5.1 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 accom-
plished 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, as illustrated for copper and
nickel in Figure 5.1, 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. Chemical analysis will reveal a condition similar
to that represented in Figure 5.2, namely, pure copper and nickel at the two
extremities of the couple, separated by an ailloyed region. Concentrations of both
metals vary with position as shown in Figure 5.2c. This resuit indicates that
copper atoms have migrated or diffused into the nickel, and that nickel has dif-
fused 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.
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Figure 5.2 (a) A copper—nickel diffusion
couple after a high-temperature heat
treatment, showing the alloyed diffusion
zone. (b) Schematic representations of
Cu (colored circles) and Ni (black cir-
cles) atom locations within the couple.
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5.2 DIFFUSION MECHANISMS

m_.o._.: 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
anmu:, 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 na-
ture (Section 4.7). At a specific temperature some small fraction of the total
number of atoms are capable of diffusive motion, by virtue of the magnitudes of
their vibrational energies. This fraction increases with rising temperature.

Several different models for this atomic motion have been proposed; of these
possibilities, two dominate for metallic diffusion.

Vacancy Diffusion

Oua mechanism involves the interchange of an atom from a normal lattice posi-
tion to an adjacent vacant lattice site or vacancy, as represented schematically
E.Emczw 5.3a. This mechanism is aptly termed vacancy diffusion. Of course
this process necessitates the presence of vacancies, and the extent to iEom
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 (Section 4.2). Since diffusing atoms and vacancies ex-
orwn._mo positions, the diffusion! of atoms in one direction corresponds to the
motion of vacancies in the opposite direction. Both self-diffusion and inter-
diffusion occur by this mechanism; for the latter, the impurity atoms must
substitute for host atoms.
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Interstitial Diffusion

The second type of diffusion involves atoms that migrate from an ma.o_.man.w_
position to a neighboring one that is empty. This mechanism is found for .583:..
fusion of impurities such as hydrogen, carbon, nitrogen, and oxygen, which have
atoms that are small enough to fit into the interstitial positions. Host or substitu-
tjonal impurity atoms rarely form interstitials and do not normally diffuse via
this mechanism. This phenorenon is appropriately termed interstitial diffusion
(Figure 5.3b).

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 vacan-
cies; hence, the probability of interstitial atomic movement is greater than for

vacancy diffusion.

5.3 STEADY-STATE DIFFUSION

Diffusion is a time-dependent process—that is, ina macroscopic sense, the quan-
tity of an element that is transported within another is a function of time. Often .:
is necessary to know how fast diffusion occurs, or the rate of mass transfer. g.,_._m
rate is frequently expressed as a diffusion flux (J), defined as the mass (or, equiva-
lently, 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= (5.12)

celR

Gas at pressure
Pa
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where A denotes the area across which diffusion is occurring and ¢ is the elapsed
diffusion time. In differential form, this expression becomes
J=ldM
. A . (5.1b)
The units for J are kilograms or atoms per meter squared per second (kg/m?-s or
atoms/m?-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 diffus-
ing species on both surfaces of the plate are held constant. This is represented
schematically in Figure 5.4a.

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 = M.am (5.2a)

In the present treatment, the concentration profile is assumed to be linear, as
depicted in Figure 5.4b, and .
. . AC _Ca—C
concentration gradient = — = —2——8

gr: A 2a = (5.2b)
For diffusion E.oc_.n_:m. it is usually most convenient to express concentration in
terms of mass of diffusing species per unit volume of solid (kg/m?® or g/cm?).
. H_zw BwSme:nm of steady-state diffusion in a single (x) direction are rela-
tively simple, in that the flux is proportional to the concentration gradient through
the expression

(5.3)
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Figure 5.4 {a) Steady-state diffusion across a thin piate. (b) A linear concentration
profile ».o% the diffusion situation in (a).
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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. Equation 5 3 is sometimes called Fick’s first law.

Sometimes the term driving force is used in the context of what compels a
reaction to occur. For diffusion reactions, several such forces are possible; but
when diffusion is according to Equation 5.3, the concentration gradient is the
driving force.

One practical example of steady-state diffusion is found in the purification of
hydrogen gas. One side of a thin sheet of palladium metal is exposed to the impure
gas composed of hydrogen and other gaseous species such as nitrogen, oxygen,
and water vapor. The hydrogen selectively diffuses through the sheet to the
opposite side, which is maintained at a constant and lower hydrogen pressure.

EXAMPLE PROBLEM:5.1"

A plate of iron is exposed toa carburizing (carbon-rich) atmosphere on one side
and a decarburizing (carbon-deficient) atmosphere on the other side at 700°C
(1300°F). If a condition of steady state is achieved, calculate the diffusion flux of
carbon through the plate if the concentrations of carbon at positions of 5 and 10
mm (5 X 107 and 10~ m) beneath the carburizing surface are 1.2 and 0.8 kg/m?,
respectively. Assume a diffusion coefficient of 3 X 10~ m?/s at this temperature.

SOLUTION .
Fick’s first law, Equation 5.3, is utilized to determine the diffusion flux. Substitu-

tion of the values above into this expression yields
(1.2 — 0.8) kg/m®

Ca—Cs _ _ 11 2/§) o
er 3x10 E\mVGXquI_oLvB

2.4 x 1079 kg/m?-s

J=-D

5.4 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 5.5, which shows concentration profiles at three different
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diffusion times. Under conditi
s. Unc ions of nonsteady state, use of Equati i
fonger convenient; instead, the partial differential equation auation 33 o

ic_ 2 (pi)

a ax\”ax (42)

known as Fick’s second law, is used. If the diffusion coefficient is independent of

composition (which should be verified ft i iffusi ituati
e on 5 42 simplifes 10 or each particular diffusion situation),

Yac g
FTP (5.4b)

Solutions to this expression (col ion i
t ncentration in terms of both position and tim

. . e
possible when physically meaningful boundary conditions are specified. Oo:..vh_%

hensive collections of thes i
R o e are given by Crank and Carslaw and Jaegar (see

mcmM““nnM_HM%w_M ma.co__uﬂﬂ solution is for a semi-infinite solid! in which the

ration is held constant. Frequently, the sour f iffusi

ace ¢ . . s the diffusin;

species is a gas phase, the partial pressure of which i intained :
y ich is maintained

value. Furthermore, the following assumptions are made: ned at & constant

1. Before diffusion, any of the diffusi
it " sing solute at i i i
formly distributed with concentration of Cy. oms in the solid are uni

2, The value of x at the s i i ith di
The urface is zero and increases with distance into the

3. The time is taken to be zero the instant before the diffusion process begins.
These boundary conditions are simply stated as
Fort=0,C=CGatd=x=w
For t > 0, C = C; (the constant surface concentration) at x = 0
C=Clatx =

Application of these boundary conditions to Equation 5.4b yields the solution

.9. _.m kfm,
, Llo‘|
t.. ,,_‘ Am)\bnv. G.&
where C, represents the concentration :
; « at depth x after time ¢. Th i
WRM\.«\M—/\DC is the Owcmm_w__ error function,? values of which are m?w_.w w% _MM””H
atical tables for various x/2V Dt values; a partial listing is given in Table 5.1

7 s .
! A bar of solid is considered to be semi-infinite if none of the diffusing atoms reaches the bar end

’ during the time over which diffusi i
during the time usion takes place. A bar of length ! is considered to be semi-infinite

2 This Gaussian error function is defined by

Nn
erf() = == [, e
Ve @

where x/2V/Dt has been repiaced by the variable z.
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TABLE 5.1 Tabulation of Error Function Values

EXAMPLE PROBLEM 5.2,

- mﬁ\.ANv 2 Nn\.ﬁNv z mn\.ANv ! - - ;. : M 5 e Gt :
; M,wmo:w_,. applications, it is necessary to harden the surface of a steel (or iron—
0 0 055  0.5633 13 09340 ; carbon alloy) above that of its interior. One way this may be accomplished is b
0.025  0.0282 0.60  0.6039 14 09523 ﬂ increasing the surface concentration of carbon in a process termed carburizi ;
0.0 0.0564 0.65 0.6420 1.5 0.9661 ! the steel piece is exposed, at an elevated temperature, to an atmosphere rich P
: 040 0.1125 070 06778 L6 09763 . ., __Eﬁnu&g gas, such as methane (CH,). ’ pliere rich in &
0.15 0.1680 075 07112 1.7 09838 ; onsider one such alloy that initiall . .
; 0 y has a unifi i
0.20 0.2227 0.80  0.7421 1.8 0.9891 ] 0.25 wt% and is to be treated at 950°C (1750°F). If :W ﬂomﬂwwwumw“om_ Mawon o
o emeae o L s ity e o s o s B b o
. . . . . X : . take to achieve a carbon content of 0.80 wt% at ition 0. g will 1t
035 0379 095  0.8209 22 0.99%I surface? The diffusion coefficient f % at a position 0.5 mm below the
0.40 0.4284 L0 0.8427 24 0.9993 o fs: s o oefficient for carbon in iron at this temperature is 1.6 X
0.45 0.4755 1.1 0.8802 26 09998 : ; assume that the steel piece is semi-infinite.
0.50  0.5205 12 0.9103 28 09999 SOLUTION
Since this a nonsteady-state diffusi i i
: held constant, Equation 5.5 is :mm_ww %H%m_mﬁo_n_ﬂwﬂ_ﬂr e e moanoﬂzo: is
The concentration parameters that appear in Equation 5.5 are noted in Figure 5.6, sion except time ¢ are specified in the probl : e parameters in this expres-
p a concentration profile taken at a specific time. Equation 5.5 thus demonstrates problem as follows:
: the relationship between concentration, position, and time, namely, that C;, being Co = 0.25wt% C
a function of the dimensionless parameter x//Dt, may be determined at any time C. = 1.20 wi% C
and position if the parameters Co, C;, and D are known. L °
Suppose that it is desired to achieve some specific concentration of solute, Cy, C, =080 wt% C
in an alloy; the left-hand side of Equation 5.5 now becomes x=050mm =S5 X 104 m
M._ — Mo = constant D = 1.6 x 107" m¥s
s T 0 Thus,
This being the case, the right-hand side of this same expression is also a constant, c
and subsequently Ox - Co_0.80—025 _ — (5 x 10~ m)
x s = Co 1.20—-0.25 . 2V(1.6 x 10-1 BN\MVADH_
T = constant (5.6a) 6.5 517
0.4210 = sA 5s v
o Vi
x2 We must d i
X~ _ constant (5.6b) \ now determine from Table 5.1 the value of i :
Dt H is 0.4210. An interpolation is necessary, as e of 2 for which the error function
Some diffusion computations are thus facilitated on the basis of this relation-
ship, as demonstrated in Example Problem 5.3. z erf(z)
0.35 0.3794
C, L 4 0.4210
: [ 0.40 0.4284
M. 2—035 _ 0.4210 — 0.3794
,m e 0.40 — 0.35 0.4284 — 0.3794
g cl-—r— or
"y ° z=0.392
Co— ——— Therefore,
Figure 5.6 Concentration profile for
0 nonsteady-state diffusion; concentration 62.5 si?
Distance from interface, x parameters relate to Equation 5.5. v = 0.392
¢
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and solving for ¢,

s.mm_f l
= u.somls;
L= A 0.392 v »

EXAMPLE PROBLEM 5.3 - R e .|:
i i i i 500 and 600°C are 4.8 X 10
i on coefficients for copper In E:E:.EB at 0 ( X
MMM M _M». _wm__o-: m?/s, respectively. Determine the approximate time wwo 500°C J_MM
will v._.on_._na the same diffusion result (in terms of concentration of Cu at so

specific point in Al) as a 10-h heat treatment at 600°C.

SOLUTION ) )
This is a diffusion problem in <<_=n=.
sition in both diffusion situations W1
constant), thus

me_mno: 5.6b may be oBv_&am_. Hrm.oo:.ﬁo.
I be equal at the same position (i.e., x 18 alsoa

Dt = constant (6]
at both temperatures. That is,
(D)so = (Ddeao

or
Do (53 X 1073 )10 W) _ 110 4p
tso = "p "= T 48 % 107 mls

5.5 FACTORS THAT INFLUENCE DIFFUSION

Diffusing Species

de of the diffusion coefficient D mm. EP A !
nOonB&m:ﬁ. both self- and interdiffusion, for several metallic sys
The diffusing species as well as the ro.m_" Emﬁ:.w_
t. For example, there is a significant difference in
magnitude between seif- and carbon Eﬁo_.&m:mmoﬂ Wan :o—w NM wowcm_mﬁwm\w <Mﬁm

i bon interdiffusion (1.1 X 107 vs. 2.5 0 .

g e L e nﬂ.ﬁ% M contrast between rates of diffusion via vacancy and

comparison also provi n rat !
iﬁmnmmaw_ modes as discussed above. Self-diffusion occurs by a vacancy mecha-

pism, whereas carbon diffusion in iron is interstitial.

The magnitu icative of the rate at which
&

atoms diffuse.
tems are listed in Table u.N..
influence the diffusion coefficien

Temperature

has a most profound influence on the co nts ai r oS-
for the self-diffusion of Fe in a-Fe, the diffusion coefficient in:

i i from 1.1 X 10-2t0 3.9 X 107%

approximately five orders of magnitude ( ’

MMM\%MM :ﬂ.:w temperature from 500 to 900°C (Table 5.2). The ﬁmwﬁuoqw::w depen:
dence of diffusion coefficients is related to temperature according to

T rature efficients and diffusion rates.
empe

For example,

W D =Dyerp Tmlu : 68

__,
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TABLE 5.2 A Tabulation of Diffusion Data

Activation Energy Qa4 Calculated Values

Diffusing Host

Species Metal Dg (m?ls) kIlmol keallmol eViatom T(°C) D (m?s)

a-Fe W 500 11 x 1072

Fe Boo X 10 #1151 2.49 00 39 x 10~
¥Fe - 900 1.1 % 10717

Fe Fooy  S0x10 284 67.9 2.94 00 78 % 107
g _y 500 2.3 x 10-"

c eFe  62X10 80 192 0.83 X I kiew
] " 900 9.2 % 107%

c y-Fe LOX 10 136 324 1.40 0 70 % 10-1
Cu Cu 7.8 X 10~% 211 50.4 2.18 500 4.4 x 10~1
Zn Cu 3.4 % 1073 191 45.6 1.98 500 4.3 x 10718
Al Al 1.7 x 107% 142 34.0 1.47 500 4.1 x 10714
Cu Al 6.5 x 1075 135 32.3 . L40 500 4.8 x 10714
Mg Al 1.2 x 10~ 131 31.2 1.35 500 1.8 x 10713
Cu Ni 2.7 % 1073 255 61.0 2.64 500 1.5 x 10~%2

Source: C. J. Smithells and E. A. Brandes (Editors), Metals Reference Book, Sth edition, Butterworths, London, 1976.

where

D, = a temperature-independent preexponential (m?/s)

Oy = the activation energy for diffusion (J/mol, cal/mol, or eV/atom)

R = the gas constant, 8.31 J/mol-K, 1.987 cal/mol-K, or 8.62 x 10~% eV/
atom

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 5.2 also contains a listing of Dg and Q4
values for several diffusion systems.
Taking natural logarithms of Equation 5.8 yields
- & @
inD =InDy R \T 5.9
Since Dy, Q4, and R are all constants, this expression takes on the form of an
equation of a straight line:

y=b+mx

where y and x are analogous, respectively, to the variables In D and 1/7. Thus, if
In D is plotted versus the reciprocal of the absolute temperature, a straight line
should result, having slope and intercept of —Q4/R and In Dy, respectively. This
is, in fact, the manner in which the values of Q, and D, are determined experimen-
tally. From such a plot for several alloy systems (Figure 5.7), it may be noted that
linear relationships exist for all cases shown.

EXAMPLEPROBLEM 5.4 . i

Using the data in Table 5.2, ooBmEm the diffusion coefficient for magnesium in
aluminum at 400°C.
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they are ordinarily carried out at elevated temperatures at which diffusion rates
Temperature {°C} : are comparatively rapid. These high-temperature procedures, often termed Aeat
5001200 1000 800 _ 600 500 400 300 ! treatments, are utilized at least once during the production of almost all common
107° T 1T 1 T I ! metallic, ceramic, and polymeric materials. For example, the strength of some
— ! steels is reliant on appropriate heat treatments (Chapter 11), as is also the mechan-

u | ical integrity of many ceramics (Section 14.9).
10— 7 ,

H SUMMARY

| ; Solid-state diffusion is a means of mass transport within solid materials by

107 i a=Fe : - stepwise atomic motion, The term *self-diffusion™ refers to the migration of host

atoms; for impurity atoms, the term “‘interdiffusion” is used. Two mechanisms

r are possible: vacancy and interstitial. For a given host metal, interstitial atomic

e VoA ’ species generally diffuse more rapidly.

0 For steady-state diffusion, the concentration profile of the diffusing species is

time independent, and the flux or rate is proportional to the negative of the

» nin Cu concentration gradient according to Fick’s first law. The mathematics for non-
10718)— Fe iny—Fe

steady state are described by Fick’s second law, a partial differential equation.
Fein a~FeN oy incy The solution for a constant surface composition boundary condition involves the
Gaussian error function.
| | The magnitude of the diffusion coefficient is indicative of the rate of atomic
-_w 3 1.0 15 20 motion, being strongly dependent on and increasing exponentially with increasing

' Reciprocal temperature (1000/K) . . temperature.

Hgure 5.7 Plot of the logarithm of the diffusion nonBM__gmU,\mM:m
the reciprocal of absolute temperature for several metals. {Da

e e 3. Smithells and E. A. Brandes (Editors), Metals B IMPORTANT TERMS AND CONCEPTS

Reference Book, Sth edition, Butterworths, London, 1976.]

Ciny~-Fe

Diffusion coefficient (m2s)

1

10

Activation energy Diffusion flux Interstitial diffusion

Carburizing Driving force Nonsteady-state
Concentration gradient Fick’s first and second diffusion

SOLUTION fon 5.8 the values Concentration profile laws Self-diffusion

e ient may be determined by applying Equation 5.8; the v Diffusion Interdiffusion (impurity Steady-state diffusion
MM_MQM_%MU M—Ma_._mm%“__m m.w are 1.2 x 10-4 m?/s and 131 kJ/mol, respectively. Diffusion coefficient diffusion) Vacancy diffusion
o
Thus,
(131,000 J/mol) _ M REFERENCES
D = (1.2 X 107 m?/s) exp T §31 I/mol- K)d00 + 273 K)

BoRG, R. J. and G. J. DieNes (Editors), An Introduction to Solid State Diffusion, Aca-
= 8.1 X 10715 m¥s demic Press, San Diego, 1988.

CarsLaw, H. S, and J. C. JAEGER, Conduction of Heat in Solids, Clarendon Press,

Oxford, 1959,
CRANK, J., The Mathematics of Diffusion, 2nd edition, Clarendon Press, Oxford, 1975,
5.6 OTHER DIFFUSION PATHS

0 boundaries, and exter- GIRIFALCO, L. A., Atomic Migration In Crystals, Blaisdell Publishing Company, New
ic migrati occur along dislocations, grain boundaries, X York, 1964.

Atomic B_m—.mﬁ._mﬂ. Bw«\—.”_mmﬂan:anm called “‘short-circuit™ diffusion wE\a Inas- SHEWMON, P. G., Diffusion in Solids, McGraw-Hill Book Company, New York, 1963.

mal e w: faster than for bulk diffusion. However, in most situations Reprinted by The Minerals, Metals and Materials Society, Warrendale, PA, 1989,

T wnwé%_wmowm M_v. the overall diffusion flux are insignificant because

short-circuit contri

the cross-sectional areas of these paths are extremely small.

B QUESTIONS AND PROBLEMS

D DIFFUSION 5.1 Briefly explain the difference between self-diffusion and interdiffusion.
5.7 MATERIALS PROCESSING AN

. ials are subject to alteration and improvement as a result : 5.2. ”N“M.awo;w“mmﬁ” __ﬂ.wﬂw_“mw M”_Mo_._wﬂw_ M“M M%_”omwmnMMWHMMM“%M_”MMMMEMM“MM

Some E,%m:_nmaow Ewnmw._._awmonm that involve atomic diffusion. For these trans- herefore it s ot su et cbervation by composional __..orzo_.na

of processes and trans : N 1l the order of hours), ! . . .
i time periods (usually on

formations to occur over reasonable
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. R .. b)
i iti tomic mechanisms for &n.:w_.o:. (
are interstitial and vacancy atomic 1 Y
53 m-wpoo M@:% reasons why interstitial diffusion is normaily more rapid

surface with the oxygen in the atmosphere, that is, the carbon concentration
at the surface position is maintained essentially at 0 wt% C. (This process of

0 | carbon depletion is termed decarburization.) At what position will the car-
vacancy diffusion. . . diffusion ; bon concentration be 0.25 wt% after a 10-h treatment? The value of D at 1325
. : f steady state as it applies to . ,, Kis 4.3 x 10~ m?/s ’
5.4 Briefly explain the concept 0 L t is the driving : ’ ’ :
5.5 (a) Briefly explain the concept of a driving force. (b) What t ‘ 5.13 Nitrogen from a gaseous phase is to be diffused into pure iron at 675°C. If the
’ force for steady-state diffusion? . 0 liadium sheet was ; surface concentration is maintained at 0.2 wt% N, what will be the concen-
5.6 The purification of hydrogen gas by a_m,:m_ﬂ: S_m.oﬂmowwwﬂm of hydrogen that : tration 2 mm m_‘onw the surface mmﬂw_., Nw h? The diffusion coefficient for nitro-
discussed in Section 5.3. Compute the number of ki S o£0.25 , gen in iron at 675°C is 1.9 x 10! m¥s.
e - pour through a 6-mm-thick sheet of palladium having an area i
pass per

ot covC. asmme o difton e of L Y S5 L'

MM:MM ﬂﬂwﬁmﬁ»w%ooﬂ%ﬂ. ”MMM;%%MM:&&:B. and that steady-state condi- 5.15 w,mo_m_wa_m.—ﬁaﬁ_m%__._ﬂw“_wﬁMwwnwﬂwnowwwﬂ,ﬂwﬂwwwwwvﬂMMHN“._MMMW\_“MMM”_.MNMMHMOAM

o o e 23 : mm from the surface. Estimate the time necessary to achieve the same
> .Wc%—ﬂm«w:ﬂwMM@%WWSMJMMMMWMWM MHNMMMU..M”HMm%_mwmwmwmmﬂmﬁnw%“wm MM_.‘.%MMM”MANMMWM. M%.,M_B position for an Em::oww_w steel and at the same

diffusion cocffiient for ilrogen s S8 U8 7 s, Als, it s known

MW:%w:%on_na”szo: of nitrogen in the steel at the high-pressure surface is

. 5.14 Simplify Equation 5.5 for the situation when C; is halfway between C; and
Cy.

5.16 Cite the values of the diffusion coefficients for the interdiffusion of carbon in
both a-iron (BCC) and y-iron (FCC) at 900°C. Which is larger? Explain why

i< hi i ill the concentra- this is the case.
: t from this high-pressure side wil X
w.m\:_u. moiwmw\_. =u.wo %HW.MM«» linear concentration profile. 5.17 Using the data in Table 5.2, compute the value of D for the diffusion of
tion be 0.9 K87 ; thick was exposed to a carburizing gas atmo- magnesium in aluminum at 400°C.
5.8 A sheet of BCC iron 2 mm <zing atmosphere on the other side at 5.18 At what temperature will the diffusion coefficient for the diffusion of zinc in
sphere on one side and 2 decarburizing SIS "KL "o keiy cooled to copper have  value of 2.6  10-16 m/s? Use the diffusion data in Table 5.2
° having reached steady state, .» e iron pper : K ? Use the diffusion data in Table 5.2.
675 O.»“MWMBHR.@,?@ carbon concentrations at the two wchMnan%HmMWM 5.19 The preexponential and activation energy for the diffusion of chromium in
roor ined to be 0.015 and 0.0068 wt%. Compute the nickel are 1.1 X 10~ m?/s and 272,000 J/mol, respectively. At what tempera-
sheet were determinec | is 7.36 x 10~ ke/m?-s. Hinz: Convert the ture will the diffusion coefficient have a value of 1.2 x 10~ m¥/s?
coefficient if the diffusion flux is 7. kilograms of carbon per cubic meter L e - )
concentrations from weight percent to kilog 5.20 The activation energy for the diffusion of copper in silver is 193,000 J/mol.
of iron. 1w (Bquation 5.40 takes on the form of Fick’s first Mwﬁﬁwﬁm n_rw wﬂ__%ﬁ_un _Mw\man_oi at 1200 K (927°C), given that D at 1000 K
.9 Show that Fick’s second law (£ : : : :
5 faw (Equation 5.3) for conditions of steady state, that is, 5.21 The diffusion coefficients for nickel in iron are given at two temperatures:
€y T (K) D (m?s)
ar
: 1473 2.2 x 10715
5.10 Show that

1673 4.8 X 10714
2
C = B exp Al Alxblav (a) Uoﬁﬂ.:im the <m_.=nm of Dy and the activation energy Qu.
VDt (b) What is the magnitude of the D at 1300°C (1573 K)?

i t, bein; re . . . .
is also a solution to Equation 5.4b. The parameter B is a constan g 5.22 The diffusion coefficients for carbon in nickel are given at two temperatures:

independent of both x and ¢.

\ T(°C) D (m?/s)
i 1 ‘bon concentration
i izing time necessary to achieve a car ntral )
511 Uoﬁn—wﬁ_nmwn%wwcwwwzmn 4 mm into an iron—carbon w:o.< Ew»a.:ﬂ.%wﬂ - —
omh.&:wﬁ 10 wt% C. The surface concentration is Sc_um :W_Ew_—._wn&mcwm.o: o0 55 x
wt . tment i t 1100°C. Use
wt% C, and the %aw_nsw_w is to be conducted al R,
o ot 3 ini i (b) What is the magnitude of D at 850°C?
5.12 An FCC iron-carbon alloy initially containing 0.55 wt% C is exposed to an

oxygen-rich and virtually carbon-free atmosphere at 1325 K (1052°C). Under

( ase 10) of the diffusion
t th
dif om th alloy and rea ai
rcumstances garithm (to the

coefficient versus reciprocal of the absolute temperature, for the diffusion of




gold in silver. Determine values for the activation energy and preexponen-

tial.

—0.‘5

i

=3
i
K

Ditfusion coefficient (m?/s)

10-1
o8 09 1.0
Reciprocal temperature {1000/K)

5.24 Carbon is allowed to diffuse through a steel plate 10 mm thick. The concen-
trations of carbon at the two faces are 0.85 and 0.40 kg Clem® Fe, which are
maintained constant. If the E.nmxﬂo:m:aw_ and activation energy are 6.2 X
10-7 m?/s and 80,000 J/ mol, respectively, compute the temperature at which
the diffusion flux is 6.3 X 10-10 kg/m?s.

5.25 The steady-state diffusion flux through a metal plate is 7.8 X 10-8 kg/m?-s at
a temperature of 1200°C (1473 K) and when the concentration gradient is
—500 kg/m?. Caiculate the diffusion flux at 1000°C (1273 K) for the same
concentration gradient and assuming an activation energy for diffusion of

145,000 J/mol.

5.26 At approximately what temperature would a specimen of y-iron have to be

carburized for 4 h to produce the same diffusion result as at 1000°C for 12 h?

5,27 (a) Calculate the diffusion coefficient for magnesium in aluminum at 450°C.
(b) What time will be required at 550°C to produce the same diffusion result
(in terms of concentration at a specific point) as for 15 h at 450°C?

528 A copper—nickel diffusion couple similar to that shown in Figure 5.1a is
fashioned. After a 500-h heat treatment at 1000°C (1273 K) the concentration

of Nii is 3.0 wt% at the 1.0-mm position within the copper. At what tempera-

ture must the diffusion couple need to be heated to produce this same con-
centration (i.e., 3.0 wt% Ni) at a 2.0-mm position after 500 h? The preex-
ponential and activation energy for the diffusion of Ni in Cu are 2.7 X 104
m2/s and 236,000 J/mol, respectively.
5.29 A diffusion couple similar to that shown in Figure 5.1a is prepared using two
hypothetical metals A and B. After a 20-h heat treatment at 800°C (and
subsequently cooling to room temperature) the concentration of Bin A is2.5

wt% at the 5.0-mm position within metal A. If another heat treatment is
conducted on an identical diffusion couple, only at 1000°C for 20 h, at what
position will the composition be 2.5 wt% B? Assume that the preexponential
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and activation energy for the diffusi i
e o T O o usion coefficient are 1.5 X 10~* m%*/s and

5.30 T i
T M_M”MMWM MM.MMHQQ. a steel gear is .8 be hardened by increasing its carbon
ohore ?Eos o E:._m" ﬁ.o be supplied from an external carbon-rich atmo-
e e e Mm_%wwm.oa at an m_m.«\w»oa temperature. A diffusion heat
TS e ot S ot 0 uv for 100 min increases the carbon concentration to
e oot _d. mm cm_mi the m_.i.wom. Estimate the diffusion time
o At MC to achieve this same concentration also at a 0.5-
mm :.nuﬁan.: - iﬁm n_ mﬁ ”.__-M_. M.:Awo% carbon content is the same for cmﬁ
R et n 18 ) k.mM—Eo constant. Use the diffusion data in

5.31 Al iron— initi
QM<MMM _ﬂ_%h carbon w__ow. initially containing 0.10 wt% C is carburized at
Slovated L mmv“,w.ﬁ:nm and in an atmosphere wherein the surface carbon now”
centration s | M“Mwwwwnnwﬂmm“.;c wzw& If after 48 h the concentration of
. ion 3.5 mi i
s temperature at which the treatment iwmaowm..wu Mﬂw.mcﬂmwoo. determine the
.32 A diffusion couple was fi :
ormed between
A p pure copper and -1l
za_vmﬁ m»:mﬂ”mﬁﬂﬂﬂm M_.o nocm_n_ M.o 1273 K (1000°C) for 30 nw«ﬁw M%% MMMnM“M_M_
T opper is 10.0 wt% at a position 0.50 m y initial
Mw%_mw__w_.ﬂ_ow .H_Hﬁa_.».wno. <$§. is the original ooSuOmEo:BoWﬂﬂoﬁ—MMEEE
nickelall w..\ e vmmmxwonoa_w_ and activation energy for the &m?mmo:uw,nwu.”
.7 x 1074 m?/s and 236,000 J/mol, respectively. o



Al Introduction

THIRD EDITION

WILLIAM D. CALLISTER, Jr.

Department of Materials Science and Engineering
The University of Utah

%

JOHN WILEY & SONS, INC.
New York Chichester Brisbane Toronto Singapore




