol eV/atom T (IC)] Netk! | D(m?/s)
Fe "-Fe 2.8% 10™ 251 2.60 500 3.0$ 10"#
(BCC) 900 1.8 10"
Fe "-Fe 50% 10" 284 2.94 900 1.1$ 10"
(FCC) 1100 7.8% 10%°
C I -Fe 6.2$ 10" 80 0.83 500 2.4% 10”2
900 1.7$ 10"°
C &Fe 2.3% 10% 148 1.53 900 5.9% 10”2
1100 5.3¢ 10"
Cu Cu 7.8% 10* 211 2.19 500 4.2% 107
Zn Cu 2.4% 10 189 1.96 500 4.0% 1078
Al Al 2.3% 10 144 1.49 500 4.2% 1071
Cu Al 6.5$ 10" 136 1.41 500 4.1$ 10"
Mg Al 1.2$ 10* 131 1.35 500 1.9$ 10713
Cu Ni 2.7$ 107 256 2.65 500 1.3% 10722

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-
Heinemann, Oxford, 1992.



Factors That Diffusion Coef bcient or Diffusivity, D

Ea =
D lexp, # = D, lexp, # = D(T)
S 1 11 =l I 1]
R = 8.3144J/(mol K) ks = 8.617" 10%° eV/(atomK)
Table 5.2 A Tabulation of Diffusion Data
E
Diffusing E,/100C A Calculated Value
Species Host Metal Do(mM?/s) kJ/mol eV/atom T (IC)] Netk! | D(m?/s)
Fe "-Fe 2.8% 10 251 2.60 500 3.0$ 10"
(BCC) 900 1.8% 1071
Fe "-Fe 50$ 10" 284 2.94 900 1.1$ 107V
(FCC) 1100 7.8% 1071
C I -Fe 6.2$ 10" 80 0.83 500 2.4% 10712
900 1.7$ 10710
C &Fe 2.3$ 10% 148 1.53 900 5.9 1072
1100 5.3¢ 10"
Cu Cu 7.8% 10% 211 2.19 500 4.2$ 10719
Zn Cu 2.4$ 10" 189 1.96 500 4.0$ 108
Al Al 2.3%$ 10 144 1.49 500 4.2$ 10”14
Cu Al 6.5$ 10" 136 1.41 500 4.1% 104
Mg Al 1.2$ 10 131 1.35 500 1.9% 10"
Cu Ni 2.7$ 10" 256 2.65 500 1.3$ 10722

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-
Heinemann, Oxford, 1992.



Factors That Diffusion Coef bcient or Diffusivity, D

Ea =
D lexp, # = D, lexp, # = D(T)
S 1 11 =l I 1]
R = 8.3144J/(mol K) ks = 8.617" 10%° eV/(atomK)
Table 5.2 A Tabulation of Diffusion Data
E
Diffusing E,/100C A Calculated Value
Species Host Metal Do(mM?/s) kJ/mol eV/atom T (IC)] Netk! | D(m?/s)
Fe "-Fe 2.8% 10 251 2.60 500 3.0$ 10"
(BCC) 900 1.8% 1071
Fe "-Fe 50$ 10" 284 2.94 900 1.1$ 107V
(FCC) 1100 7.8% 1071
C I -Fe 6.2$ 10" 80 0.83 500 2.4% 10712
900 1.7$ 10710
C &Fe 2.3$ 10% 148 1.53 900 5.9 1072
1100 5.3¢ 10"
Cu Cu 7.8% 10% 211 2.19 500 4.2$ 10719
Zn Cu 2.4$ 10" 189 1.96 500 4.0$ 108
Al Al 2.3%$ 10 144 1.49 500 4.2$ 10”14
Cu Al 6.5$ 10" 136 1.41 500 4.1% 104
Mg Al 1.2$ 10 131 1.35 500 1.9% 10"
Cu Ni 2.7$ 10" 256 2.65 500 1.3$ 10722

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-
Heinemann, Oxford, 1992.



Factors That Diffusion Coef bcient or Diffusivity, D

Ea Ex
D, exp, " —. = D exp," — = D(T)
S | I B |
R = 8.3144J/(mol K) ks = 8.617! 10 ° eV/(atomK)
Table 5.2 A Tabulation of Diffusion Data
E
Diffusing E,/100C g Calculated Value
Species Host Metal Do(mM?/s) kJ/mol eV/atom [ (1C)| Notk! | D(m?s)
Fe "-Fe 2.8% 10 251 2.60 500 3.0$ 107%%
(BCC) 900 1.8 1075
Fe "-Fe 5.0% 10%® 284 2.94 900 1.1$ 107
(FCC) 1100 7.8 10716
C I -Fe 6.2$ 10 80 0.83 500 2.4% 1072
900 1.7$ 1070
C &Fe 2.3$ 10 148 1.53 900 5.95 10%2
1100 5.35 101
Cu Cu 7.8% 10% 211 2.19 500 4.2$ 10%1°
Zn Cu 2.4% 10 189 1.96 500 4.0$ 10%18
Al Al 2.3$% 10 144 1.49 500 4.2% 10%4
Cu Al 6.5$ 10 136 1.41 500 4.1$ 10"
Mg Al 1.2$ 10 131 1.35 500 1.9 10%13
Cu Ni 2.7$ 10% 256 2.65 500 1.3$ 10722

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-

Heinemann, Oxford, 1992.




Factors That Diffusion Coef bcient or Diffusivity, D

D, exp[ #

EA
Rl

R = 8.3144J/(mol K)

= D, exp[ #

EA
T

ks = 8.617" 10%° eV/(atomK)

= D(T)

Table 5.2 A Tabulation of Diffusion Data
E
Diffusing EA/].OOC A Calculated Value
Species Host Metal Do(mM?/s) kJ/mol eV/atom [ (1C)| Notk! | D(m?s)
Fe "-Fe 2.8% 10% 251 2.60 500 3.0 1072t
(BCC) 900 1.8 1075
Fe "-Fe 5.0 10" 284 2.94 900 1.1$ 107
(FCC) 1100 7.8% 10716
C I -Fe 6.2$ 107 80 0.83 500 2.4% 1072
900 1.7$ 1070
C &Fe 2.3% 10" 148 1.53 900 5.9% 10712
1100 5.3% 10"
Cu Cu 7.8% 10% 211 2.19 500 4.2% 1019
Zn Cu 2.4% 10" 189 1.96 500 4.0$ 10"8
Al Al 2.3% 10 144 1.49 500 4.2% 107
Cu Al 6.5$ 10 136 1.41 500 4.1% 104
Mg Al 1.2% 10* 131 1.35 500 1.9% 10%3
Cu Ni 2.7% 10 256 2.65 500 1.3% 10"%?

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-

Heinemann, Oxford, 1992.




Factors That Diffusion Coef bcient or Diffusivity, D

D, exp[ #

EA
Rl

R = 8.3144J/(mol K)

= D, exp[ #

EA
T

ks = 8.617" 10%° eV/(atomK)

= D(T)

Table 5.2 A Tabulation of Diffusion Data
E
Diffusing EA/].OOC A Calculated Value
Species Host Metal Do(mM?/s) kJ/mol eV/atom [ (1C)| Notk! | D(m?s)
Fe "-Fe 2.8% 10% 251 2.60 500 3.0% 1072t
(BCC) 900 1.8 1075
Fe "-Fe 5.0$ 10" 284 2.94 900 1.1$ 107
(FCC) 1100 7.8 10716
C I -Fe 6.2$ 107 80 0.83 500 2.4% 1072
900 1.7$ 1070
C &Fe 2.3% 10" 148 1.53 900 5.9% 10712
1100 5.3% 10"
Cu Cu 7.8% 10% 211 2.19 500 4.2% 1019
Zn Cu 2.4% 10" 189 1.96 500 4.0$ 10"8
Al Al 2.3% 10 144 1.49 500 4.2% 107
Cu Al 6.5$ 10 136 1.41 500 4.1% 104
Mg Al 1.2% 10* 131 1.35 500 1.9% 10%3
Cu Ni 2.7% 10 256 2.65 500 1.3% 10"%?

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-

Heinemann, Oxford, 1992.




Factors That Diffusion Coef bcient or Diffusivity, D

Host Detalls

Table 5.2

Diffusing
Species

Fe
Fe
C
C

Cu
Zn
Al

Cu
Mg
Cu

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-

D, exp[ #

EA
Rl

R = 8.3144J/(mol K)

A Tabulation of Diffusion Data

Host Metal

"_Fe
(BCC)

"_Fe
(FCC)

I -Fe
&Fe

Cu
Cu
Al
Al
Al
Ni

Heinemann, Oxford, 1992.

= D, exp[ #

EA
KT

kg = 8.617" 10%° eV/(atomK)

Calculated Value

[ (1C)

Not K!

EA/ 1000 EA
Do(mM?/s) kJ/mol eV/atom
2.8% 10 251 2.60
5.0$% 10" 284 2.94
6.2$ 10" 80 0.83
2.3% 10 148 1.53
7.8% 10" 211 2.19
2.4% 10" 189 1.96
2.3% 10 144 1.49
6.5% 10 136 1.41
1.2$ 10% 131 1.35
2.7% 10 256 2.65

500
900

900
1100

500
900

900
1100

500
500
500
500
500
500

= D(T)

D (m?%s)

3.0$
1.8%

1.1%
7.8%

2.4%
1.7%

5.9%
5.3%

4.2%
4.0%
4.2%
4.1%
1.9%
1.3%

10%21
10%15

10%17
10%16

10%12
10%10

10%12
10%11

1 0%19
1 0%18
1 0%14
1 0%14
1 0%13
1 0%22



Question

Without more information, which crystal structure is most likely
associated with the fastest rates of interstitial diffusion?

APF = 0.74

Lower APF structures should allow faster interstitial diffusion, but itOs important t
note that APF alone is not the only factor

APF =0.68 APF =0.52 % é

APF = 0.34

Recall that APF is one way to compare the total amount of interstitial space that
exists within by various crystal structures.

Other important factors not accounted for by an APF value alone are:
The type(s) and size(s) of interstitial sites in a given crystal structure.

The relative concentration of various interstitial site types in a crystal structure.
The arrangement / connectivity of interstitial sites in a given crystal structure.

Bonding interactions between an interstitial and host are expected to vary.




Factors That Diffusion Coef bcient or Diffusivity, D

Host Detail s

The host material could be crystalline or amorphous, condensed (solid or liquid), non-condensed (vapor), rigid or [3uid (bonds are
partially broken in a liquid, completely broken in a vapor). For crystalline materials, the crystal structure expressed by the host
dictates the coordination number(s) of the comprising species (i.e. bonding neighbor count), the types, counts, and sizes of
interstitial sites (some are larger than others, more OconnectedO than others, etc. within a given structure E and across structures).

Do exp; # = Doexpy # = D(T)

EA
Fm] T
R = 8.3144J/(mol K) ks = 8.617" 107> eV/(atomK)
Table 5.2 A Tabulation of Diffusion Data

E
Diffusing E,/100C A Calculated Value

Species Host Metal Do(m?/s) kJ/mol eV/atom T (1C)| Notkt | D(m?s)
Fe "-Fe 2.8% 10" 251 2.60 500 3.0 10"
(BCC) 900 1.8 107
Fe "-Fe 50$ 10% 284 2.94 900 1.1$ 107
(FCQ) 1100 7.8% 10"°
C I -Fe 6.2% 10" 80 0.83 500 2.4% 10"
900 1.7$ 1070
C &Fe 2.3% 10% 148 1.53 900 5.9% 10"2
1100 5.3% 10"
Cu Cu 7.8% 10% 211 2.19 500 4.2% 10"
Zn Cu 2.4% 10 189 1.96 500 4.0 10”8
Al Al 2.3% 10 144 1.49 500 4.2% 1071
Cu Al 6.5% 10" 136 1.41 500 4.1$ 104
Mg Al 1.2$ 10* 131 1.35 500 1.9$ 10713
Cu Ni 2.7% 10% 256 2.65 500 1.3$ 10722

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-
Heinemann, Oxford, 1992.



Factors That Diffusion Coef bcient or Diffusivity, D

Host Detail s

The host material could be crystalline or amorphous, condensed (solid or liquid), non-condensed (vapor), rigid or [3uid (bonds are
partially broken in a liquid, completely broken in a vapor). For crystalline materials, the crystal structure expressed by the host
dictates the coordination number(s) of the comprising species (i.e. bonding neighbor count), the types, counts, and sizes of
interstitial sites (some are larger than others, more OconnectedO than others, etc. within a given structure E and across structures).

Do exp; # = Doexpy # = D(T)

EA
FE] T
R = 8.3144J/(mol K) ks = 8.617" 107> eV/(atomK)
Table 5.2 A Tabulation of Diffusion Data

E
Diffusing E,/100C A Calculated Value

Species Host Metal Do(m?/s) kJ/mol eV/atom T (1C)| Notkt | D(m?s)
Fe "-Fe 2.8% 10™ 251 2.60 \ 500 3.0$ 10"
(BCC) 900 1.8 10"
Fe "-Fe 50$ 10" 284 2.94 900 1.1$ 107V
(FCC) /1100 7.8 10716
C I -Fe 6.2$ 10"’ 80 0.83 500 2.4$ 10712
900 1.7$ 10"1°
C &Fe 2.3% 10% 148 1.53 900 5.9% 10”2
1100 5.3 107
Cu Cu 7.8% 10% 211 2.19 500 4.2$ 10719
Zn Cu 2.4% 10 189 1.96 500 4.0% 1078
Al Al 2.3% 10 144 1.49 500 4.2$ 10"
Cu Al 6.5% 10" 136 1.41 500 4.1$ 104
Mg Al 1.2$ 10 131 1.35 500 1.9% 10”13
Cu Ni 2.7% 10% 256 2.65 500 1.3$ 10"

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-
Heinemann, Oxford, 1992.



Factors That Diffusion Coef bcient or Diffusivity, D

Host Detail s

The host material could be crystalline or amorphous, condensed (solid or liquid), non-condensed (vapor), rigid or [3uid (bonds are
partially broken in a liquid, completely broken in a vapor). For crystalline materials, the crystal structure expressed by the host
dictates the coordination number(s) of the comprising species (i.e. bonding neighbor count), the types, counts, and sizes of
interstitial sites (some are larger than others, more OconnectedO than others, etc. within a given structure E and across structures).

Do exp; # = Doexpy # = D(T)

EA
FE] T
R = 8.3144J/(mol K) ks = 8.617" 107> eV/(atomK)
Table 5.2 A Tabulation of Diffusion Data

E
Diffusing E,/100C A Calculated Value

Species Host Metal Do(m?/s) kJ/mol eV/atom T (1C)| Notkt | D(m?s)
Fe "-Fe 2.8% 10 251 2.60 500 3.0$ 10"
(BCC) 900 1.8 107
Fe "-Fe 50$ 10" 284 2.94 900 1.1$ 107
(FCO) 1100 7.8% 10"°
C | -Fe 6.2$ 10" 80 0.83 \ 500 2.4$ 1012
900 1.7$ 1070
C &Fe 2.3$ 10% 148 1.53 900 5.9% 10"
1100 5.33 10%
Cu Cu 7.8% 10% 211 2.19 500 4.2$ 10719
Zn Cu 2.4% 10 189 1.96 500 4.0 10”8
Al Al 2.3% 10 144 1.49 500 4.2$ 10"
Cu Al 6.5% 10" 136 1.41 500 4.1$ 10"
Mg Al 1.2$ 10 131 1.35 500 1.9% 10”13
Cu Ni 2.7% 10% 256 2.65 500 1.3$ 10722

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-
Heinemann, Oxford, 1992.



Factors That Diffusion Coef bcient or Diffusivity, D

Diffusion Mechanis m

For a given host and temperature, interstitial

diffusion tends to be signi bcantly faster than

D, exp[ #

EA
Rl

R = 8.3144J/(mol K)

Table 5.2 A Tabulation of Diffusion Data

Diffusing
Species Host Metal
Fe "-Fe
(BCC)
Fe " -Fe
(FCC)
C I -Fe
C &Fe
Cu Cu
Zn Cu
Al Al
Cu Al
Mg Al
Cu Ni

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-

Heinemann, Oxford, 1992.

= D, exp[ #

EA
KT

kg = 8.617" 10%° eV/(atomK)

Calculated Value

[ (1C)

Not K!

EA/ 1000 EA
Do(mM?/s) kJ/mol eV/atom
2.8% 10 251 2.60
5.0$% 10" 284 2.94
6.2$ 10" 80 0.83
2.3% 10 148 1.53
7.8% 10" 211 2.19
2.4% 10" 189 1.96
2.3% 10 144 1.49
6.5% 10 136 1.41
1.2$ 10% 131 1.35
2.7% 10 256 2.65

500
900

900
1100

500
900

900
1100

500
500
500
500
500
500

= D(T)

D (m?%s)

3.0$
1.8%

1.1%
7.8%

2.4%
1.7%

5.9%
5.3%

4.2%
4.0%
4.2%
4.1%
1.9%
1.3%

10%21
10%15

10%17
10%16

10%12
10%10

10%12
10%11

1 0%19
1 0%18
1 0%14
1 0%14
1 0%13
1 0%22



Factors That Diffusion Coef bcient or Diffusivity, D

Diffusion Mechanis m

For a given host and temperature, interstitial

diffusion tends to be signi bcantly faster than

A diffuser that is suflrciently small will tend to move through a connected network of interstitial sites.

D, exp[ #

EA
Rl

R = 8.3144J/(mol K)

Table 5.2 A Tabulation of Diffusion Data

= D, exp[ #

EA
KT

= D(T)

ks = 8.617" 10%° eV/(atomK)

E
Diffusing E,/100C A Calculated Value

Species Host Metal Do(mM?/s) kJ/mol eV/atom T (IC)] Netk! | D(m?/s)
Fe "-Fe 2.8$ 10 251 2.60 500 3.0$ 10"
(BCC) /900 1.8 10%15
Fe "-Fe 5.0$ 10% 284 2.94 900 1.1$ 10%
(FCC) 1100 7.8 10716
| C | -Fe 6.2$ 10" 80 0.83 500 2.4% 10"
900 1.7$ 10710
C &Fe 2.3% 10 148 1.53 900 5.95 10%2
1100 5.35 101
Cu Cu 7.8% 10 211 2.19 500 4.2$ 10719
Zn Cu 2.4% 10 189 1.96 500 4.0$ 108
Al Al 2.3%$ 10 144 1.49 500 4.2$ 10"
Cu Al 6.5$ 10 136 1.41 500 4.1$ 1074
Mg Al 1.2$ 10 131 1.35 500 1.9$ 1073
Cu Ni 2.7$ 10% 256 2.65 500 1.3$ 10"%2

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-

Heinemann, Oxford, 1992.



Factors That Diffusion Coef bcient or Diffusivity, D

Diffusion Mechanis m

For a given host and temperature, interstitial

diffusion tends to be signi bcantly faster than

A diffuser that is suflrciently small will tend to move through a connected network of interstitial sites.

D, exp[ #

EA
Rl

R = 8.3144J/(mol K)

Table 5.2 A Tabulation of Diffusion Data

= D, exp[ #

EA
KT

= D(T)

ks = 8.617" 10%° eV/(atomK)

E
Diffusing E,/100C A Calculated Value

Species Host Metal Do(mM?/s) kJ/mol eV/atom T (IC)] Netk! | D(m?/s)
Fe "-Fe 2.8$ 10 251 2.60 500 3.0$ 10"
(BCC) 900 1.8% 1075
Fe " _Fe 50% 10 284 2.94 \ 900 1.1$ 10%Y7
(FCC) 1100 7.85 1071
C I -Fe 6.2$ 10 80 0.83 500 2.4$ 102
900 1.7$ 1010
c &Fe 2.3% 107 148 1.53 \_ 900 595 10412
1100 5.3¢ 10"
Cu Cu 7.8% 10 211 2.19 500 4.2$ 10%1°
Zn Cu 2.4% 10 189 1.96 500 4.0$ 10718
Al Al 2.3% 10 144 1.49 500 4.2$ 10"
Cu Al 6.5$ 10 136 1.41 500 4.1$ 1074
Mg Al 1.2$ 10 131 1.35 500 1.9$ 1073
Cu Ni 2.7$ 10% 256 2.65 500 1.3$ 10"%2

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-

Heinemann, Oxford, 1992.




Factors That Diffusion Coef bcient or Diffusivity, D

Diffusion Mechanis m

For a given host and temperature, interstitial

diffusion tends to be signi bcantly faster than

A diffuser that is sufbciently small will tend to move through a connected network of interstitial sites.

D, exp[ #

EA
Rl

R = 8.3144J/(mol K)

Table 5.2 A Tabulation of Diffusion Data

= D, exp[ #

EA
KT

= D(T)

ks = 8.617" 10%° eV/(atomK)

E
Diffusing E,/100C A Calculated Value

Species Host Metal Do(mM?/s) kJ/mol eV/atom [ (1C)| Notk! | D(m?s)
Fe "-Fe 2.8% 10 251 2.60 500 3.0$ 10"
(BCC) 900 1.8% 1071
Fe "-Fe 5.0$ 10% 284 2.94 900 1.1$ 10%
(FCC) 1100 7.8 10716
| C | -Fe 6.2$ 10" 80 0.83 500 2.4$ 1072
900 1.7$ 10710
C &Fe 2.3$ 10 148 1.53 900 5.9 1072
1100 5.3% 10%
Cu Cu 7.8% 10% 211 2.19 500 4.2$ 10719
Zn Cu 2.4% 10% 189 1.96 500 4.0$ 108
Al Al 2.3$ 10 144 1.49 500 4.2$ 1074
Cu Al 6.5$ 10" 136 1.41 500 4.1$ 10°*
Mg Al 1.2$ 10 131 1.35 500 1.9$ 10712
Cu Ni 2.7$ 10%® 256 2.65 500 1.3% 10%22_

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-

Heinemann, Oxford, 1992.




Factors That Diffusion Coef bcient or Diffusivity, D

Diffusion Mechanis m

For a given host and temperature, interstitial

diffusion tends to be signi bcantly faster than

A diffuser that is sufbciently small will tend to move through a connected network of interstitial sites.

D, exp[ #

EA
Rl

R = 8.3144J/(mol K)

Table 5.2 A Tabulation of Diffusion Data

= D, exp[ #

EA
KT

= D(T)

ks = 8.617" 10%° eV/(atomK)

E
Diffusing E,/100C A Calculated Value

Species Host Metal Do(mM?/s) kJ/mol eV/atom T (IC)] Netk! | D(m?/s)
Fe "-Fe 2.8% 10 251 2.60 500 3.0$ 10"
(BCC) 900 1.8% 1075
Fe "-Fe 50$ 10" 284 2.94 900 1.1$ 107
(FCC) 1100 7.8% 10716
C I -Fe 6.2$ 10 80 0.83 \ 500 2.4% 10%2
900 1.7$ 1070
| C &Fe 2.3% 107 148 1.53 900 5.93 10°2?|
1100 5.3% 10"
Cu Cu 7.8% 10 211 2.19 500 4.2$ 10719
Zn Cu 2.4% 10% 189 1.96 500 4.0 10”8
Al Al 2.3$ 10* 144 1.49 500 4.2$ 1074
Cu Al 6.5% 10 136 141 500 4.1%$ 10"
Mg Al 1.2$ 10* 131 1.35 500 1.9% 10"
Cu Ni 2.7% 10% 256 2.65 500 1.3$ 10722

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-

Heinemann, Oxford, 1992.



Factors That Diffusion Coef bcient or Diffusivity, D

Diffusion Mechanis m
For a given host and temperature, interstitial diffusion tends to be signi bcantly faster than vacancy diffusion .

A diffuser that is similar in size to its host will tend to rely on vacancies for diffusion.
A diffuser that is sufbciently small will tend to move through a connected network of interstitial sites.

Ea Eh
D,exp, #—, = D exp, # — = D(T)
I RAL T L KTl
R = 8.3144J/(mol K) ks = 8.617" 10*° eV/(atomK)
Table 5.2 A Tabulation of Diffusion Data
E
Diffusing E,/100C A Calculated Value
Species Host Metal Do(m?/s) kJ/mol eV/atom T (1C)| Notkt | D(m?s)
Fe "-Fe 2.8$ 10 251 2.60 500 3.0$ 10"
(BCC) 900 1.8% 10%°
Fe "-Fe 50$ 10 284 2.94 900 1.1$ 107V
(FCC) 1100 7.8% 10716
C I -Fe 6.2$ 10" 80 0.83 500 2.4$ 10712
900 1.7$ 10710
C &Fe 2.3$ 10 148 1.53 900 5.9 102
| 1100 5.35 10" |
Cu Cu 7.8% 10% 211 2.19 500 4.2$ 10719
Zn Cu 2.4% 10 189 1.96 500 4.0$ 108
Al Al 2.3$ 10 144 1.49 500 4.2$ 10"
Cu Al 6.5$ 10" 136 1.41 500 4.1$ 10%4
Mg Al 1.2$ 10" 131 1.35 500 1.9% 10”13
Cu Ni 2.7$ 10% 256 2.65 500 1.3$ 10722

Source:E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-
Heinemann, Oxford, 1992.



Factors That Diffusion Coef bcient or Diffusivity, D

Self-Diffusion & Substitutional Diffusion Activation Energies Are Correlated To Bond Strength
If you compare self-diffusivity for various materials at the same temperature, a general trend should hold that

Eadecreases as the bond strength increases (bonds need to break to form vacancies).

Strongly bonded materials will require more thermal energy to create a given vacancy concentration

compared to a weaker material. Various measures of bond strength exist ( Tm, Tb, Ea, E).

This ranking will hold true for materials with a similar host diameter to interstitial size ratio (or similar APF).

Table 5.2 A Tabulation of Diffusion Data

E
Diffusing EA/]'OOC A
Species Host Metal Do(mM?/s) kJ/mol eV/atom
Fe "-Fe 2.8$ 10 251 2.60
(BCC)
Fe "-Fe 5.0$ 10% 284 2.94
(FCO)
C I -Fe 6.2$ 10" 80 0.83
C &Fe 2.3$ 10 148 1.53
Cu Cu 7.8% 10% 211 2.19
Zn Cu 2.4% 10 189 1.96
Al Al 2.3$ 10 144 1.49
Cu Al 6.5$% 10" 136 1.41
Mg Al 1.2$ 107 131 1.35
Cu Ni 2.7% 10™ 256 2.65

Source: E. A. Brandes and G. B. Brook (Editors), Smithells Metals Reference Book7th edition, Butterworth-

Heinemann, Oxford, 1992.
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Self-Diffusivity and Melting Temperature are Correlated with Bond Strength
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Example: Al bonding is weaker than Cu, which is weaker than Fe.
TrAl < TCu < Trfe Eaalal < Eacu-cu < Earere

Also: Since Do is similar for Al, Cu, and Fe, Daai > Dcu-cu> Drere (foragiven T, for solid-state diffusion)



What is the general trend of activation energies for self/substitutional-diffusion
amongst metallic, covalent, and ionic systems?

Generally Increasing Bond Strength, Geometric Requirement, Charge Constraints

Metallic

non-directional attraction promotes
ductility and high density.

Relatively weak bonds so vacancy

formation is relatively easy low
activation energy .

Self-Diffusio n

Al Ea = 144 kJ/mol Tm= 660°C
Au Ea= 174 kJ/mol Tm = 1064°C
Ag Ea= 184 kJ/mol Tm= 961°C
Cu Ea= 197 kdJ/mol Tm=1085°C
Ni Ea= 279 kJ/mol Tm = 14550C
Fe Ea= 281 kJ/mol Tm = 1535°C

Impurity-Diffusio n

Cuin Ag Ea =193 kJ/mol
Cuin Al Ea=126 kJ/mol
Cuin Ni Ea =236 kJ/mol

Covalent

directional attraction dictated
by orbital shape promotes lower
ductility and lower density.

Strong bonds and geometri ¢
constraints of the covalen t
bond geometry resulti n

high activation energy

Self-Diffusio n
Si Ea = 460,000 kJ /mol
Ge Ea=287,000 kJ/mol

Again, these are not a perfect ranking, since
cases overlap across all three categories
and outliers exist in each category.

The largest discrepancy of primary bond strength
will generally be the comparison of metal bonding
to either covalent or ionic bonding.

_ >
lonic

non-directional, but a charge
registry in the solid-state hinders
displacement / shifting of ions to
arbitrary positions, severely
limiting ductility.

Impurity Diffusio n
Alin Al20z Ea =477,000 kJ /mol
O in Al203  Ea = 636,000 kJ/mol

Diffusion through a polyme r
CO: in Polyethylene terephthalate (PET)

LATER:
Ea =51 kJ/mol

Polymers tend to feature much more open space

within their structures compared to metals and ceramics.



