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Diffusion 

 

Photograph of a steel gear that has been “case hardened.” The outer surface 

layer was selectively hardened by a high-temperature heat treatment during 

which carbon from the surrounding atmosphere diffused into the surface. The 

“case” appears as the dark outer rim of that segment of the gear that has been 

sectioned. Actual size. 

 

Why study diffusion? 

      Materials of all types are often heat treated to improve their 

properties. The phenomena that occur during a heat treatment almost 

always involve atomic diffusion. Often an enhancement of diffusion rate 

is desired; on occasion measures are taken to reduce it. Heat-treating 

temperatures and times, and/or cooling rates are often predictable using 

the mathematics of diffusion and appropriate diffusion constants. The 

steel gear shown on this page has been case hardened (FACTORS THAT 

AFFECT FATIGUE LIFE); that is, its hardness and resistance to failure 
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by fatigue have been enhanced by diffusing excess carbon or nitrogen 

into the outer surface layer. 

 

2-1- Introduction 

      Many reactions and processes that are important in the treatment of 

materials rely on the transfer of mass either within a specific solid 

(ordinarily on a microscopic level) or from a liquid, a gas, or another 

solid phase. This is necessarily accomplished by diffusion, the 

phenomenon of material transport by atomic motion. This chapter 

discusses the atomic mechanisms by which diffusion occurs, the 

mathematics of diffusion, and the influence of temperature and diffusing 

species on the rate of diffusion. 

      The phenomenon of diffusion may be demonstrated with the use of a 

diffusion couple, which is formed by joining bars of two different metals 

together so that there is intimate contact between the two faces; this is 

illustrated for copper and nickel in Figure 2.1, which includes schematic 

representations of atom positions and composition across the interface. 

This couple is heated for an extended period at an elevated temperature 

(but below the melting temperature of both metals), and cooled to room 

temperature. 
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2.2 

2.1 



University of Anbar                                                                                       Assist prof.                                                                                            

College of science                                    2018 - 2019                        Dr. Mohammed Ghazi                                                            

Dept. Of physic                              MATERIALS SCIENCE                      Chapter (2) 
 

4  
 

      Chemical analysis will reveal a condition similar to that represented 

in Figure 2.2 namely, pure copper and nickel at the two extremities of the 

couple, separated by an alloyed region. Concentrations of both metals 

vary with position as shown in Figure 2.2c. This result indicates that 

copper atoms have migrated or diffused into the nickel, and that nickel 

has diffused into copper. This process, whereby atoms of one metal 

diffuse into another, is termed interdiffusion, or impurity diffusion. 

      Interdiffusion may be discerned from a macroscopic perspective by 

changes in concentration which occur over time, as in the example for the 

Cu–Ni diffusion couple. There is a net drift or transport of atoms from 

high- to low-concentration regions. Diffusion also occurs for pure metals, 

but all atoms exchanging positions are of the same type; this is termed 

self-diffusion. Of course, self-diffusion is not normally subject to 

observation by noting compositional changes. 

 

2-2- Diffusion Mechanisms   

      From an atomic perspective, diffusion is just the stepwise migration 

of atoms from lattice site to lattice site. In fact, the atoms in solid 

materials are in constant motion, rapidly changing positions. For an atom 

to make such a move, two conditions must be met: (1) there must be an 

empty adjacent site, and (2) the atom must have sufficient energy to break 

bonds with its neighbor atoms and then cause some lattice distortion 

during the displacement. This energy is vibrational in nature (Section     

1-4). At a specific temperature some small fraction of the total number of 

atoms is capable of diffusive motion, by virtue of the magnitudes of their 

vibrational energies. This fraction increases with rising temperature. 
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Several different models for this atomic motion have been proposed; of 

these possibilities, two dominate for metallic diffusion. 

- Vacancy diffusion 

      One mechanism involves the interchange of an atom from a normal 

lattice position to an adjacent vacant lattice site or vacancy, as 

represented schematically in Figure 2.3a. This mechanism is aptly termed 

vacancy diffusion. Of course, this process necessitates the presence of 

vacancies, and the extent to which vacancy diffusion can occur is a 

function of the number of these defects that are present; significant 

concentrations of vacancies may exist in metals at elevated temperatures 

(1-1). Since diffusing atoms and vacancies exchange positions, the 

diffusion of atoms in one direction corresponds to the motion of 

vacancies in the opposite direction. Both self-diffusion and interdiffusion 

occur by this mechanism; for the latter, the impurity atoms must 

substitute for host atoms.  

                                      

2.3 



University of Anbar                                                                                       Assist prof.                                                                                            

College of science                                    2018 - 2019                        Dr. Mohammed Ghazi                                                            

Dept. Of physic                              MATERIALS SCIENCE                      Chapter (2) 
 

6  
 

- Interstitial Diffusion 

      The second type of diffusion involves atoms that migrate from an 

interstitial position to a neighboring one that is empty. This mechanism is 

found for interdiffusion of impurities such as hydrogen, carbon, nitrogen, 

and oxygen, which have atoms that are small enough to fit into the 

interstitial positions. Host or substitutional impurity atoms rarely form 

interstitials and do not normally diffuse via this mechanism. This 

phenomenon is appropriately termed interstitial diffusion (Figure 2.3b). 

      In most metal alloys, interstitial diffusion occurs much more rapidly 

than diffusion by the vacancy mode, since the interstitial atoms are 

smaller and thus more mobile. Furthermore, there are more empty 

interstitial positions than vacancies; hence, the probability of interstitial 

atomic movement is greater than for vacancy diffusion. 

 

2-3- Steady – State Diffusion 

      Diffusion is a time-dependent process-that is, in a macroscopic sense, 

the quantity of an element that is transported within another is a function 

of time. Often it is necessary to know how fast diffusion occurs, or the 

rate of mass transfer. This rate is frequently expressed as a diffusion flux 

(J), defined as the mass (or, equivalently, the number of atoms) M 

diffusing through and perpendicular to a unit cross-sectional area of solid 

per unit of time. In mathematical form, this may be represented as: 

𝐽 =  
𝑀

𝐴𝑡
         … … … . (1) 

where A denotes the area across which diffusion is occurring and t is the 

elapsed diffusion time. In differential form, this expression becomes: 

𝐽 =  
1

𝐴

𝑑𝑀

𝑑𝑡
         … … … . (2) 
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The units for J are kilograms or atoms per meter squared per second 

(kg/m
2
-s or atoms/m

2
-s). 

      If the diffusion flux does not change with time, a steady-state 

condition exists. One common example of steady-state diffusion is the 

diffusion of atoms of a gas through a plate of metal for which the 

concentrations (or pressures) of the diffusing species on both surfaces of 

the plate are held constant. This is represented schematically in         

Figure 2.4a. 

      When concentration C is plotted versus position (or distance) within 

the solid x, the resulting curve is termed the concentration profile; the 

slope at a particular point on this curve is the concentration gradient: 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 =  
𝑑𝐶

𝑑𝑥
         … … … . (3) 

In the present treatment, the concentration profile is assumed to be linear, 

as depicted in Figure 2.4b, and 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 =  
∆𝐶

∆𝑥
=  

𝐶𝐴 − 𝐶𝐵

𝑥𝐴 − 𝑥𝐵
 

 

 

2.4 
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      For diffusion problems, it is sometimes convenient to express 

concentration in terms of mass of diffusing species per unit volume of 

solid (kg/m
3
 or g/cm

3
). The mathematics of steady-state diffusion in a 

single (x) direction is relatively simple, in that the flux is proportional to 

the concentration gradient through the expression: 

𝐽 =  −𝐷
𝑑𝐶

𝑑𝑥
         … … … . (4)       𝐅𝐢𝐜𝐤’𝐬 𝐟𝐢𝐫𝐬𝐭 𝐥𝐚𝐰. 

The constant of proportionality D is called the diffusion coefficient, 

which is expressed in square meters per second. The negative sign in this 

expression indicates that the direction of diffusion is down the 

concentration gradient, from a high to a low concentration. 

 

Example problem 2.1  
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2-4- Nonsteady-State Diffusion 

      Most practical diffusion situations are nonsteady-state ones. That is, 

the diffusion flux and the concentration gradient at some particular point 

in a solid vary with time, with a net accumulation or depletion of the 

diffusing species resulting. This is illustrated in Figure 2.5, which shows 

concentration profiles at three different diffusion times. 

 

Under conditions of nonsteady state, use of Equation Fick’s first law is 

no longer convenient; instead, the partial differential equation: 

𝜕𝐶

𝜕𝑡
=  

𝜕

𝜕𝑥
(𝐷

𝜕𝐶

𝜕𝑥
)         … … … . (5) 

      Known as Fick’s second law, is used. If the diffusion coefficient is 

independent of composition (which should be verified for each particular 

diffusion situation), this equation simplifies to: 

𝜕𝐶

𝜕𝑡
=  𝐷

𝜕2𝐶

𝜕𝑥2
         … … … . (6) 

      Solutions to this expression (concentration in terms of both position 

and time) are possible when physically meaningful boundary conditions 

are specified. 

2.5 
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      One practically important solution is for a semi-infinite solid in which 

the surface concentration is held constant. Frequently, the source of the 

diffusing species is a gas phase, the partial pressure of which is 

maintained at a constant value. Furthermore, the following assumptions 

are made: 

1. Before diffusion, any of the diffusing solute atoms in the solid are 

uniformly distributed with concentration of Co. 

2. The value of x at the surface is zero and increases with distance 

into the solid. 

3. The time is taken to be zero the instant before the diffusion process 

begins. 

These boundary conditions are simply stated as: 

For  𝑡 = 0, 𝐶 = 𝐶𝑜    𝑎𝑡  0 ≤ 𝑥 ≤ ∞ 

For  𝑡 > 0, 𝐶 = 𝐶𝑠(𝑡ℎ𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)    𝑎𝑡  𝑥 = 0 

𝐶 = 𝐶𝑜    𝑎𝑡  𝑥 = ∞ 

Application of these boundary conditions to Equation of Fick’s second 

law, yields the solution: 

𝐶𝑥 − 𝐶𝑜

𝐶𝑠 − 𝐶𝑜
= 1 − 𝑒𝑟𝑓 (

𝑥

2√𝐷𝑡
)         … … … . (7) 

Where Cx represents the concentration at depth x after time t. The 

expression erf(𝑥/2√𝐷𝑡 ) is the Gaussian error function, values of which 

are given in mathematical tables for various 𝑥/2√𝐷𝑡 values; a partial 

listing is given in Table 2.1. The concentration parameters that appear in 

Equation (7) are noted in Figure 2.6, a concentration profile taken at a 

specific time. Equation (7) thus demonstrates the relationship between 

concentration, position, and time, namely, that Cx being a function of the 
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dimensionless parameter 𝑥/2√𝐷𝑡 may be determined at any time and 

position if the parameters Co, Cs and D are known. 

Table 2.1 Tabulation of error function values 

 

      

 

      Suppose that it is desired to achieve some specific concentration of 

solute, C1, in an alloy; the left-hand side of Equation (7) now becomes: 

𝐶1 − 𝐶𝑜

𝐶𝑠 − 𝐶𝑜
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

      This being the case, the right-hand side of this same expression is also 

a constant, and subsequently: 

𝑥

2√𝐷𝑡
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

2.6 
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∴  
𝑥2

𝐷𝑡
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

      Some diffusion computations are thus facilitated on the basis of this 

relationship, as demonstrated in Example Problem 2.3. 

Example problem 2.2. 
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Example problem 2.3. 

  

2-5- Factors That Influence Diffusion 

- Diffusing Species 

      The magnitude of the diffusion coefficient D is indicative of the rate 

at which atoms diffuse. Coefficients, both self- and interdiffusion, for 

several metallic systems are listed in Table 2.2. The diffusing species as 

well as the host material influence the diffusion coefficient. For example, 

there is a significant difference in magnitude between self-diffusion and 



University of Anbar                                                                                       Assist prof.                                                                                            

College of science                                    2018 - 2019                        Dr. Mohammed Ghazi                                                            

Dept. Of physic                              MATERIALS SCIENCE                      Chapter (2) 
 

14  
 

carbon interdiffusion in iron at 500 C, the D value being greater for the 

carbon interdiffusion (3.0 x10
-21

 vs. 2.4 x10
-12

 
m2

/s).This comparison also 

provides a contrast between rates of diffusion via vacancy and interstitial 

modes as discussed above. Self-diffusion occurs by a vacancy 

mechanism, whereas carbon diffusion in iron is interstitial. 

 

- Temperature  

Temperature has a most profound influence on the coefficients and 

diffusion rates. For example, for the self-diffusion of Fe in α-Fe, the 

diffusion coefficient increases approximately six orders of magnitude 

(from 3.0 x10
-21

 to 1.8 x10
-15

 m
2
/s) in rising temperature from 500 to 

900
o
C (Table 2.2). The temperature dependence of the diffusion 

coefficients is related to temperature according to: 

𝐷 =  𝐷𝑜𝑒𝑥𝑝 (−
𝑄𝑑

𝑅𝑇
)         … … … . (8) 

Where: 

Do= a temperature-independent preexponential (m
2
/s). 

Qd= the activation energy for diffusion (J/mol or eV/atom). 

R= the gas constant, 8.31 J/mol-K or 8.62 x10
-5

 eV/atom-K 

T= absolute temperature (K). 

      The activation energy may be thought of as that energy required to 

produce the diffusive motion of one mole of atoms. A large activation 

energy results in a relatively small diffusion coefficient. Table 2.2 also 

contains a listing of and values for several diffusion systems. 

Taking natural logarithms of Equation (8) yields: 

𝑙𝑛𝐷 =  𝑙𝑛𝐷𝑜 −
𝑄𝑑

𝑅
(

1

𝑇
)         … … … . (9) 

Or in terms of logarithms to the base 10 
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𝑙𝑜𝑔𝐷 =  𝑙𝑜𝑔𝐷𝑜 −
𝑄𝑑

2.3𝑅
(

1

𝑇
)         … … … . (10) 

Since Do, Qd and R are all constants, Equation (10) takes on the form of 

an equation of a straight line: 

𝑦 = 𝑏 + 𝑚𝑥 

Where y and x are analogous, respectively, to the variables log D and 1/T. 

Thus, if log D is plotted versus the reciprocal of the absolute temperature, 

a straight line should result, having slope and intercept of –Qd /2.3R and 

log Do respectively. This is, in fact, the manner in which the values of Qd 

and Do are determined experimentally. From such a plot for several alloy 

systems (Figure 2.7), it may be noted that linear relationships exist for all 

cases shown. 

Table 2.2 A Tabulation of Diffusion Data. 
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Example problem 2.4 

 

 

 

 

2.7 
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Example problem 2.5 
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