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PREFACE
The most recent comprehensive data collection on diffusion in metals was
published in 1990 (Landolt-Börnstein NS III 26). In the meantime numerous new
results on self-diffusion and impurity diffusion in solid metals have been
published. Especially, impurity diffusion coefficients measured by means of
electron probe microanalysis (EPMA), Rutherford backscattering (RBS) and
heavy ion backscattering (HIRBS) have been reported. Moreover, a number of
earlier results had to be reassessed.

The present comprehensive data collection is based on a critical valuation of
the hitherto published data and and aims at being the most complete data
collection on this subject at this moment.

The authors wish to thank the employees of the libraries of the Hahn-Meitner
Institute in Berlin and of the Library of Science of the University of Amsterdam,
for the supply of many earlier articles, and in particular Mrs. Marijke
Duyvendak, for searching in libraries all over the world.

The authors are also grateful to Professor Denis Ablitzer (Nancy), Professor
Dieter Bergner (Freiberg), Professor Yoshiaki Iijima (Sendai) and Professor Jean
Philibert (Orsay) for providing reprints and copies of a number of publications.

Gerhard Neumann
Cornelis Tuijn

January 2008
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CHAPTER 0

Introduction
The first diffusion investigation in metals was that of Au in lead by Roberts-
Austen in 1896. Between 1930 and 1935 further impurity and self-diffusion
investigations in lead had been performed by Hevesy, Seith and coworkers (for
references see Chapter 4). Later on, when the first artificial radioisotopes
became available, self-diffusion in gold [00.01, 00.02], copper [00.03, 00.04],
silver [00.05] and zinc [00.06] was measured. Systematic investigations on self-
diffusion and impurity diffusion in solid metals started with the availability of
numerous artificial radioisotopes after the Second World War. Results of non-
radioactive investigations represented a minority in that period. In the last two
decades, however, the fraction of non-radioactive measurements has markedly
increased.

The last comprehensive data collection in metals and alloys was published in
1990 [00.07], including self-diffusion [00.08] and impurity diffusion [00.09] in
metals. Since then numerous further investigations have been performed,
especially in aluminum, a- and b-titanium, a-zirconium and a-iron. Moreover, a
large number of earlier investigations had to be reassessed.

The present collection contains data of self-diffusion and impurity diffusion
in metals. Diffusion in silicon, germanium, selenium and tellurium is not topic of
the present collection. Diffusion of C, N and O in metals is also not included in
the present data collection. Data of these impurities are compiled in Ref. [00.10].
0.1. EXPERIMENTAL TECHNIQUES

Numerous methods have been developed for the measurement of self-
diffusion and impurity diffusion coefficients in metals. The most reliable
experimental data can be obtained with the aid of tracer sectioning techniques
by means of radioactive isotopes. Also a number of non-radioactive investiga-
tion methods permits the determination of impurity diffusion coefficients.
Furthermore, some non-destructive techniques, especially scattering experi-
ments, were used for diffusion investigations. The methods for measuring
diffusion coefficients have been described in detail in a number of reviews
[01.01–01.04]. In the present chapter the most frequently applied measuring
methods are briefly described.
1



2 Self-Diffusion and Impurity Diffusion in Pure Metals
Diffusion investigations are performed in a concentration gradient. The
temporal and local change of the tracer concentration c(x,y,z,t) is described by
Fick’s second law

dc

dt
¼ DDc (01.01)

The serial sectioning technique consists of measuring the activity of thin
sections removed from the sample parallel to the surface, i.e. normal to the
diffusion direction. This simplifies Eq. (01.01) to the one-dimensional form

dc

dt
¼ D

d2c

dx2
(01.02)

The solutions of Eqs. (01.01) and (01.02) depend on the initial and boundary
conditions, respectively, and are collected in Refs. [01.05, 01.06].
0.1.1 Radiotracer techniques

The experimental details of the measurement of tracer diffusion coefficients
are extensively reviewed by Rothman [01.02]: sample preparation, tracer
deposition, annealing, temperature measurement, determination of the effective
annealing time, sectioning and counting (for further reviews see Refs. [01.07,
01.08]).

In the present chapter the different sectioning techniques and the respective
range of measured diffusion coefficients are compared. Especially the penetration
plots give informations concerning the accuracy of D. A number of possible
sources in the determination of D has to be taken into consideration:

� Falsification of the penetration profile owing to surface diffusion contributions
can be avoided by removing a layer of some ODt thickness from the side faces
of the samples.
� Temperature measurements by use of thermocouples (mainly Pt/Pt(Rh),

Ni(Cr)/Ni) may lead to errors of 71.5 K, which corresponds to an uncertainty
of 73% in D. Temperature measurements using optical pyrometry lead
to distinctly larger uncertainties. An error of about 30 K in T at 3,000 K
corresponds to an uncertainty of about 20% in D.
� For the determination of the accurate diffusion time a correction for the heating

and cooling period has to be performed [01.09].

Macrosectioning techniques
Direct profile measurements. The most accurate methods for the measurement
of diffusion coefficients are sectioning techniques using precision lathe and
microtome, which permits the removal of sections of only a few microns thick.
The section thickness is determined by weighing. Microtome and lathe sectioning
is suited for ductile but not too soft materials.

If an infinitesimally thin layer ({ ODt) of radiotracers is deposited on the flat
surface of the sample, the initial and boundary conditions for the semi-infinite



Introduction 3
diffusion couple are

lim
d!0

cðx; 0Þ ¼
M

2d
for jxj � d; i:e:1 for x ¼ 0

lim
d!0

cðx; 0Þ ¼ 0 for jxj4d; i:e: 0 for xa0
(01.03)

where M is the deposited amount in g/m2 and d the layer thickness. The
so-called thin film solution of Eq. (01.02) yields [01.05]:

cðx; tÞ ¼
M

2
ffiffiffiffiffiffiffiffiffi
pDt
p exp �

x2

4Dt

� �
(01.04)

which is linear in ln c against x2 (see Figure 01.01). The slope of this plot
yields D.

Deviations from linearity and the respective error sources are treated in
a special section (see below). Diffusion coefficients with an uncertainty of only
a few percent can be obtained with the aid of microtome and lathe sectioning.

Grinding or lapping is the standard method of sectioning brittle materials.
Emery or abrasive SiC papers as well as diamond paste are used for 3–100 mm
sections. The section thickness is determined by weighing the sample after each
section that has been removed. Equation (01.04) describes the penetration plot.

Lathe, microtome and grinder sectioning permit the measurement of
diffusion coefficients larger than 10�16 m2 s�1 or temperatures higher than about
0.7 Tm (Tm is melting temperature), grinding with SiC papers diffusion
coefficients as small as 10�17 m2 s�1.

Residual activity method. An alternative method for the determination of D using
grinding was proposed by Gruzin [01.11]. Instead of measuring the activity of the
sections the residual activity of the sample after removing the sections is measured.
Then the activity of the n-th section is the difference of the residual activities after
removing n�1 and n sections. The solution of Eq. (01.02) yields [01.05]

An

2A0
¼

1ffiffiffiffiffiffi
Dt
p erfc

x

2
ffiffiffiffiffiffi
Dt
p

� �
(01.05)

where A0 is the initial counting rate and An the remaining activity after the removal
of n sections. erfc(z) is the complementary error function

erfcðzÞ ¼ 1� erfðzÞ

see Figure 01.02. D can also be derived from the Gaussian plot

ln
@A

@x
¼ const�

x2

4Dt
(01.06)

The plot of the inverse function of erfc(z) ¼ An/2A0, i.e. erfc(�1)(An/2A0)
against x is linear if the initial and boundary conditions are properly fulfilled
(see Figure 01.02).

The Gruzin method is considered as less precise than the before-mentioned
sectioning techniques. Only if the tracer is a hard g radiator the absorption is



Fig. 01.01 Impurity diffusion of 95Nb in a- and g-iron. Microtome sectioning (2–5 mm sections)

(from Ref. [01.10]).

Fig. 01.02 Impurity diffusion of 60Co in niobium. Residual-activity measurement. Profile fitted

to Eq. (01.05) (from Ref. [01.12]).
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Introduction 5
negligible. Otherwise the linear absorption coefficient of the radiation has to
be measured accurately. The method is mainly used in grinder sectioning
investigations on polycrystalline materials.

Surface activity decrease method. The measurement of the decrease of the
surface activity (or simple absorption method) before and after the diffusion
anneal can also be used for the determination of D [01.13, 01.14]. This method is
based on the surface activity decrease during the anneal which is caused by the
absorption of the radiation of the tracer material diffused into the bulk. As in
the Gruzin technique the absorption coefficient of the radiation has to be known.
The method is regarded as less reliable than the sectioning techniques because
it needs assumptions about the concentration profile. Particularly, errors can
arise from tracer loss, oxide hold-up and short-circuiting contributions (grain
boundary and dislocation contributions).

A variant of the simple absorption method is the Kryukov absorption method
[01.15]. The radioactivity from both front face and back face of a very thin sample
is counted after the diffusion anneal. So, D can be evaluated without the
knowledge of the absorption coefficient.

Autoradiography. Autoradiography has also been used for the measurement
of diffusion coefficients [01.16, 01.17]. The tracer penetration is derived from an
autoradiograph taken from a flat cut at a small angle to the plane where the tracer
was deposited. Although this cannot be considered a highly precise technique,
for Sb diffusion in copper at least at high temperatures good agreement with the
lathe sectioning data was observed [01.18].

Microsectioning techniques
Diffusion coefficients smaller than 10�17 m2 s�1 can be measured with the aid of
chemical and electrochemical techniques. Sectioning by chemical dissolution
permits the removal of 100 nm thick layers [01.19]. Sections between 10 and
100 nm can be obtained by mechanically stripping of electrochemically anodized
layers [01.20]. This enables the measurement of diffusion coefficients as small as
10�22 m2 s�1 at temperatures of about 0.5 Tm [01.21]. Lundy and coworkers have
used this method for the investigation of self-diffusion and impurity diffusion in
b-Ti, b-Zr, Nb, Ta and W.

Diffusion coefficients as small as 10�23 m2 s�1 at TE0.4 Tm can be obtained by
application of sputtering methods. Sections smaller than 1 nm can be removed by
ion bombardment (ion-beam sputtering, IBS). A concentration-depth profile can
be measured by collecting the sputtered-off radiotracer material [01.22, 01.23] or
by selecting and counting the sputtered-off material in a mass spectrometer
(secondary-ion mass spectroscopy, SIMS) [01.24]. The depth of the profile (total
crater depth) is measured by optical interference methods after sectioning has
been completed. The thickness of the sections is determined under the assumption
that the material is removed uniformly as a function of time. To avoid short-
circuiting contributions single crystals with small dislocation densities have to be



Fig. 01.03 Impurity diffusion of 114mIn in silver. Ion-beam sputtering (from Ref. [01.25]).

6 Self-Diffusion and Impurity Diffusion in Pure Metals
used. The depth resolution of the sputter sectioning technique is limited which
results from roughening and atomic mixing [01.24]. Roughening reduces
the depth resolution because atoms are sputtered simultaneously from different
depths with different concentrations of tracers. Mixing of atoms from different
depths is a consequence of the lattice damage caused by the sputter ions.
Roughening increases with depth. The accuracy of diffusion coefficients measured
by means of sputtering techniques is within 10–20%.

In Figures 01.03 and 01.04 the penetration profiles for In diffusion in silver
[01.25] and Ni diffusion in copper [01.24] are shown. For 114mIn in silver Ar+ ions
with an energy of about 0.5 keV were used for sputtering. The penetration
profiles are ranging from about 100–500 nm (see Figure 01.03). For Ni in copper
single crystalline samples with inserted thin Ni layers are used. The sputter
deposited Ni (monoatomic layer with initial distribution with a half-width of
11 nm) is covered by an epitaxial, almost monocrystalline layer of copper of about
100 nm. O2

+ ions of 4 keV were used for sputtering. The penetration plots are
smaller than 100 nm (see Figure 01.04).

IBS plus radiotracer counting permits the measurement of self-diffusion as
well as impurity diffusion coefficients in the temperature range between about
0.4 and 0.6 Tm. Especially for self-diffusion in fcc metals the low-temperature



Fig. 01.04 Impurity diffusion of Ni in copper. Ion-beam sputtering and SIMS analysis (initial

distribution with a half-width of 11 nm) (from Ref. [01.24]).
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data detect the slight curvature of the Arrhenius plot of D and enables the
evaluation of D(T) in form of two-exponential fits (see Chapter 0.2). IBS plus
SIMS analysis permits the measurement of impurity diffusion coefficients of
elements which have no suitable radioisotopes.
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Non-Gaussian diffusion profiles
Deviations from linearity of the ln c vs. x2 plot, i.e. non-Gaussian profiles,
are observed if the boundary conditions are not properly fulfilled or if other
mechanisms like short-circuiting diffusion overlap the lattice diffusion. Non-
Gaussian profiles are obtained, if

1) Grain boundaries or dislocations contribute to D (this contribution increases
with decreasing temperature and decreasing grain diameter).

2) Oxide layers at the surface hinder the penetration of the tracer atoms.
3) Reduced solubility of impurities changes the boundary conditions.
4) Tracer atoms evaporate from the surface, which also changes the boundary

conditions.

Short-circuiting contributions lead to an upward deviation from the Gaussian
plot at deeper penetrations (see Figure 01.05). Grain-boundary diffusion results in
a proportionality between ln c and x6/5 [01.27, 01.28]. The short-circuiting con-
tribution can be eliminated mathematically if the penetration plot is fitted to [01.29]

cðx; tÞ ¼
M

2
ffiffiffiffiffiffiffiffi
pDt
p exp �

x2

4Dt

� �
þ A expð�Bx6=5Þ (01.07)
Fig. 01.05 Self-diffusion of 59Fe in a-iron. Penetration profile with dislocation tail (from

Ref. [01.26]).
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where A and B are fitting parameters. A disregard of the correction term in
Eq. (01.07) results in enhanced diffusion coefficients and in a diffusion energy
smaller than the vacancy diffusion energy Q1V.

An oxide layer on the sample surface can act as a barrier to the tracer.
Depending on the chosen boundary conditions different solutions for c(x,t) result
[01.02, 01.06, 01.30, 01.31]. Simply, the profile can be expressed by

d ln c

dx2
¼ �

A

x
�

1

4Dt
(01.08)

where A is a fitting parameter which includes the diffusivity in the oxide layer and
its thickness. The ln c vs. x2 plot shows an upward curvature near the sample surface
(near-surface effect, NSE). With rising x the profile approaches a straight line.

Figure 01.06 shows a surface hold-up for Fe diffusion in aluminum owing to a
stable Fe4Al13 layer formed at the surface, which decomposes very slowly. Note that
the extent of hold-up increases with decreasing temperature. Figure 01.07 shows
profiles of Al and Mn diffusion in aluminum at 844 K. The profiles become straight
lines at penetrations larger than about 150mm. While the evaluated DAl is within the
range of values obtained by different methods, DMn, however, is about one order of
magnitude larger than that obtained in more recent investigations (see Table 3.4).

The hold-up due to an oxide layer can be avoided if the tracer is implanted by
ion bombardment, as for the first time done by Hood [01.33] (for a review of
modern implantation techniques see Ref. [01.34]). This type of tracer deposition is
particularly applied in the more recent diffusion investigations of transition
metals in aluminum (see Table 3.4).

Non-Gaussian profiles can appear in impurity diffusion investigations if the
deposited metal has only a small solubility in the host. Only if the surface
concentration drops below the solubility limit cs in a period which is short
compared to the total annealing time (ts{ t), the profile is described by Eq. (01.04).
Fig. 01.06 Impurity diffusion of 59Fe in aluminum. Surface hold-up due to slow dissolution of

the tracer (from Ref. [01.02]).



Fig. 01.07 Diffusion of 26Al and 54Mn in aluminum. Pronounced near-surface effect due to

oxide hold-up. (T ¼ 844 K, DAl ¼ 2.5� 10�13 m2 s�1, DMn ¼ 8.3� 10�13 m2 s�1, evaluated from

deeper penetrations) (from Ref. [01.32]).
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However, for tots, which corresponds to a constant boundary concentration
c(0,t) ¼ cs during the entire diffusion run, the diffusion profile is described by an
error function [01.05]

cðx; tÞ ¼ cserfc
x

2
ffiffiffiffiffiffi
Dt
p

� �
(01.09)

where c(x,t) is linear in the inverse complementary error function erfc(�1) c against
x (see e.g. Figure 01.08). The validity ranges of Eqs. (01.04) and (01.09) depend on
ts/t and thus on cs and d [01.36]. For tXts an intermediate solution of Eq. (01.02)
was derived by Malkovich [01.37]

cðx; tÞ ¼ cs
2ffiffiffi
p
p

Z 1
z

expð�y2Þerfy
ts

t� ts

� �1=2

dy (01.10)

with

z ¼ x=2ðDtÞ1=2 and ts ¼ pM2=4Dc2
s

For tots the evaluation of c(x,t) according to Eq. (01.04) instead of Eq. (01.09)
leads to a value of D which is smaller than the correct one (see e.g. Figure 01.09).



Fig. 01.09 Impurity diffusion of 51Cr in silver. Evaluations according to Eqs. (01.04) (+) and

(01.09) (J) (from Ref. [01.38]).

Fig. 01.08 Impurity diffusion of 63Ni in silver (K, T ¼ 1,006 K; 7, T ¼ 1,081 K). Profile fitted

to Eq. (01.09) (from Ref. [01.35]).
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Similar results are obtained for Fe diffusion in silver (see Figure 01.10). For
T ¼ 797.31C, as an example, the evaluation of the penetration profile results
in D(erfc) ¼ 2.8� 10�14 m2 s�1, compared to D(exp) ¼ 2.25� 10�14 m2 s�1 as
tabulated in Ref. [01.39].

The frequently steep decrease of c(x,t) in ln c � x2 was sometimes associated
with an NSE. Lundy and Padgett [01.40] have proposed to divide the penetra-
tion plot into three regions (see Figure 01.11). Region I is the result of an NSE,
region II represents lattice diffusion and region III stems from extrinsic



Fig. 01.10 Diffusion of 59Fe in silver. Evaluation according to Eq. (01.04) (from Ref. [01.39]).

Fig. 01.11 Schematic penetration plot. Region I: near-surface effect (NSE); Region II: lattice

diffusion; Region III: short-circuiting contributions (according to Ref. [01.40]).

12 Self-Diffusion and Impurity Diffusion in Pure Metals



Fig. 01.12 Diffusion of Al in nickel. Determination of D from region II according to Eq. (01.04)

(from Ref. [01.41]).
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effects (short-circuiting contributions). In the case of an oxide hold-up the slope
of region II could in principle yield the lattice diffusion coefficient, obviously
with large uncertainty. For tots, however, because of the continuous
curvature of the ln c � x2 plot, the averaged slope of region II leads to an
erroneous value of D (see Figures 01.09 and 01.10). The determination of D from
region II is highly questionable, as this can lead to erroneous results (see
Figure 01.12).

If the deposited metal has a high vapour pressure, the tracer will
simultaneously evaporate and diffuse into the bulk. The resulting penetration
profile then exhibits a peak near the surface in the ln c � x2 plot (see e.g.
Figure 01.13). Solutions of Fick’s second law for different boundary conditions
are given in the literature [01.02, 01.06, 01.42–01.44].
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Fig. 01.13 Impurity diffusion of 67Ga in copper. Penetration plot with tracer loss due to

evaporation (from Ref. [01.43]).
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Further radioactive methods
Out-diffusion of spallation and fission products. Metal foils (Nb, Ta, Mo, W) are
irradiated with high-energetic protons [01.45]. This generates spallation and
fission products, which are homogeneously distributed in the sample. The out-
diffusion of these reaction products is measured by means of g spectroscopy.
Because of the irradiation damage of the samples, short-circuit contributions
should dominate the diffusivity.

Fissiography. After the diffusion run of natural uranium in a solvent metal, the
sample is irradiated with thermal neutrons [01.46]. The activity of the generated
fission products is measured radiographically.
0.1.2 Non-radioactive methods

In addition to SIMS investigations further non-radioactive techniques have been
developed, which permit the determination of impurity diffusion coefficients.
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Methods with and without profile measurement have to be distinguished. As in
the second group of these methods only the integral concentration changes
are measured, deviations from Gaussian profiles like surface hold-up or short-
circuiting contributions cannot be detected. If these error sources can be avoided,
the resulting diffusion coefficients are close to those obtained by tracer sectioning
methods.

Rutherford backscattering
In the Rutherford backscattering method (RBS) or heavy ion RBS (HIRBS), a high-
energy ion beam (4He or 19F) bombards the sample along the diffusion direction.
From the energy spectrum of the elastically backscattered ions the profile
can be determined. Diffusion coefficients between 10�16 and 10�23 m2 s�1 can
be measured with an uncertainty of about 20%. RBS and HIRBS are mainly
applied to heavy impurities in a light solvent, especially a-Ti (for a review see
Ref. [01.47]).

Nuclear reaction analysis
In the nuclear reaction analysis (NRA) the sample is bombarded in the diffu-
sion direction with a proton beam. This leads to reactions like 27Al(p, g)28Si or
30Si(p, g)31P. The concentration profiles are determined by measuring the
broadening of the resonance energy of the nuclear reaction.

Diffusion coefficients between 10�16 and 10�23 m2 s�1 can be measured. The
NRA technique was applied to Al and Si diffusion mainly in group IVa metals.

X-ray diffraction investigations
Fogelson [01.48, 01.49] has developed an X-ray diffraction method for the
measurement of impurity diffusion coefficients. The principle of this method is
similar to the absorption method [01.14], i.e. it is based on the measurement of
the surface concentration decrease of the solute. X-ray diffraction measurements
of the change in the lattice parameters of the resulting solid solution can be used
for the determination of the surface concentration of the deposited impurity.
A polycrystalline foil of the solvent, about 200 mm thick, is covered by a 0.05–1 mm
thick film of the solute. The surface concentration after the diffusion anneal is
determined by analysing the diffraction line profile. The diffraction profile
depends on the lattice parameter of the alloy (assuming that the metals form
a solid solution), and consequently on the concentration of the element diffusing
in the layer. The shift of the edge line, which changes by about 1–3%, is used to
determine the concentration.

Diffusion coefficients between 10�11 and 10�16 m2 s�1 can be measured with
an accuracy of about 10–15%. The method is mainly applied to impurity diffusion
in noble metals.

Resistometric investigations
Ceresara et al. [01.50] have developed a method for the determination of
diffusion coefficients in dilute alloys by measuring the electrical resistivity of a
sample as a function of time. A wire, about 1 mm in diameter, is covered with a
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layer of the dopant, about 1 mm thick. The resistivity of the wire is measured
during the whole diffusion run. The change of the resistivity, which results from
the in-diffusion of the dopant, can be recalculated to a concentration change.
The solution of Eq. (01.01), where the D-operator is transformed to cylindrical
coordinates, is a Bessel function [01.05, 01.50].

As in the X-ray diffraction investigations, diffusion coefficients derived from
resistivity mesurements deviate from the most reliable tracer sectioning by not
more than 10–15%.

Nuclear methods
Examples for non-destructive nuclear methods are nuclear magnetic resonance
(NMR), quasi-elastic MöXbauer spectroscopy (QMS) and quasi-elastic neutron
scattering (QNS). Limited availability of suitable isotopes restricts the applica-
bility of these methods to a small number of systems.

Nuclear magnetic resonance
Various methods have been used for the investigation of atomic motion in metals
by means of NMR: linewidth measurements, measurement of the spin-lattice
relaxation time (SLRT) T1 and T1r (for reviews see Refs. [01.51, 01.52]) or
measurement of the SLRT using the more recent b-NMR technique (see e.g.
[01.53, 01.54]). Compared to the T1-technique, the T1r-technique (SLRT in a
rotating frame) allows the extension of the measurement to lower temperatures,
so that diffusion coefficients as small as 10�19 m2 s�1 can be measured (compared
to the 10�15 m2 s�1 deduced from T1 measurements). In the b-NMR technique
(b-radiation detected NMR) the spin polarization of the b-active nucleus is
measured. Special models are required to recalculate the relaxation rates 1/T1

and 1/T1r into diffusivities, which involves the assumption of a definite diffusion
mechanism (see e.g. [01.55]).

There are only a few applications of NMR to diffusion, particularly to self-
diffusion in metals. Self-diffusion studies have been carried out on Al, Li and Na,
Cu and V. In particular for Li and Al NMR is an alternative to tracer studies, as no
suitable radioactive isotopes of these metals exist. Self-diffusion coefficients
ranging from 10�17 to 10�10 m2 s�1 and from 10�17 to 10�12 m2 s�1 are measured
for Li and Al, respectively.

Quasi-elastic MöXbauer spectroscopy and quasi-elastic neutron scattering
The linewidths in QMS as well as in QNS have a contribution which results from
the diffusional motion of the atoms (line broadening). Both, jump frequencies and
broadening increase exponentially with temperature. From the diffusional
broadening the diffusion coefficient can be determined. Furthermore, the jump
vector can be obtained, which enables conclusions with respect to the diffusion
mechanism. As the line broadening must be comparable to or exceed the
natural linewidth in QMS and the energy resolution in QNS, the diffusivities
must be larger than 10�14 m2 s�1 in QMS and larger than 10�13 m2 s�1 in QNS
investigations. For reviews on diffusion investigations with QMS see Refs.
[01.56, 01.57] and with QNS see Refs. [01.57–01.59].



Introduction 17
There is only a small number of nuclei suitable for QMS investigations. The
most frequently applied MöXbauer atom is 57Fe. This was used for the investi-
gation of self-diffusion in g- and d-iron and for impurity diffusion of Fe in Cu, Au,
Al, V, b-Sn, b-Ti and b-Zr (see Refs. [01.56, 01.57]). The results of the self-diffusion
measurements on iron are in agreement with tracer diffusion data only near to
the transition temperature Tgd [01.60]. For Fe diffusion in copper the D values are
strongly scattering around the tracer data [01.61]. For Fe in b-Zr [01.62] the
measured diffusion coefficients are one order of magnitude smaller than those
obtained from tracer measurements. This suggests the existence of a second diffusion
mechanism which is too fast to be seen in the time window of the QMS method.

QNS is applicable to a few fast-diffusion elements with a large enough quasi-
elastic scattering cross-section for neutrons. A number of moderate scatterers
exists, however, as yet mainly Na, Ti and Co were applied to diffusion
investigations with QNS. Self-diffusion investigations on Na and b-Ti led to the
conclusion that the monovacancy mechanism dominates. For Co diffusion in b-Zr
[01.63] the result is analogous to that of Fe diffusion in b-Zr, using QMS, i.e. the
measured diffusion coefficients are one order of magnitude smaller than those
obtained from tracer diffusion measurements.
0.1.3 Interdiffusion measurements

The measurement of the concentration profile of a diffusion couple consisting
of two pure metals A and B or a pure metal and an alloy, A/A(B), yields the
interdiffusion coefficient ~D.

According to Darken [01.64] ~D can be expressed by

~DðcÞ ¼ DAXB þDBXA (01.11)

where DA and DB are the concentration-dependent intrinsic diffusion coefficients of
the components A and B in the alloy; XA and XB are the respective mole fractions.

DA and DB are in general not equal which leads to a net flux of atoms across
the interface and to a shift of lattice planes with respect to the sample-fixed axes
(Kirkendall effect [01.65, 01.66]).

According to Manning [01.67] ~D can be connected with the tracer diffusion
coefficient by

~DðcÞ ¼ ðDT
AXB þDT

BXAÞFS (01.12)

where F is the thermodynamic factor and S the so-called vacancy-wind factor
[01.67]. F is

F ¼
d ln a

d ln X
¼ 1þ

d ln f

d ln X
(01.13)

where a is the thermodynamic activity and f the activity coefficient.
The extrapolation of ~D to XB ¼ 0 yields the impurity diffusion coefficient DT.
~D can be determined from the concentration profile by means of the

Boltzmann–Matano method [01.68, 01.69]. For an A/B or A/A(B) couple ~D can be
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calculated from

~Dðc0Þ ¼ �

Z c0

0

ðx� x0Þdx

2tðdc=dxÞc¼c0
(01.14)

where x0 is the position of the Matano interface (not identical with that of the
welding interface). x0 describes the position at which the material flux in one
direction equals that to the opposite direction. x0 can be determined fromZ cmax

0

ðx� x0Þdc ¼ 0 (01.15)

where cmax is the maximum concentration of B in a couple A/A(B).
A method which does not require the knowledge of the Matano interface was

developed by Sauer and Freise [01.70], Wagner [01.71] and den Broeder [01.72].
Accordingly, the following expression holds for ~D

~Dðc0Þ ¼
1

2tðdy=dxÞx0
ð1� y0Þ

Z x0

�1

ydxþ y0
Z 1

x0
ð1� yÞdx

� �
(01.16)

with

y ¼
c� cmin

cmax � cmin

where cmin and cmax represent the terminal concentrations of the couple, xu and yu
refer to the values of x and y, respectively, when c ¼ cu.

The evaluation according to Eq. (01.16) leads to ~D values very close to DT if
A/A(B) couples with xBp0.01 are used.

The evaluation of the concentration profiles according to Refs. [01.70–01.72]
yields credible diffusion coefficients ~D in the middle part of the profile. At
the limiting values of c (c ¼ 0 and c ¼ cB

maxfor a A/A(B) couple), the diffusion
coefficients calculated in this way are of considerable uncertainty.

Hall [01.73] has developed a method which permits the determination of ~D at
the limiting concentrations. ~D can be calculated from

~D ¼
1

4h2
þ

kp1=2

2h2
expðu2Þerfcu (01.17)

with
c

cmax
¼ erfu; u ¼ h

x

t1=2
þ k

where h is the slope and k the intercept of the linear portion of the concentration
ratio curve. cmax is the maximum concentration of B in a couple A/A(B). The Hall
method permits the determination of ~D values close to DT.

For concentration-independent interdiffusion coefficients ~D can be deter-
mined according to [01.74]:

c� c1

c2 � c1
¼

1

2
erfc

x

2ðDtÞ1=2
(01.18)

valid for the concentration range between c2 and c1. For concentration-
independent ~D Eq. (01.18) can be used instead of Eqs. (01.14) and (01.16).



3

2

1

N
sb

 (
at

. %
)

0
-1000 -800 -600 -400 -200 0

x (μm)
200 400 600

Fig. 01.14 EPMA diffusion profile for a Ag/Ag (3.93% Sb) couple at 1,048 K (from Ref. [01.75]).

Introduction 19
Electron probe microanalysis (EPMA)
The diffusion profile of a diffusion couple A/B or A/A(B) after annealing can be
measured by means of an electron probe microanalyser. A thin electron beam
(diameter 1 mm) stimulates the X-ray emission of the elements in the alloy. The
profile can be obtained by analysing the characteristic radiation from the sample
along the diffusion direction. Figure 01.14 shows a typical EPMA diffusion
profile. The interdiffusion coefficient ~D can be determined by application of the
methods described before. The method is restricted to diffusion coefficients
larger than 10�15 m2s�1 since the depth resolution is limited by the size of the
volume excited by the electron beam.

The extrapolation of ~D to xB ¼ 0 yields the impurity diffusion coefficient of B
in A (see e.g. Figure 01.15). Impurity diffusion coefficients deduced from EPMA
investigation are in acceptable agreement with those obtained from serial
sectioning measurements.
0.1.4 Comparison of the experimental methods

In Table 01.01 the different experimental methods for the measurement of
diffusion coefficients are compared. The measuring ranges of D are listed as well
as a rough estimation of the attainable accuracy. For sectioning techniques the
usual section thicknesses are added.

The most reliable methods are the tracer sectioning techniques. The
macrosectioning techniques are applicable to temperatures larger than about
0.7 Tm. In combination with microsectioning techniques more than 10 orders of
magnitude in D can be measured between 0.4 Tm and Tm.

The less accurate non-radiative methods are important especially if no reliable
tracer data are available.



1.51.0

CTi (at. %)
0.5010-15

10-14

D
 (

m
2 s-1

)
10-13

10-12
1283K

1273K
1243K

1223K

1203K

1173K

1143K

1103K

1073K

1043K

1003K

984K

973K

~

Fig. 01.15 Concentration dependence of the interdiffusion coefficient ~D in copper–titanium

alloys (from Ref. [01.76]).

Table 01.01 Comparison of the experimental techniques for the measurement of diffusion

coefficients

Technique D-range [m2 s�1] Section thickness Attainable accuracya

(uncertainty in %)

Macrosectioning

Lathe 10�16–10�11 5–100mm o5

Microtomeb 10�16–10�11 1–100mm o5

Grinding 10�17–10�11 3–100mm 5–10

Residual activity 10�16–10�12 10–100 mm W10

Microsectioning

Chemical 10�18–10�12 50–200 nm 5–10

Anodizing 10�21–10�15 10–100 nm 5–10

Sputtering 10�23–10�15 1–20 nm 10–20

Non-radioactive methods

RBS, HIRBS, NRA 10�23–10�16 10–20

X-ray diffraction 10�16–10�11 10–15

Resistometry 10�14–10�12 10–20

EPMA 10�16–10�11 10–15

Nuclear methods

NMR 10�17–10�13 10–15

b-NMR 10�17–10�11 10–15

QMS 10�14–10�11 –

QNS 10�13–10�11 –

aThe uncertainty arising from the temperature measurement has to be added. For high-temperature measurements using
optical pyrometers errors of up to 20% in D have to be taken into account at T W 3,000 K.
bFor impurity diffusion in lead, D values up to 10�9 m2 s�1 were measured by means of microtome sectioning (see
Table 4.5).
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Nuclear methods are applicable to only a few systems. The results of NMR
self-diffusion investigations on Li, Na and particularly Al, where no suited radio
isotope exists, are of considerable importance. QMS and QNS investigations
are unsuited for the measurement of absolute values of D. The value of these
methods is the possibility of a direct observation of the atomic jump process.
0.2. INTERPRETATION OF THE DIFFUSION INVESTIGATIONS

The temperature dependence of the diffusivity can be expressed by the diffusion
coefficient D

D ¼ D0 exp
�Q

kT

� �
(02.01)

where D0 is the pre-exponential factor, Q the diffusion energy, k the Boltzmann
constant and T the absolute temperature. Equation (02.01) corresponds to a linear
plot of ln D vs. 1/T (Arrhenius plot).

In solid metals self-diffusion is dominated by monovacancy (1V) migration.
The diffusion coefficient D1V is given by

D1V ¼ ga2f1Vc1Vw1V (02.02)

where g is a geometrical factor (g ¼ 1 holds for face-centred, fcc, and body-
centred, bcc, cubic metals). a is the lattice constant, f1V the correlation factor
(f1V ¼ 0.781 for fcc metals and f1V ¼ 0.727 for bcc metals). c1V is the relative
monovacancy concentration and w1V the jump frequency of monovacancies.

c1V and w1V can be expressed by

c1V ¼ exp
�GF

1V

kT

� �
(02.03)

and

w1V ¼ n1V exp
�GM

1V

kT

� �
(02.04)

where GF
1V and GM

1V are the free enthalpy of monovacancy formation and
migration, respectively. n1V is a lattice frequency associated with the mono-
vacancy jump. Because of G ¼ H�TS it follows for D0

1V and Q1V

D0
1V ¼ ga2n1Vf1V exp

SF
1V þ SM

1V

k

� �
(02.05)

and

Q1V ¼ HF
1V þHM

1V (02.06)

where HF
1V, HM

1V and SF
1V, SM

1V are the vacancy formation and migration enthalpy
and entropy, respectively.

In general ln D�1/T is non-linear. If grain boundary or dislocation
contributions to D can be excluded, the non-linearity can be caused by the
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contribution of two diffusion mechanisms with different activation energies
(two-defect models) or by temperature-dependent enthalpies and entropies
(one-defect models), respectively.

In fcc metals the weak curvature of ln D�1/T can only be verified if low-
temperature measurements down to 0.4 Tm (Tm is the melting temperature) could
be performed. The reason for the curvature of the Arrhenius plot of D is the
contribution of divacancies (2V) at higher temperatures [02.01]. D is then given by

DðTÞ ¼ D0
1V exp

�Q1V

kT

� �
þD0

2 exp
�Q2

kT

� �
(02.07)

with

D0
2 ¼ D0

2V and Q2 ¼ Q2V

A forced fit to the high-temperature data (0.7 Tm–Tm) leads to averages for D0 and
Q valid for T̄ ¼ 0:85Tm

DðTÞ ¼ D0
85 exp

�Q85

kT

� �
(02.08)

where Q85/Tm is almost constant [02.02] (see Figure 02.01)

Q85

Tm
� 1:5� 10�3eV K�1 (02.09a)

whereas the pre-exponential factor varies in the limits

0:05 � D0
85ð10�4m2s�1Þ � 5 (02.09b)

The curvature of the Arrhenius plot of self-diffusion in bcc metals is much
more pronounced than that of fcc metals (see Figure 02.02). The refractory
metals of group V and VI show a more or less ‘‘normal’’ behaviour, whereas the
group IVa metals reveal strongly enhanced diffusivity, especially in the low-
temperature range of the bcc phase. The alkaline metals represent an
intermediate group. In contrast to the refractory metals the group IVa metals
undergo a martensitic phase transition to a close-packed structure at TabE0.5
Tm. At very low temperatures (p0.15 Tm) also Li and Na exhibit a martensitic
phase transition.

There is no doubt that monovacancies also dominate the diffusion in bcc
metals. Up to now, however, the operating diffusion mechanisms are controver-
sially discussed. Two-defect as well as one-defect models are considered.

In refractory metals divacancies [02.03], self-interstitials [02.04] or next-
nearest neighbour jumps [02.05] are assumed to contribute to D at higher
temperatures. These two-defect models also obey Eq. (02.07). A fit of the
experimental data to Eq. (02.07) leads to the approximation [02.06]

Q1V=Tm ¼ 1:5� 10�3eVK�1; Q2V=Tm ¼ 2:0� 10�3eVK�1 (02.10)

The curvature of the Arrhenius plot can also be described by temperature-
dependent enthalpies and entropies. The most simple approximation is a linear
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temperature dependence of the enthalpy [02.01]

HðTÞ ¼ HðT0Þ þ akðT � T0Þ (02.11)

where a is an empirical constant and T0 a suitably chosen reference temperature.
Based on Eq. (02.11) this results in the following expression for the temperature
dependence of D [02.01]:

DðTÞ ¼ D0
aðT0Þ exp �

QaðT0Þ

kT

� �
exp 2a ln

T

T0
�

T � T0

T

� �� �
(02.12)

Self-diffusion in group IVa metals is anomalously high and the Arrhenius plot
of D is strongly curved (see Figure 02.02). Q1 and Q2 do not obey Eq. (02.10). The
reason for the enhanced diffusivity is that at the martensitic phase transition at
T ¼ Tab the elastic constants c11–c12 and a consequence HM

1V approach zero [02.07].
The first saddle point for an (unrelaxed) vacancy jump in the bcc structure forms
a configuration identical to the basal plane of the trigonally bonded o phase. In
this position the L2

3 (111) phonon is very soft. The softness of the L2
3 (111) phonon

and the temperature dependence of the T1(½)(110) phonon frequency are
responsible for the enhanced diffusivity and the temperature dependence of Q
[02.08, 02.09].
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Sanchez and de Fontaine [02.10] related the Gibbs free energy of o-embryo
formation to that of vacancy migration by

Go ¼ GM
1V 1�

T0

T

� �
(02.13)

with T0oTooTab, where To is the temperature of the b–o phase transition and
Tab that of the a–b phase transition. With the aid of Eq. (02.13) the temperature
dependence of D can be expressed by

DðTÞ ¼ D0
o exp

�Qo

kT

� �
exp O

T2
m

T2

� �
(02.14)

where

O ¼
HM

1VT0

kT2
m

(02.14a)

In most cases the experimental D(T) is fitted to Eq. (02.14) (see Chapter 4.1),
although there is some doubt that only HM

1V decreases with decreasing
temperature [02.11]. Köhler and Herzig [02.12] assume that for all bcc metals D
can be described by Eq. (02.14).
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It may be mentioned that the fits according to Eqs. (02.07), (02.12) and (02.14)
in nearly all cases lead to standard deviations s which do not differ by more than
10% [02.06, 02.13]. The extrapolated values of D at T ¼ Tm, however, can differ by
up to W 25% (see e.g. Hf in b-Zr [02.13]).

Diffusion investigations by use of NMR techniques measure the uncorrelated
vacancy motion. The resulting DNMR differs from the tracer diffusion coefficient
DT by the correlation factor f, i.e. [02.03]

DT ¼ fDNMR (02.15)

If more than one diffusion mechanism is operating

DNMR ¼ DNMR
1 þDNMR

2 (02.16)

can be recalculated to DT according to

DT ¼ f1DNMR
1 þ f2DNMR

2 (02.17)

Presuming that a two-exponential fit of DNMR(T) to Eq. (02.16) is possible, DT can
be calculated if f1 and f2 are known. Because of the controversially discussed high-
temperature mechanism in bcc metals, the calculated DT

2 and thus DT is uncertain.
In cubic metals the diffusivity is isotrope. In non-cubic metals (e.g. hexagonal or

body-centred tetragonal, bct) the diffusion coefficients perpendicular and parallel
to the c-axis, D> and D//, respectively, differ. The difference between D> and D//

increases with increasing deviation from the closed-packed lattice structure. For
the hexagonal close-packed structure (hcp), e.g., the c/a ratio is O(8/3)E1.633.

If no single crystals with orientations exactly parallel to the c- and a-axis are
available, D> and D// can be calculated from measurements using crystals with
orientations deviating by an angle y from the crystal axis according to

DðyÞ ¼ D?cos2yþD==sin2y (02.18)

In ferromagnetic metals the diffusivity below the Curie temperature TC is
reduced. For ToTC the diffusivity D can be described by [02.14]

DðTÞ ¼ D0
p expð�Qpð1þ aM2ðTÞÞ=kTÞ (02.19)

where D0
pand Qp are the pre-exponential factor and diffusion energy, respectively,

for the paramagnetic temperature range for the bcc ap phase above TC. M(T) is
the ratio of the spontaneous magnetization at T to that at T ¼ 0. For Fe M(T) was
experimentally determined [02.15, 02.16] (see Figure 02.03). Theoretical expres-
sions for a could be derived [02.14]. Experimentally, a can be determined
according to Eq. (02.19) [02.17], i.e.

a ¼
1

M2ðTÞ

kT

Qp

ln
D0

p

D
� 1

 !
(02.20)

or

T ln
DðTÞ

D0
p

¼ �
Qp

k
�

aQp

k
M2ðTÞ (02.21)
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The plot of T ln½DðTÞ=D0
p� vs. M2(T) permits the determination of a and Qp

from slope and intercept of the linear function (see Figure 02.04). For self-
diffusion in iron a is almost temperature independent [02.14], varies, however,
from solute to solute [02.17, 02.18].

Further models for the interpretation of the diffusion anomaly around TC are
referred to in Chapter 8.

Self-diffusion in metals is comprehensively treated in numerous textbooks,
e.g. [02.19–02.22] and review papers [02.01, 02.03, 02.24, 02.25].

Substitutionally dissolved impurities diffuse via the same mechanisms as the
respective host atoms. The difference between the diffusivity of impurities and
host atoms can be described by the electrostatic model (E-model) [02.26] and the
thermodynamic model (Tm-model) [02.27]. In the E-model the difference of
the activation energy of impurity diffusion and self-diffusion is proportional to
the charge difference DZ of the atoms:

DQ � �DZ

whereas in the Tm-model DQ is described by the proportionality

DQ �
Tm2

Tm0
� 1

� �

where Tm2 and Tm0 are the melting temperatures of solute and solvent,
respectively.

The E-model was applied to noble metals, Fe, Co, Ni, Zn and Cd. The
Tm-model was applied to noble metals, Zn, substitutionally dissolved impurities
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in Pb and to refractory bcc metals. Impurity diffusion was comprehensively
reviewed in Ref. [02.23].

In a number of host metals part of the impurities is interstitially dissolved.
The diffusivity can be described by the ‘‘dissociative diffusion mechanism’’
[02.28], according to which D is given by

D ¼ q0DI þ ð1� q0D1VÞ (02.22)

where q0 is the fraction of interstitially dissolved solute atoms I

q0 ¼
cI

cl þ cI
(02.23)

cl is the concentration of substitutionally dissolved solute atoms. The tendency to
interstitial dissolution increases with decreasing radius of the solute atom [02.29]
and decreasing solubility [02.30]. Accordingly, q0 increases with decreasing
solubility [02.31].

Interstitially dissolved impurities diffuse via a direct interstitial mechanism,
which results in ultrafast diffusivities with small values of D0 and Q.
Especially 3d group solutes in Na, K, In, Tl, Sn, Pb, Sb (sp solvents), but also
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in d group metals such as Nb, a-Ti, a-Zr, b-Zr diffuse via the interstitial
mechanism.

Pressure and mass dependence of D, solubility and diffusion in dilute alloys
permit conclusions with respect to the operating diffusion mechanisms.

Neglecting a small correction term, the pressure dependence of D is given by

@ ln D

@p
� �

DV

kT
(02.24)

where DV is the activation volume of diffusion (in general expressed in fractions
of the molar volume V0) and p the hydrostatic pressure. In case of two
mechanisms contributing to D, DV(T) results in

DVðTÞ ¼ DV1
D1

D
þ DV2

D2

D
(02.25)

The mass dependence of D (isotope effect E) is defined by [02.32]

E ¼
ðDa=DbÞ � 1

ðmb=maÞ
1=2
� 1
¼ fDK (02.26)

ma and mb are isotope masses and DK is the so-called kinetic energy factor. For
two contributing diffusion mechanisms, E takes the form [02.33]

EðTÞ ¼ f1DK1
D1

D
þ f2DK2

D2

D
(02.27)

For fcc metals DK is close to unity. DK1VEDK2VE1 was obtained for noble
metals [02.34].

In column 10 of the tables in Chapters 1–10 (‘‘also studied’’) the results of E,
DV/V0 and solubility cs are mentioned, also diffusion in alloys is referred to.
0.3. INSTRUCTIONS FOR THE USE OF THE TABLES

All credible self-diffusion and impurity diffusion data are listed in the tables, the
most reliable of them are shown in figures. If for a special system no credible data
are available, the existing data are tabulated with D0 and Q in brackets.

The specification ‘‘most reliable data’’ differs from host to host. In noble
metals diffusion coefficients with uncertainties less than 5% can be obtained by
use of macrosectioning techniques. In most of the other metals different reasons
lead to less accurate diffusion coefficients. The accuracy of D depends on the
applied measuring technique (see Chapter 0.1) or on the attainable purity of the
host. Oxygen impurities in V or Fe impurities in a-Zr and a-Ti, for example,
strongly influence the diffusivity. Temperature measurements with the aid of
optical pyrometry can lead to errors in D up to 20%. In high-melting refractory
bcc metals errors up to a factor of two are observed (see Ref. [63.03]).

To present an almost complete data collection, further results (part of which is
frequently cited in the literature and in earlier data collections) are listed in a
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reference appendix. If not otherwise stated, radiotracer sectioning techniques
were used in these measurements.

Not considered in the data collection are results of QMS (exception Fe in Sn),
QNS and thermotransport investigations. QMS and QNS results are mentioned
in the reference appendix. Also not considered are results where grain-boundary
diffusion dominates nearly the entire temperature range under investigation.
Furthermore, not considered are results of EPMA investigations, if D strongly
depends on the alloy concentration X, so that a proper extrapolation to X ¼ 0 is
not possible. And, finally, volume diffusion coefficients derived from sintering or
creeping investigations are not taken into consideration.

Abbreviations are listed at the end of this chapter.
The contents of the tables

Each table contains 13 columns, numbered 1–12 with column 2 splitted into 2a
and 2b. The contents of the columns are as follows:
(1) I
nvestigated solute X, starting with self-diffusion and followed by
impurity diffusion in alphabetic order of the chemical sign of the solutes.
If two or more phases of the solvent exist, the tabulated data start with
the high-temperature phase, e.g. b-Ti, a-Ti or d-Fe, g-Fe, a-Fe
(2) D
0 in 10�4 m2 s�1 (a) and Q in eV and kJ (in brackets) (b)

Q
uestionable results are put into brackets

+
recalculated data

T
he evaluation of a curved Arrhenius plot is characterized by

2
1Two-exponential fit according to Eq. (02.07)

2
2O-fit according to Eq. (02.14), the fitting parameter O is listed in
column 9

2
3a-fit according to Eq. (02.12), T0 and the fitting parameter a are listed in
column 9

2
4Fit according to Eq. (02.19), the fitting parameter a (value for ToTC) is
listed in column 9
(3) D
(Tm) in 10�12 m2 s�1 is extrapolated

N
ote that for the same data set D(Tm) calculated from a two-exponential

fit is larger than extrapolated from D0ðT̄Þ and QðT̄Þ

F
or low-temperature investigations or in the case of pronounced data
scatter D(Tm) is not extrapolated
(4) I
nvestigated temperature range in K and T̄=Tm (in brackets)

A
s the Arrhenius plot is generally curved, in a forced fit D0 and Q
depend on the investigated temperature range, i.e. on T̄=Tm
(5) T
he number of measured diffusion coefficients; in brackets the number of
investigated temperatures, if more than one measurement per
temperature was performed

5
1Diffusion coefficients not tabulated

5
2Diffusion coefficients not tabulated and not shown in a figure



30 Self-Diffusion and Impurity Diffusion in Pure Metals
(6) M
aterial: single crystals (sc), polycrystals (pc), in brackets the average
grain diameter if measured

P
urity: e.g. 4N8 ¼ 99.998%

6
1Purity not specified
(7) M
easuring method

R
adiotracer methods:

� radio isotope (e.g. 64Cu)
� method of deposition: electroplated, vapor or sputter deposition,

implanted, dried-on from a salt solution, chemical deposition (of noble
metals)

� sectioning method: lathe, microtome, grinder, chemical and
electrochemical sectioning, anodizing and stripping, ion beam
sputtering (IBS), serial sectioning (if not exactly specified)
F
urther radiotracer methods:

� residual activity (in general grinder sectioning), absorption,
autoradiography
N
on-radioactive methods:

� deposited natural element
� electron probe microanalysis (EPMA)

composition of the sample (e.g. Cu/Cu (X % Al), X % means X at %)
method of evaluation, e.g. Boltzmann–Matano

� X-ray diffraction method
� resistometric measurement
� RBS or HIRBS
� SIMS analysis
� NMR, measurement of the relaxation times T1, T2, T1r
N
ote that NMR measurements result in the uncorrelated diffusion
coefficients (see Eq. (02.15))

7
1Radio isotope not specified

7
2Method of deposition not specified

7
3Sandwich samples
(8) A
s the penetration profiles (pp) permit important conclusions with
respect to the quality of the measurements, the presented pp are
described in some detail

N
umber of depicted pp: all, numerous, several, n examples, no

I
f not otherwise stated, the pp are Gaussian, i.e. linear in ln c – x2
N
on-Gaussian diffusion profiles and the respective evaluation are
characterized in the following manner:

8
1erfc-solution according to Eq. (01.09)

8
2D evaluated from the middle part of the pp

8
3Short-circuit contributions eliminated according to Eq. (01.07)

8
4Marked NSE

8
5‘‘negative’’ NSE (tracer loss due to evaporation)
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8
6Malkovich solution

8
7‘‘thick-film’’ solution
(9) R
emarks on the quality of the measurements, e.g.:

� The Arrhenius plot exhibits marked scatter
� Grain-boundary or dislocation contributions at lower temperatures
� Erroneous thermal expansion corrections (see below)
R
emarks on the evaluation of curved Arrhenius plots:

� two-exponential fit evaluated together with the data of the listed
reference numbers

� fitting parameters O, a and T0, a for the evaluations according to Eqs.
(02.14), (02.12) and (02.19) respectively
F
urther general and individual remarks, e.g.

+
Present reassessment of measured data

I
n a number of papers an erroneous expansion correction of D has been
performed. D is proportional to a2 (see Eq. (02.02)). The lattice constant
increases with rising temperature. In the respective papers D evaluated
at room temperature with a(298 K) was recalculated to a(T). This
‘‘correction’’, however, is erroneous. D is proportional to the square of
the average diffusion distance odW
D �
od42

t
¼

on42a2

t

I
n a crystal lattice odW is proportional to the average number onW of
nearest neighbour distances r1 and lattice distances a passed during the
annealing. This means that on(T)W is responsible for the amount of
D(T). on(T)W is measured at room temperature, where a is a(298 K).
Thus, D(T)Bon(T)W2a2(298 K)/t holds for D(T).

T
he error introduced by this ‘‘correction’’ can be roughly estimated with
the aid of the Grüneisen rule [03.01] according to which the volume of a
metal increases by about 7% from absolute zero to Tm. Simply assuming

a linear temperature dependence of a, then a2 is B3.2% larger then a2
0 at

T ¼ 0.7 Tm and about 4.6% at T ¼ Tm. A recorrection of the erroneously

calculated D0
85 and Q85 shows that D0

85 must be reduced by about 7% and
Q85 by about 0.2%.

N
ote that the individual temperature dependence of a for a special
solvent can somewhat differ from the rough approximation (see for
example self-diffusion in Cu, Ref. [14.14]).
(10) R
esults of further investigations in the respective paper

�
 diffusion of further solutes in the same or another host metal
� isotope effect E (for a data collection, see Ref. [03.02])
� pressure dependence of D (reported is DV/V0, for a data collection, see

Ref. [03.02])
� solubility cs
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F
urthermore, it is referred to investigations on:

� diffusion in alloys (for a data collection, see Ref. [03.03])
� grain-boundary diffusion
� electrotransport, if the results are identical with D0 and Q in columns

2a and 2b
(11) T
he most reliable data for the respective host are shown in a figure

(12) R
eference: first author, year of appearance, reference number
LIST OF ABBREVIATIONS

bcc body-centred cubic
dhcp double hcp
E isotope effect
EPMA electron probe micro analysis
fcc face-centred cubic
fct face-centred tetragonal
gb grain boundary
hcp hexagonal close packed
HIRBS heavy ion Rutherford backscattering
IBS ion-beam sputtering
NMR nuclear magnetic resonance
NRA nuclear reaction analysis
NSE near-surface effect
pc polycrystals
PFG pulsed magnetic field gradient
pp penetration profile
QMS quasi-elastic MöXbauer spectroscopy
QNS quasi-elastic neutron scattering
RBS Rutherford backscattering
sc single crystals
SIMS secondary-ion mass spectroscopy
SLRT spin-lattice relaxation time
TEM transmission electron microscopy
UHV ultra-high vacuum
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Li
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For cesium (Cs) and francium (Fr) no data are available. For rubidium (Rb) only
self-diffusion was investigated by use of NMR (see Ref. [11.01]).

NMR measurements yield the D-values of uncorrelated diffusion. Because of
the uncertainty of the high-temperature mechanism of self-diffusion in alkaline
metals, D0 is not corrected according to Eqs. (02.15) and (02.17).

Li and Na pass a martensitic phase transition at about 70 K, which leads to
enhanced diffusivities at low temperatures (see Refs. [11.11, 12.06]).

Natural Li consists of 92.5% 7Li and 7.5% 6Li. No suitable radioisotopes are
available. Self-diffusion in Li is mainly investigated by use of NMR techniques.

In Table 1.0 lattice structure, lattice constant and melting temperature of the
group I metals are listed.
ure, lattice constant a and melting temperature Tm

Na K Rb Cu Ag Au

bcc bcc bcc fcc fcc fcc

0.4291 0.5225 0.5585 0.3615 0.4086 0.4078

371 337 312 1,358 1,234 1,336

37
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Fig. 11.01 Self-diffusion in lithium. Results of NMR investigations. �, Ailion [11.03]; J,

Weithase [11.05]; W, Messer [11.06]; &, Lodding [11.04] (tracer data are shown for comparison).

Fitting line according to [11.06].
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Fig. 11.02 Self-diffusion in lithium. &, 7Li in 6Li and J, 6Li in 7Li Lodding [11.04]; W, Messer

[11.10]. Fitting line: two-exponential fit according to [11.10].
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Fig. 11.05 Impurity diffusion in lithium. Cd in Li: &, Ott [11.16]; Sn in Li: J, Ott [11.15]; Li in Li

according to [11.10] (D0
¼ 0.31� 10�4 m2 s�1, Q ¼ 0.584 eV).
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Fig. 12.02 Impurity diffusion in sodium. Ag in Na: &, Barr [12.07]; Au in Na: J, Barr [12.08].
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Fig. 14.01 (A) Self-diffusion in copper. &, Rothman [14.04]; K, Lam [14.09]; B, Maier [14.11];

W, Bartdorff [14.12]; J, Fujikawa [14.14]. Fitting line according to [14.12]. (B) (Detail) Self-

diffusion in copper. &, Rothman [14.04]; W, Bartdorff [14.12]; J, Fujikawa [14.14].
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Fig. 14.03 Impurity diffusion in copper. Bi in Cu: &, Gorbachev [14.24]; Cd in Cu: J, Hirone

[14.30]; D, Gorbachev [14.18]; �, Hoshino [14.31]. Fitting line according to [14.18].
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Fig. 14.02 Impurity diffusion in copper. Ag in Cu: &, Gorbachev [14.18]; J, Krautheim [14.19].

Fitting line according to [14.18]. Al in Cu: W, Oikawa [14.20]; �, Fogelson [14.21]. Fitting line

estimated (D0
¼ 0.11� 10�4m2 s�1, Q ¼ 1.906 eV). As in Cu: B, Klotsman [14.22].
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Fig. 14.04 (A) Impurity diffusion in copper. Au in Cu: &, Sippel [14.23]; J, Gorbachev [14.24];

�, Fujikawa [14.27]; W, Fujikawa [14.25, 14.26]. Fitting line according to [14.24, 14.27]. Be in Cu:

K, Fogelson [14.28]; B, Almazouzi [14.29]. Fitting line according to [14.29]. (B) (Detail) Impurity

diffusion in copper. Au in Cu: J, Gorbachev [14.24]; W, Fujikawa [14.25, 14.26].
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Fig. 14.05 Impurity diffusion in copper. Co in Cu: ’, Mackliet [14.32]; B, Döhl [14.33]. Fitting

line according to Neumann [14.34]. Cr in Cu: &, Hoshino [14.35]; W, Rockosch [14.36]; J,

Almazouzi [14.37]. Fitting line according to [14.37].
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Fig. 14.06 Impurity diffusion in copper. Ga in Cu: &, Klotsman [14.43]; J, Fogelson [14.44].

Fitting line according to [14.43].
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Fig. 14.07 Impurity diffusion in copper. Ge in Cu: &, Reinke [14.45]; J, Klotsman [14.43].

Fitting line according to [14.43]. In in Cu: W, Gorbachev [14.18]; �, Krautheim [14.46]. Fitting

line according to Neumann [14.34].
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Fig. 14.08 Impurity diffusion in copper. Fe in Cu: ’, Mackliet [14.32]; B, Mullen [14.38]; 7,

Almazouzi [14.42]. Fitting line according to [14.42]. (The fitting lines of Fe and Cu nearly

coincide.) Mn in Cu: &, Fogelson [14.49]; J, Hoshino [14.35]; W, Maier [14.50]; K, Rockosch

[14.36]; �, Almazouzi [14.37]; ~, Mackliet [14.32]. Fitting line according to [14.37].
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Fig. 14.09 (A) Impurity diffusion in copper. Ni in Cu: &, Mackliet [14.32]; J, Monma [14.02];

W, Anusavice [14.08]; �, Almazouzi [14.42]. Fitting line according to [14.42]. Ti in Cu: ’, Iijima

[14.66]; B, Almazouzi [14.37]. Fitting line according to [14.37]. (B) (Detail) Impurity diffusion in

copper. Ni in Cu: &, Mackliet [14.32]; J, Monma [14.02]; W, Anusavice [14.08]. Ti in Cu: ’,

Iijima [14.66].
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Fig. 14.10 Impurity diffusion in copper. Ir in Cu: &, Klotsman [14.48]. Pd in Cu: K, Peterson

[14.55]. Pt in Cu: W, Fogelson [14.56]; J, Neumann [14.57]. Fitting line estimated

(D0
¼ 0.61� 10�4 m2 s�1, Q ¼ 2.415 eV).

7 8 9 10 11

-14

-12

Sn

Pb

Cu

Tm

1400 1200 1000

-14

-12

-15-15

-13 -13

-11 -11

T (K)

lo
g 

D
 (

m
2 s

-1
)

104/T (K-1)

Fig. 14.11 Impurity diffusion in copper. Pb in Cu: ’, Gorbachev [14.24]. Sn in Cu: &,

Gorbachev [14.62]; J, Fogelson [14.65]; W, Krautheim [14.63]. Fitting line according to [14.62].
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Fig. 14.12 Impurity diffusion in copper. Rh in Cu: J, Fogelson [14.58]. Ru in Cu: &, Bernardini

[14.40].
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Fig. 14.13 Impurity diffusion in copper. Sb in Cu: &, Inman [14.61]; J, Gorbachev [14.62]; W,

Krautheim [14.63]. Fitting line according to [14.62]. Si in Cu: ’, Minamino [14.65]; B, Iijima

[14.66]. Fitting line using D0
¼ 0.2� 10�4 m2 s�1, Q ¼ 1.942 eV.
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Fig. 14.14 Impurity diffusion in copper. Se in Cu: ’, Rummel [14.64]. Zn in Cu: &, Hino

[14.68]; J, Peterson [14.69]; W, Klotsman [14.70]. Approximative fitting line using

D0
¼ 0.54� 10�4 m2 s�1, Q ¼ 2.03 eV.
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Fig. 14.15 Impurity diffusion in copper. Te in Cu: &, Rummel [14.64]. Tl in Cu: J, Komura [14.67].
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Fig. 15.01 (A) Self-diffusion in silver. 7, Tomizuka [15.01]; &, Rothman [15.03]; J, Reimers

[15.04]; D, Lam [15.05]; �, Backus [15.06]; B, Bihr [15.07]; ’, Rein [15.08]; K, Mehrer [15.09].

Fitting line according to Neumann [15.10]. (B) (Detail) Self-diffusion in silver. 7, Tomizuka

[15.01]; &, Rothman [15.03]; J, Reimers [15.04]. Fitting line according to Neumann [15.10].
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Fig. 15.03 Impurity diffusion in silver. Au in Ag: &, Jaumot [15.13]; J, Mead [15.14]; D, Mallard

[15.15]. Fitting line estimated (D0
¼ 0.62� 10�4 m2 s�1, Q ¼ 2.061 eV). Co in Ag: B, Bernardini

[15.19]; K, Lundy [15.18]. Fitting line according to [15.19]. Cu in Ag: �, Sawatzky [15.22].

8 9 10 11 12

-14

-12

-15 -15

-13-13

-11-11

Tm

Al

Cd

Ag

1200 1100 1000 900

-14

-12

2

2

2

2

_

_

_

_

T (K)

lo
g 

D
 (

m
2 s

-1
)

104/T (K-1)

Fig. 15.02 Impurity diffusion in silver. Al in Ag: &, Fogelson [15.11]. Cd in Ag: J, Tomizuka [15.16];

D, (serial sectioning) and �, (residual activity) Kaygorodov [15.17]. Fitting line according to [15.17].
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Fig. 15.05 Impurity diffusion in silver. Ga in Ag: &, Fogelson [15.26]; Mn in Ag: J, Barclay

[15.30]; Sn in Ag: W, Tomizuka [15.16]; �, Kaygorodov [15.45]. Fitting line according to [15.45].
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Fig. 15.07 Impurity diffusion in silver. Ge in Ag: &, Hoffmann [15.27]. Hg in Ag: J, Sawatzky

[15.22].
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Fig. 15.06 Impurity diffusion in silver. In in Ag: &, Tomizuka [15.16]; J, Kaygorodov [15.28];

W, Mehrer [15.29]. Fitting line: forced fit. Te in Ag: �, Kaygorodov [15.45]; K, Geise [15.46].

Fitting line according to [15.46].
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Fig. 15.09 Impurity diffusion in silver. Sb in Ag: &, Sonder [15.41]; J, Kaygorodov [15.42]; D,

Hagenschulte [15.43]. Fitting line according to [15.41]. Se in Ag: B, Rummel [15.44].
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Fig. 15.08 Impurity diffusion in silver. Pd in Ag: &, Peterson [15.35]; Ti in Ag: J, Makuta

[15.20]; Pt in Ag: D, Neumann [15.37].
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Fig. 15.10 Impurity diffusion in silver. Tl in Ag: &, Hoffmann [15.27]. Zn in Ag: J, Sawatzky

[15.47]; D, Rothman [15.48]. Fitting line according to [15.47, 15.48].
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Fig. 16.01 (A) Self-diffusion in gold. &, Makin [16.01]; J, Duhl [16.02]; 7, Gainotti [16.04];

8, Rupp [16.06]; D, Dreyer [16.07]; �, Herzig [16.08]; K, Rein [16.09]; B, Werner [16.10].

Fitting line: two-exponential fit according to Neumann [16.11]. (B) (Detail) Self-diffusion in gold.

&, Makin [16.01]; J, Duhl [16.02]; D, Dreyer [16.07]; �, Herzig [16.08]. Fitting line: two-

exponential fit according Neumann [16.11].
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Fig. 16.02 Impurity diffusion in gold. Ag in Au: &, Mallard [16.12]; J, Klotsmann [16.13]; B,

Herzig [16.14]. Fitting line according to [16.13]. Co in Au: D, Fogelson [16.16]; �, Herzig [16.08].

Fitting line according to [16.08].
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Fig. 16.03 Impurity diffusion in gold. Al in Au: &, Fogelson [16.15]. Ge in Au: J, Cardis [16.19].
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Fig. 16.04 Impurity diffusion in gold. Cu in Au: &, Vignes [16.18]. In in Au: J, Dreyer [16.07].

8 9 10 11

-16

-14

-12

-15

-13

Ni
Au

Ti

1300 1200 1100 1000 900

-16

-14

-12

4

4

5

4

2

2Tm

T (K)

7.25
-17-17

-15

-13

lo
g 

D
 (

m
2 s

-1
)

104/T (K-1)

Fig. 16.05 Impurity diffusion in gold. Ni in Au: &, Reynolds [16.21]; J, Fogelson [16.22].

Fitting line according to [16.22]. Ti in Au: D, Richter [16.17]. Fitting line according to present

recalculation (D0
¼ 4.1� 10�4 m2 s�1, Q ¼ 2.403 eV).
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Fig. 16.06 Impurity diffusion in gold. Pd in Au: &, Fogelson [16.23]. Pt in Au: J, Fogelson [16.23].
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Fig. 16.07 Impurity diffusion in gold. Sb in Au: &, Herzig [16.24]; Te in Au: J, Rummel

[16.26].
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Fig. 16.08 Impurity diffusion in gold. Sn in Au: &, EPMA and J, tracer Herzig [16.25]. Zn in

Au: D, Cardis [16.19].
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CHAPTER 2
Table 2.0 Lattice st

Metal

Structure

c (nm)

a (nm)

c/a

Tm (K)

1 At T W 723 K.
Self-Diffusion and Impurity Diffusion
in Group II Metals
Contents Tables
2.1. Beryllium (Be)
 100
2.2. Magnesium (Mg)
 102
2.3. Calcium (Ca)
 104
2.4. Zinc (Zn)
 105
2.5. Cadmium (Cd)
 107
Figures
ruct

h

3.

2.

1.

1,
Beryllium
 109
Magnesium
 110
Calcium
 112
Zinc
 113
Cadmium
 116
References
 118

For strontium (Sr), barium (Ba), radium (Ra) and mercury (Hg) no data are available.
Most of the group II metals have a hexagonal lattice structure. The respective

c/a axis ratios deviate from the ideal value O8/3 E 1.633 for the hexagonal
closed packed (hcp) structure (see Table 2.0). The deviation of c/a from 1.633
leads to an anisotropy of the diffusivity.

Frequently, the single crystals used in the diffusion measurements deviate
from the ideal crystallographic direction by an angle y. In those cases D> and D//

are calculated according to Eq. (02.18), using two crystals with different y.
In Table 2.0 lattice structure, lattice constants c and a, c/a ratio and melting

temperature of group II metals are listed.
ure, lattice constants c and a, c/a ratio and melting temperature Tm

Be Mg Ca Zn Cd

cp hcp hcp1 hcp hcp

58 5.21 6.52 4.95 5.62

27 3.21 3.98 2.66 2.99

58 1.62 1.64 1.86 1.88

560 922 1,116 693 594
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Fig. 21.01 Self-diffusion in beryllium. & and ’, Dupouy [21.01]; J and K, Beyeler [21.03].

Fitting lines according to [21.01].
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CHAPTER 3

Self-Diffusion and Impurity Diffusion
in Group III Metals
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Lanthanides (rare earth metals) and Actinides are treated in Chapters 9 and 10.
Diffusion investigations in aluminium are accompanied by considerable

experimental problems. In air at room temperature oxide films are formed, which
can become up to 100 mm thick. This leads to a tracer hold-up in the penetration
profiles (near-surface effect, NSE) (see Figure 01.07). Especially, when the tracer
layer is dried-on from a salt solution, a pronounced NSE is observed (see e.g.
Ref. [34.12]). Careful surface preparation respectively tracer implantation prevent
the formation of a marked NSE.

In the early tracer investigations applying residual activity measurements and
grinder sectioning technique penetration profiles with an entire depth of 5–15 mm
(i.e. within the NSE range) were used for the determination of D. The resulting
diffusion coefficients are orders of magnitude smaller than the real values (see
e.g. [34.55]). Typical values of D0 and Q are 10�13 to 10�10 m2 s�1 and 0.6–0.9 eV
[30.01–30.05] (for V, Cr, Fe, Co, Ni, Nb, Mo in Al).

For self-diffusion investigations an additional difficulty is that the only
available radiotracer 26Al has an extremely low specific activity, which needs the
deposition of a thick layer. Again, the oxide hold-up results in too small D-values,
an effect that increases with decreasing temperature. Only for high temperatures
121
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(W873 K) the measured self-diffusion coefficients [34.01] are assumed to be quite
accurate [34.07].

For actinium (Ac) no data are available.
For gallium (Ga) only self-diffusion was investigated close to Tm [30.06]. As in

the early diffusion investigations in Al, the evaluated diffusion coefficients of
67Ga in Ga are extremely small.

In Table 3.0 lattice structure, lattice constants, melting and phase transition
temperatures of group III metals are listed.
Table 3.0 Lattice structure, lattice constants a and c, phase transition (Tij) and melting

temperature Tm

Metal Sc Y La Al In Tl

Phase a b a b g a b
Structure fcc hcp hcp fcc bcc fcc fct hcp bcc

Tij (K) 1,608 1,752 1,134 507

Tm (K) 1,812 1,803 1,193 933 430 577

a (nm) 0.453 0.331 0.363 0.531 0.404 0.458 0.345 0.387

c (nm) 0.527 0.575 0.494 0.551

c/a 1.59 1.58 1.07 1.60
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Fig. 32.01 Self-diffusion and impurity diffusion in yttrium. Self-diffusion: & and }, Gornyy

[32.01]. Ag in a-Y: J, Murphy [32.02]; Fe in a-Y: W, Murphy [32.02]; X, Okafor [32.03].
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Fig. 33.01 Self-diffusion in lanthanum. Self-diffusion in b-La: &, Dariel [33.01]; in g-La: J, Dariel

[33.02]; W, Languille [33.03]. Fitting line using the average D0
¼ 0.04� 10�4 m2 s�1 and

Q ¼ 1.18 eV.
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Fig. 33.02 Impurity diffusion in lanthanum. Au in b-La: &, Dariel [33.01]; Ce in g-La: J,

Fromont [33.04].
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Fig. 34.01 Self-diffusion in aluminium. &, Lundy [34.01]; J, Beyeler [34.02]; W, Messer

[34.04]; ~, Hood [34.05]. The fitting line consists of two linear branches, from Tm to 933 K

according to [34.01] and below 933 K according to [34.04].

136 Self-Diffusion and Impurity Diffusion in Pure Metals



10 11 12 13 14 15 16 17

-16

-14

-12

-15

-13 -13

-11-11
1000 900 800 700 600

-16

-14

-12

2

-15

Cu

Al

Ag

Tm

T (K)

2
__

__

lo
g 

D
 (

m
2 s

-1
)

104/T (K-1)
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[34.08]. Fitting line according to [34.07]. Cu in Al: 7, Ceresara [34.15]; W, Peterson [34.07]; X,

Peterson [34.17]; }, Fujikawa [34.16]; J, Fujikawa [34.18]; &, Ushino [34.19]. Approximative

fitting line using D0
¼ 0.85� 10�4 m2 s�1 and Q ¼ 1.43 eV.
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Fig. 34.03 Impurity diffusion in aluminium. Au in Al: &, Peterson [34.07]; W, Alexander [34.08];

J, Becker [34.10]. Approximative fitting line using D0
¼ 0.1� 10�4 m2 s�1 and Q ¼ 1.188 eV.
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Fig. 34.04 (A) Impurity diffusion in aluminium. Cd in Al: ’, Alexander [34.08]; Zn in Al: &,

Peterson [34.07]; J, Gödény [34.43]; W, Beke [34.45]; }, Peterson [34.17]; X, Beke [34.47].

Fitting line according to [34.47]. (B) (Detail). Impurity diffusion in Al. Zn in Al: &, Peterson

[34.07]; J, Gödény [34.43]; W, Beke [34.45]; }, Peterson [34.17]; X, Beke [34.47]. Fitting line

according to [34.47].
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Fig. 34.05 Impurity diffusion in aluminium. Co in Al: &, Peterson [34.07]; J, Hood [34.11]; W,

Rummel [34.12]. Fitting line according to [34.07].
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Fig. 34.06 (A) Impurity diffusion in aluminium. Cr in Al: ~, Peterson [34.07]; J, Chi [34.13];

W, Minamino [34.14]; X, Rummel [34.12]. Fitting line according to [34.12]. Fe in Al: &, Hood

[34.20]; J, Alexander [34.08]; W, Becker [34.10]; X, Rummel [34.12]. Fitting line according to

[34.12]. Mn in Al: &, Hood [34.29]; J, Fujikawa [34.30]; W, Rummel [34.12]. Fitting line

according to [34.12]. Ti in Al: }, Chi [34.13]; V in Al: J, Chi [34.13]. (B) (Detail). Impurity

diffusion in aluminium. Cr in Al: ~, Peterson [34.07]; J, Chi [34.13]; W, Minamino [34.14]; X,

Rummel [34.12]. Fitting line according to [34.12].
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Fig. 34.08 Impurity diffusion in aluminium. Ge in Al: &, Peterson [34.07]; J, Minamino

[34.21]; }, Thürer [34.22]. Fitting line according to [34.22]. Sn in Al: ’, Erdélyi [34.39]; W,

Erdélyi [34.40] (erfc); X, Erdélyi [34.40] (Gauss). Fitting line according to [34.39].
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Fig. 34.07 Impurity diffusion in aluminium. Ga in Al: &, Peterson [34.07]; J, Minamino

[34.21]. Fitting line according to [34.07]. In in Al: W, Hood [34.24].
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Fig. 34.09 Impurity diffusion in aluminium. Hf in Al: &, Minamino [34.14]. Mo in Al: J, Chi

[34.13, 34.31].
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Fig. 34.10 Impurity diffusion in aluminium. Ir in Al: &, Khoukaz [34.25]; Pd in Al: J, Khoukaz

[34.25].
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Fig. 35.01 Self-diffusion in indium. & and }, Dickey [35.02].
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Fig. 34.11 Impurity diffusion in aluminium. Mg in Al: &, Rothman [34.28]; Ni in Al: J, Erdélyi

[34.33].
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Halle, 15 (3) (1977) 15.
[34.42] J.J. Blechet, A. van Craeynest, D. Calais, J. Nucl. Mater. 27 (1968) 112.
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CHAPTER 4

Self-Diffusion and Impurity Diffusion
in Group IV Metals
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Silicon (Si) and germanium (Ge) are not topic of the present data collection. Self-
diffusion and impurity diffusion data in the semi-conductors Si and Ge are
collected in Refs. [40.01–40.03].

Anomalous diffusion behaviour is observed in a-Ti and especially in a-Zr.
Interstitially dissolved 3d group metals, particularly iron, enhance self-diffusion
and impurity diffusion in a-Ti and a-Zr, caused by highly mobile Fe-interstitial/
vacancy pairs [40.04]. Whereas in a-Ti the enhancement results in a linear
Arrhenius plot with low diffusion energy, in a-Zr lnD vs. 1/T is divided into
three regions (see Fig. 40.01). Region I, at high temperatures, represents intrinsic
diffusion with normal values of D0 and Q. In region II, at intermediate
temperatures, Fe-enhanced extrinsic self-diffusion exceeds that intrinsic diffu-
sion, where the enhancement is directly proportional to the Fe content of the
sample. In region III the solubility limit of Fe is exceeded, which leads to Fe
precipitation and a reduced influence of Fe on the diffusivity [40.04].

Lead was the first solid metal on which self-diffusion was studied. In 1896
Roberts-Austen had investigated the extremely fast diffusion of Au [40.05]. Later
on Seith and co-workers had investigated impurity diffusion in lead using optical
spectrum analysis [40.06–40.12] and self-diffusion with the aid of radio isotopes
[40.13].
149



Fig. 40.01 Schematic illustration of self-diffusion in a-Zr. The influence of Fe impurities

(according to Ref. [40.04]). See text for details.
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In Table 4.0 lattice structure, lattice constants, melting and phase transition
temperatures of the group IV metals are listed.
Table 4.0 Lattice structure, lattice constants a and c, phase transition temperature Tij and

melting temperature Tm

Metal Ti Zr Hf Sn Pb

phase a b a b a b b
Structure hcp bcc hcp bcc hcp bcc bct fcc
Tij (K) 1,155 1,136 2,013 434

Tm (K) 1,940 2,125 2,500 505 601

a (nm) 0.295 0.331 0.323 0.362 0.320 0.360 0.583 0.495

c (nm) 0.469 0.515 0.506 0.318
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Fig. 41.01 Self-diffusion in b-titanium. &, Murdock [41.01]; J, Köhler [41.02]. Fitting line:

O-fit according to [41.02].
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Fig. 41.09 Impurity diffusion in b-titanium. Pd in Ti: &, Lee [41.22]; V in Ti: J, Murdock

[41.01]. Fitting line: O-fit according to Neumann [41.55].
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Fig. 41.11 Impurity diffusion in b-titanium. Ta in Ti: &, Askill [41.49]; J, Ansel [41.50]. Fitting

line: O-fit according to [41.50].

5 6 7 8 9

-14

-12

W

Ti 1/Tαβ

Tm

T (K)

-13

2000 1800 1600 1400 1200

-14

-12

-13

-11 -11

lo
g 

D
 (

m
2 s

-1
)

104/T (K-1)

Fig. 41.12 Impurity diffusion in b-titanium. W in Ti: &, Minamino [41.56].
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Fig. 41.13 Self-diffusion in a-titanium. & and B, Köppers [41.05].
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Fig. 41.14 Impurity diffusion in a-titanium. Ag in Ti: &, Araujo [41.09]; Al in Ti: D and �,

Köppers [41.05].
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Fig. 41.15 Impurity diffusion in a-titanium. Co in Ti: & and B, Nakajima [41.19]; J, Perez

[41.20]. Fitting line according to [41.19]. Cr in Ti: D and �, Nakajima [41.24].

9 10 11 12

-20

-18

-16

-14

-12

⊥

⊥

⊥

//

//

//

1150 1100 1050 1000 950 900 850

-20

-18

-16

-14

-12

Ti

Ga

Mn

Fe

Tαβ

T (K)

lo
g 

D
 (

m
2 s

-1
)

104/T (K-1)

Fig. 41.16 Impurity diffusion in a-titanium. Fe in Ti: & and B, Nakajima [41.26]; Mn in Ti: D
and �, Nakamura [41.36]; Ga in Ti: J, Köppers [41.28], [41.29].
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Fig. 41.17 Impurity diffusion in a-titanium. Pd in Ti: �, Behar [41.43]; Zr in Ti: J, Perez [41.58];

&, D, Perez [41.59]. Fitting line according to [41.58].
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Fig. 41.18 Impurity diffusion in a-titanium. In in Ti: &, Köppers [41.28]; Pb in Ti: D, Mirassou

[41.41]; �, Mirassou [41.42]. Fitting line according to [41.42].
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Fig. 41.19 Impurity diffusion in a-titanium. Ni in Ti: & and B, Nakajima [41.38]; P in Ti: D and
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Fig. 41.20 Impurity diffusion in a-titanium. Sn in Ti: &, Perez [41.48]; Ta in Ti: J, Perez [41.51].
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Fig. 42.03 Impurity diffusion in b-zirconium. Al in Zr: &, Laik [42.21]; Sn in Zr: J Chelluri

[42.54].
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Fig. 42.04 Impurity diffusion in b-zirconium. Ce in Zr: &, Paul [42.25].

192 Self-Diffusion and Impurity Diffusion in Pure Metals



5 6 7 8 9

-12

-10
1/Tαβ

Tm

Cr

Zr
Cu

Fe

Co

T (K)

-12

-10

12001400160018002000

-13-13

-11-11

-9 -9

lo
g 

D
 (

m
2 s

-1
)

104/T (K-1)
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Fig. 42.08 Self-diffusion in a-zirconium in dependence of the Fe content. J, Horvath [42.10],

2 ppma Fe. D// and D>: & and ’, Lübbehusen [42.11] (100–200 ppma Fe); x and �, Hood
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Fig. 42.12 Impurity diffusion in a-zirconium. Fe in Zr: D, Hood [42.38] (pc); �, Hood [42.09]

(sc); &, Tendler [42.39] (pc); K and J, Nakajima [42.40]. Tentative fitting line using
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¼ 0.02 m2 s�1, Q ¼ 1.87 eV (pc).

196 Self-Diffusion and Impurity Diffusion in Pure Metals



8.5 9.0 9.5 10.0 10.5
-20

-18

-16

-14

-12

-10

1150 1100 1050 1000

-20

-18

-16

-14

-12

-10

Tαβ

Zr

Ni

T (K)

lo
g 

D
 (

m
2 s

-1
)

104/T (K-1)

Fig. 42.13 Impurity diffusion in a–zirconium. Ni in Zr: &, Hood [42.38]; J and K, Hood
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Fig. 43.01 Self-diffusion in b-hafnium. &, Winslow [43.01]; J, Herzig [43.02]. Fitting line

according to [43.02].
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Fig. 43.03 Impurity diffusion in a-hafnium. Al in a-Hf: &, Herzig [43.04].
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Fig. 43.04 Impurity diffusion in a-hafnium. Co in a-Hf: &, Dyment [43.06].
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Köppers [43.07].
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Fig. 44.02 Impurity diffusion in tin. Ag in Sn: & and B, Dyson [44.04]; Au in Sn: D and �,

Dyson [44.04].
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Fig. 44.03 Impurity diffusion in tin. Cd in Sn: & and B, Huang [44.03].
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Fig. 44.04 Impurity diffusion in tin. Hg in Sn: & and B, Warburton [44.08].
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Fig. 44.06 Impurity diffusion in tin. Ni in Sn: & and B, Yeh [44.10].
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Fig. 44.07 Impurity diffusion in tin. Zn in Sn: & and B, Huang [44.03].
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Fig. 45.01 Self-diffusion in lead. &, Nachtrieb [45.01]; J, Resing [45.02]; D, Hudson [45.03]; �,

Miller [45.04]; B, Warburton [45.05]. Fitting line according to [45.04].
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[45.05]; D, Vanfleet [45.21]. Fitting line according to [45.05]. Tl in Pb: B, Resing [45.02].

204 Self-Diffusion and Impurity Diffusion in Pure Metals



16 18 20 22 24

-14

-12

Sn

Sb

Cd

Pb

Tm

T (K)

-15 -15

-13

600 550 500 450

-14

-12

-13

lo
g 

D
 (

m
2 s

-1
)

104/T (K-1)

Fig. 45.04 Impurity diffusion in lead. Cd in Pb: &, Miller [45.04]; Sb in Pb: J, Nishikawa
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CHAPTER 5

Self-Diffusion and Impurity Diffusion
in Group V Metals
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Phosphorus (P) and arsenic (As) are not topic of this data collection.
In vanadium oxygen impurities enhance the diffusivity at lower temperatures

(see Refs. [51.01, 51.04]). This effect is not observed in niobium (see Refs. [52.01,
52.03]).

Diffusion coefficients derived from out-diffusion investigations of spallation
products in niobium (Sr, Y, Zn, Zr) [50.01] and in tantalum (rare earth metals, As,
Ba, Cs, Hf, Rb, Sr and Y) [50.02] are not taken into consideration in this data
collection (see Chapter 0.1).

Legoux and Merini have studied the diffusion of actinides in tantalum
(summarized in Ref. [50.03]). The a-emitting actinides were generated by ion
bombardment of heavy elements and implanted into a Ta foil. The results of the
investigations between about 1,000 and 1,700 K ðT̄=Tm � 0:4Þ exhibit an extreme
data scatter. Because of the very low diffusion energies, probably not
representative for lattice diffusion, the reported diffusion parameters are not
considered in Table 5.3.

Diffusion of the almost insoluble alkaline metals was investigated in single as
well as polycrystals of vanadium (Cs [50.04]), niobium (Na, K [50.05], Cs [50.04])
and tantalum (Cs [50.04]) at temperatures lower than 0.7 Tm. The results refer to
dominating grain-boundary and dislocation diffusion. Note that Cs could not be
detected in single crystals of V, Nb and Ta [50.04]. The results of the alkaline
diffusion are not considered in Tables 5.1–5.3.
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216 Self-Diffusion and Impurity Diffusion in Pure Metals
In bismuth (Bi) only self-diffusion of 210Bi in single crystals was investigated
[50.06]. Anomalous penetration plots, however, do not permit the determination
of credible diffusion coefficients.

In Table 5.0 lattice structure, lattice constant and melting temperature of
group V metals are listed.
Table 5.0 Lattice structure, lattice constants a and c and melting temperature Tm

Metal V Nb Ta Sb

Structure bcc bcc bcc Trigonal

Tm (K) 2,175 2,740 3,288 904

a (nm) 0.302 0.330 0.331 0.431

c (nm) 1.125
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Fig. 51.01 (A) Self-diffusion in vanadium. K, Lundy [51.01]; &, Peart [51.02]; J, Pelleg [51.03];

W, Macht [51.04]; X, Ablitzer [51.05]; 8, Pruthi [51.07]; 7, Segel [51.09]. Fitting line: two-

exponential fit according to Neumann [51.08]. (B) (Detail) Self-diffusion in vanadium. K, Lundy

[51.01]; &, Peart [51.02]; J, Pelleg [51.03]; W, Macht [51.04]; X, Ablitzer [51.05]; 8, Pruthi

[51.07]; 7, Segel [51.09]. Fitting line: two-exponential fit according to Neumann [51.08].
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Fig. 52.01 (A) Self-diffusion in niobium. J, Lundy [52.01] (disregarding four markedly

deviating data points); W, Ablitzer [52.02]; X, Einziger [52.03]; B, Bussmann [52.04]. Fitting

line: two-exponential fit according to Neumann [52.07]. (B) (Detail) Self-diffusion in niobium;

J, Lundy [52.01] (disregarding four markedly deviating data points); W, Ablitzer [52.02];

X, Einziger [52.03]; B, Bussmann [52.04]. Fitting line: two-exponential fit according to

Neumann [52.07].
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exponential fit according to Neumann [53.03].
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The first investigations of chromium self-diffusion were performed on polycrystal-
line samples at lower temperatures [60.01–60.09]. The results strongly refer to the
dominance of grain-boundary diffusion with diffusion energies smaller than 3.3 eV.

Diffusion coefficients derived from out-diffusion of spallation products in
molybdenum (Rb, Se, Sr, Y, Zn, Zr) [60.10] and tungsten (rare earth metals, Ba, Ce,
Y) [60.11] are not taken into consideration in this data collection (see Chapter 0.1).

Diffusion of the almost insoluble alkaline metals was investigated in single as
well as polycrystals of molybdenum (Li [60.12, 60.13], Na, K [60.14], Cs [60.15,
60.16]) and tungsten (Li [60.13], Na, K [60.17], Cs [60.16]) at temperatures lower
than 0.7 Tm. In general, extremely low diffusion energies were observed which
refer to dominating grain-boundary and dislocation diffusion. Note that Cs could
not be detected in single crystals of molybdenum and tungsten. The results of
alkaline metal diffusion are not listed in Tables 6.2 and 6.3.

Sulphur (S), selenium (Se) and tellurium (Te) are not topic of the present data
collection.

In Table 6.0 lattice structure, lattice constant and melting temperature of the
group VI metals are listed.
ure, lattice constant a and melting temperature Tm

Cr Mo W

bcc bcc bcc

2,130 2,893 3,673

0.302 0.315 0.316
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Fig. 61.01 Self-diffusion in chromium. &, Mundy [61.01]; J, Mundy [61.02]. Fitting line using
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¼ 0.11 m2 s�1, Q ¼ 4.55 eV.
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CHAPTER 7
258
Diffusion in Group VII Metals
MANGANESE, RHENIUM

Preliminary results were published for self-diffusion of 54Mn in polycrystalline
g- (fcc) and d- (bcc) manganese [70.01]. The results suggest that grain-boundary
diffusion dominates.

For technetium (Tc) no data are available.
Self-diffusion in rhenium (Re) was investigated by means of field electron

microscopy (FEM) [70.02]. The kinetics of the reconstruction of the needle shape
was associated with a volume diffusion process with an activation energy of
5.3 eV above 1,520 K.
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Self-Diffusion and Impurity Diffusion
in Group VIII Metals
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Iron shows a diffusion anomaly around the Curie temperature TC. In the present
data collection, this anomaly is exclusively described by the model of Ruch et al.
[02.14] (Eq. (02.19), see Chapter 0.2). Other interpretations (e.g. [80.01, 81.13,
81.56, 81.99]) are not taken into consideration for the evaluation of the diffusion
parameters.

In cobalt this type of diffusion anomaly was also observed in some cases
[82.03, 82.12, 82.13]. Reliable self-diffusion measurements [82.02], however,
suggest that the anomaly is almost negligible.

In iron, furthermore, an experimental anomaly is observed: the marked
discrepancy (20–30%) between diffusion coefficients measured by means of
macrosectioning and sputter sectioning techniques for Fe and Nb in ap-iron.
Although difficult to verify, short-circuit contributions could be responsible for
this discrepancy [81.16].

In ruthenium (Ru) self-diffusion of 103Ru in polycrystalline ruthenium was
investigated in the temperature range from 1,267 to 1,373 K ðT̄=Tm � 0:5Þ [80.02].
The penetration plots refer to marked grain-boundary contributions.
259
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In rhodium (Rh) the activation energy for self-diffusion (QE3.95 eV) was
deduced from high-temperature creep investigations [80.03].

For osmium (Os) no data are available.
In Table 8.0 lattice structure, lattice constant, phase transition temperatures

and melting temperature of the group VIII metals are listed.
Table 8.0 Lattice structure, lattice constant a, phase transition temperatures Tij, Curie

temperature TC and melting temperature Tm.

Fe Co Ir Ni Pd Pt

Phase a g d
Structure bcc fcc bcc fcc fcc fcc fcc fcc

TC (K) 1,043 1,393

Tij (K) 1; 183 1; 663

Tm (K) 1,812 1,768 2,716 1,728 1,825 2,042

a (nm) 0.287 0.359 0.355 0.384 0.352 0.389 0.392
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ć
(1

97
6)

[8
1.

21
]

(2
46

.6
)

(0
.7

9)
(B

2
m

m
)

g-
F

e

A
s

0.
01

92
4

1.
94

72
4

–
67

3–
92

3
75

1
p

c
A

s,
im

p
la

n
te

d
;

R
B

S

an
d

H
IR

B
S

A
ll

(m
ar

k
ed

sc
at

te
r)

F
it

to
E

q
.

(0
2.

19
)

w
it

h
a=

0.
2+

(+
p

re
se

n
t

ap
p

ro
x

i-

m
at

io
n

)

81
.0

2
P

ér
ez

[8
1.

22
]

(1
88

)
(0

.4
4)

(0
.5

m
m

)

a f
-F

e
4N

A
u

0.
81

3.
00

4
–

1,
26

3–
1,

65
3

75
1

p
c

A
u

;
E

P
M

A
,

F
e/

F
e

(X
%

A
u

)
(S

au
er

,

F
re

is
e)

X
=

1;
2.

2
p-

d
ep

en
d

en
ce

o
f

D
81

.0
3

Y
am

az
ak

i
(2

00
4)

[8
1.

23
]

(2
90

)
(0

.8
0)

(2
–3

m
m

)

g-
F

e
4N

5

A
u

31
2.

70
6

–
1,

05
5–

1,
17

4
6

p
c

1
9

5
A

u
,

el
ec

tr
o

p
la

te
d

;

re
si

d
u

al
ac

ti
v

it
y

N
o

+
P

re
se

n
t

fi
t

o
f

a f
-F

e
d

at
a

to

E
q

.
(0

2.
19

)

w
it

h
a=

0.
12

C
o

,
N

i
in

a-
F

e
81

.0
3

B
o

rg
(1

96
3)

[8
1.

24
]

(2
61

.3
)

a p
-F

e
(2

m
m

)

–
–

–
97

2–
1,

03
4

4+
5N

81
.0

3

a f
-F

e

B
e

(0
.1

)
(2

.4
98

)
–

1,
37

3–
1,

62
3

10
p

c
7
B

e,
d

ri
ed

-o
n

fr
o

m

sa
lt

so
lu

ti
o

n
7

3
;

re
si

d
u

al
ac

ti
v

it
y

N
o

+
P

re
se

n
t

le
as

t

sq
u

ar
es

fi
t

B
e

in
N

i
81

.0
3

G
ri

g
o

ry
ev

(1
96

8)

[8
1.

25
]

(2
41

.2
)

(0
.8

3)
(5

T
)

3N

0.
33

2+
2.

65
0+

g-
F

e
81

.0
3

(2
55

.8
)

C
o

5.
5

2.
65

4
23

1,
66

9–
1,

77
5

5
p

c6
1

6
0
C

o
,

v
ap

o
u

r

d
ep

o
si

ti
o

n
;

la
th

e

an
d

re
si

d
u

al

ac
ti

v
it

y

A
ll

(p
ro

b
ab

il
it

y

p
lo

t)

F
e

in
d-

F
e

81
.0

4
B

o
rg

(1
96

3)
[8

1.
02

]

(2
56

.2
)

(0
.9

5)

d-
F

e

C
o

6.
38

2.
66

3
25

1,
70

2–
1,

79
4

9
p

c
6

0
C

o
,

el
ec

tr
o

p
la

te
d

;

la
th

e
an

d
re

si
d

u
al

ac
ti

v
it

y

1
ex

am
p

le
S

o
m

e
ta

b
u

la
te

d

d
at

a
h

ad
to

b
e

co
rr

ec
te

d

F
e

in
d-

F
e

an
d
a-

F
e,

C
o

in
a-

F
e

81
.0

4
Ja

m
es

(1
96

6)

[8
1.

04
]

(2
57

.1
)

(0
.9

6)
(5

T
)

3N
5

d-
F

e

C
o

(1
.2

5)
3.

16
1

–
1,

47
8–

1,
53

5
9

p
c

6
0
C

o
,

el
ec

tr
o

p
la

te
d

;

la
th

e

A
ll

+
P

re
se

n
t

ap
p

ro
x

im
at

io
n

g
b

-d
if

fu
si

o
n

81
.0

4
S

u
zu

o
k

a
(1

96
1)

[8
1.

26
]

1.
35

+
(3

05
.2

)
(0

.8
3)

3N
8

g-
F

e

C
o

(1
.0

)
3.

12
7

–
1,

40
9–

1,
65

8
16

p
c

C
o

;
d

if
fu

si
o

n
co

u
p

le

an
d

th
in

fi
lm

;

E
P

M
A

(H
al

l)

2
ex

am
p

le
s

+
P

re
se

n
t

ap
p

ro
x

im
at

io
n

N
i

in
F

e;
F

e,

N
i

in
C

o
;

C
o

,
F

e

in
N

i

81
.0

4
B

ad
ia

(1
96

9)

[8
1.

27
]

1.
18

+
(3

01
.9

)
(0

.8
5)

(1
4T

)
5N

g-
F

e

C
o

11
8

2.
96

2
–

1,
04

5–
1,

17
8

13
p

c
6

0
C

o
,

v
ap

o
u

r

d
ep

o
si

ti
o

n
;

re
si

d
u

al
ac

ti
v

it
y

N
o

A
u

,
N

i
in

a-
F

e

81
.0

4
B

o
rg

(1
96

3)
[8

1.
24

]

(2
86

.0
)

a p
-F

e
(2

m
m

)

–
–

–
96

3–
1,

03
4

5
5N

81
.0

4

a f
-F

e

264



C
o

9.
5

2.
70

2
–

1,
10

5-
1,

16
1

35
1

p
c

6
0
C

o
,

el
ec

tr
o

p
la

te
d

;

la
th

e

1
ex

am
p

le
(g

b

co
n

tr
ib

u
ti

o
n

el
im

in
at

ed
)

–
S

at
o

(1
96

4)
[8

1.
28

]

(2
60

.9
)

a p
-F

e
(3

m
m

)

B
3N

C
o

6.
38

2.
66

3
–

1,
08

1–
1,

15
7

4
p

c
6

0
C

o
,

el
ec

tr
o

p
la

te
d

;

la
th

e
an

d
re

si
d

u
al

ac
ti

v
it

y

N
o

C
o

in
d-

F
e,

F
e

in
a-

F
e

an
d
d-

F
e

–
Ja

m
es

(1
96

6)

[8
1.

04
]

(2
57

.1
)

a p
-F

e
(3

T
)

3N
5

(7
.1

9)
(2

.6
97

)
–

95
6–

1,
04

1
3

–

(2
60

.4
)

a f
-F

e

C
o

0.
99

2.
50

–
1,

05
9–

1,
16

4
6

sc
5

7
C

o
,

5
8
C

o
,

v
ap

o
u

r

d
ep

o
si

ti
o

n
;

IB
S

4
ex

am
p

le
s

D
at

a
ta

b
u

la
te

d
in

R
ef

.
[8

1.
30

]

81
.0

4
M

eh
re

r
(1

98
3)

[8
1.

29
]

(2
41

.4
)

a p
-F

e
4N

7

–
–

–
78

6–
1,

03
4

17
81

.0
4

a f
-F

e
(1

6T
)

C
o

2.
76

2.
60
�

–
1,

05
3–

1,
17

3
6

p
c

6
0
C

o
,

5
7
C

o
,

el
ec

tr
o

p
la

te
d

;

ra
d

io
-f

re
q

u
en

cy

sp
u

tt
er

in
g

S
ev

er
al

ex
am

p
le

s

� A
ss

u
m

in
g

D
p
(C

o
)=

D
p
(F

e)

an
d
a=

0.
23

in

E
q

.
(0

2.
19

)

E
=

0.
65

–0
.5

2
81

.0
4

Ii
ji

m
a

(1
99

3)

[8
1.

31
]

(2
51

)
a p

-F
e

W
3N

5

–
(3

.2
0)
�

–
85

9–
1,

04
3

11
81

.0
4

(3
09

)
a f

-F
e

C
r

10
.8

3.
02

3
–

1,
23

3–
1,

66
9

10
5

1
p

c
5

1
C

r,
d

ri
ed

-o
n

fr
o

m
sa

lt
so

lu
ti

o
n

;

re
si

d
u

al
ac

ti
v

it
y

1
ex

am
p

le
C

r
in

a-
F

e,

H
f,

V
in

a-
F

e

an
d
g-

F
e

–
B

o
w

en
(1

97
0)

[8
1.

32
]

(2
91

.8
)

(0
.8

0)
3N

8

g-
F

e

C
r

2.
53

2.
49

3
–

1,
05

8–
1,

14
8

10
5

1
p

c
5

1
C

r,
d

ri
ed

-o
n

fr
o

m

sa
lt

so
lu

ti
o

n
;

re
si

d
u

al
ac

ti
v

it
y

N
o

P
ro

n
o

u
n

ce
d

d
at

a

sc
at

te
r

–
H

u
n

tz
(1

96
7)

[8
1.

33
]

(2
40

.8
)

a p
-F

e
(0

.6
m

m
)

3N
5

C
r

8.
52

2.
59

8
–

1,
07

0–
1,

15
0

45
1

p
c

5
1
C

r,
d

ri
ed

-o
n

fr
o

m

sa
lt

so
lu

ti
o

n
;

re
si

d
u

al
ac

ti
v

it
y

N
o

C
r

in
g-

F
e,

H
f,

V
in

g-
F

e
an

d

a-
F

e
(2

%
V

)

–
B

o
w

en
(1

97
0)

[8
1.

32
]

(2
50

.8
)

a p
-F

e
3N

8

C
r

2.
2

2.
48

3
–

1,
04

3–
1,

18
3

15
5

1
p

c
C

r;
E

P
M

A
,

F
e/

F
e

(1
–2

7%
C

r)

(B
o

lt
zm

an
n

–

M
at

an
o

,
G

ru
b

e)

N
o

C
r

in
g-

F
e;

M
o

,

W
in

g-
F

e

an
d
a-

F
e

–
A

lb
er

ry
(1

97
4)

[8
1.

34
]

(2
39

.7
)

a p
-F

e
(0

.4
m

m
)

B
3N

C
r

37
.3

2
4

2.
76

92
4

–
1,

04
9–

1,
17

4
15

p
c

5
1
C

r,
el

ec
tr

o
p

la
te

d
;

ra
d

io
-f

re
q

u
en

cy

sp
u

tt
er

in
g

S
ev

er
al

ex
am

p
le

s

F
it

to
E

q
.

(0
2.

19
)

w
it

h
a=

0.
13

3

81
.0

5
L

ee
(1

99
0)

[8
1.

35
]

(2
67

.4
)

a p
-F

e
W

3N
5

88
5–

1,
03

7
15

81
.0

5

a f
-F

e
(1

4T
)

C
u

1.
8

3.
05

7
–

1,
20

2–
1,

29
3

35
1

p
c

C
u

;
E

P
M

A
C

u
in

a-
F

e
81

.0
6

S
p

ei
ch

(1
96

6)

[8
1.

36
]

(2
95

.2
)

(0
.6

9)
B

3N

g-
F

e

C
u

3.
8+

3.
21

+
–

1,
55

8–
1,

64
1

6
p

c6
1

6
4
C

u
,

v
ap

o
u

r

d
ep

o
si

ti
o

n
;

g
ri

n
d

er

3
ex

am
p

le
s

+
P

re
se

n
t

ap
p

ro
x

im
at

io
n

C
u

in
a p

-F
e

81
.0

6
R

o
th

m
an

(1
96

8)

[8
1.

37
]

(3
09

.9
)

(0
.8

8)
(3

T
)

g-
F

e

265



T
ab

le
8

.1
(C

o
n

ti
n

u
ed

)

(1
)

(2
a)

(2
b

)
(3

)
(4

)
(5

)
(6

)
(7

)
(8

)
(9

)
(1

0
)

(1
1)

(1
2)

X
D

0

(1
0
�

4
m

2
s�

1 )

Q
(e

V
)

an
d

(k
Jm

o
le
�

1 )

D
(T

m
)

(1
0
�

12
m

2
s�

1 )

T
-r

an
ge

(K
)

ðT̄
=T

m
Þ

N
o

.
o

f
d

at
a

p
o

in
ts

M
at

e
ri

al
,

p
u

ri
ty

Ex
p

e
ri

m
e

n
ta

l
m

e
th

o
d

R
e

m
ar

ks
o

n

th
e

p
p

Fu
rt

h
e

r
re

m
ar

ks
A

ls
o

st
u

d
ie

d
Fi

gu
re

R
e

fe
re

n
ce

C
u

1.
9

3.
06

2
–

1,
20

3–
1,

28
3

35
1

p
c6

1
C

u
;

E
P

M
A

C
u

/
F

e

co
u

p
le

s
(M

at
an

o
)

N
o

81
.0

6
T

su
ji

(1
97

4)
[8

1.
38

]

(2
95

.6
)

(0
.6

9)

g-
F

e

C
u

0.
19

2.
82

3
–

1,
19

8–
1,

32
3

4
p

c
C

u
,

v
ap

o
u

r
d

ep
o

si
ti

o
n

(4
mm

fi
lm

);
E

P
M

A

N
o

C
u

in
a p

-F
e

81
.0

6
S

al
je

(1
97

7)
[8

1.
39

]

(2
72

.6
)

(0
.7

0)
4N

8

g-
F

e

C
u

4.
16

3.
15

9
–

1,
37

8–
1,

48
3

5
p

c
6

4
C

u
,

ch
em

ic
al

d
ep

o
si

ti
o

n
;

re
si

d
u

al

ac
ti

v
it

y

A
ll

8
3

g
b

-d
if

fu
si

o
n

–
M

aj
im

a
(1

97
7)

[8
1.

40
]

(3
05

.0
)

(0
.7

9)
3N

7

g-
F

e

C
u

8.
6

2.
58

9
–

1,
05

0–
1,

13
5

45
1

p
c

C
u

;
E

P
M

A
C

u
in

g-
F

e
81

.0
6

S
p

ei
ch

(1
96

6)

[8
1.

36
]

(2
50

.0
)

a p
-F

e
B

3N

–
–

–
97

3–
1,

02
3

35
1

81
.0

6

a f
-F

e

C
u

3.
35

+
2.

52
4+

–
1,

12
8–

1,
17

5
3

p
c6

1
6

4
C

u
,

v
ap

o
u

r

d
ep

o
si

ti
o

n
;

g
ri

n
d

er

N
o

+
P

re
se

n
t

ap
p

ro
x

im
at

io
n

C
u

in
g-

F
e

81
.0

6
R

o
th

m
an

(1
96

8)

[8
1.

37
]

(2
43

.7
)

a p
-F

e

C
u

5.
9�

2.
55

9�
–

1,
06

9–
1,

14
3

55
1

p
c

6
4
C

u
,

el
ec

tr
o

p
la

te
d

;

re
si

d
u

al
ac

ti
v

it
y

N
o

� V
al

id
fo

r
th

e

w
h

o
le

T
-r

an
g

e

(a
p
-p

lu
s

a f
-p

h
as

e)

81
.0

6
L

az
ar

ev
(1

97
0)

[8
1.

41
]

(2
47

.1
)

a p
-F

e
B

3N

98
1–

1,
02

8
35

1
–

a f
-F

e

C
u

(3
00

)�
(2

.9
40

)�
–

1,
04

5–
1,

17
3

17
sc

C
u

,
v

ap
o

u
r

d
ep

o
si

ti
o

n

(4
mm

fi
lm

);
E

P
M

A

1
ex

am
p

le

(c
�

x)

� F
it

to
E

q
.

(0
2.

19
)

u
si

n
g

a=
0.

07
3;

C
u

in
g-

F
e

81
.0

6
S

al
je

(1
97

7)
[8

1.
39

]
(2

83
.9

)
a p

-F
e

(1
1T

)
4N

8

54
+

2.
77

8+
96

3–
1,

02
4

9
+

p
re

se
n

t
fi

t
to

E
q

.
(0

2.
19

)

u
si

n
g
a=

0.
09

81
.0

6
(2

68
.2

)
a f

-F
e

(5
T

)

H
f

(9
�

10
4
)

(4
.9

00
)

–
1,

43
8–

1,
59

3
35

1
p

c
1

8
1
H

f,
el

ec
tr

o
p

la
te

d
;

re
si

d
u

al
ac

ti
v

it
y

N
o

F
e,

N
b

in
g-

F
e

–
S

p
ar

k
e

(1
96

5)

[8
1.

42
]

(4
73

.1
)

(0
.8

4)
B

3N
6

g-
F

e

H
f

(3
,6

00
)

(4
.2

19
)

–
1,

37
1–

1,
62

8
55

1
p

c
1

8
1
H

f,
d

ri
ed

-o
n

fr
o

m

sa
lt

so
lu

ti
o

n
;

re
si

d
u

al
ac

ti
v

it
y

N
o

C
r,

V
in

g-
F

e

an
d
a-

F
e

(2
%

V
)

–
B

o
w

en
(1

97
0)

[8
1.

32
]

(4
07

.4
)

(0
.8

3)
3N

8

g-
F

e

266



M
n

0.
76
�

2.
32

6�
26

1,
71

9–
1,

76
7

3
p

c6
1

M
n

;
E

P
M

A
F

e/
F

e

(2
%

M
n

)
(D

in
d

ep
en

d
en

t
o

f

c(
M

n
))

1
ex

am
p

le

(p
ro

b
ab

il
it

y

p
lo

t)

� F
it

to
g

et
h

er

w
it

h
th

e
a p

-

p
h

as
e

M
n

in
a p

-F
e

81
.0

7
K

ir
k

al
d

y
(1

97
3)

[8
1.

43
]

(2
24

.6
)

(0
.9

6)

d-
F

e

M
n

(0
.1

6)
(2

.7
10

)
–

1,
20

1–
1,

58
1

13
5

1
p

c
5

4
M

n
,

el
ec

tr
o

p
la

te
d

;

re
si

d
u

al
ac

ti
v

it
y

N
o

+
P

re
se

n
t

fi
t

to

th
e

d
ep

ic
te

d

d
at

a;

er
ro

n
eo

u
s

th
er

m
al

ex
p

an
si

o
n

co
rr

ec
ti

o
n

M
n

in
F

e(
M

n
)

81
.0

7
N

o
h

ar
a

(1
97

1)

[8
1.

44
]

(2
61

.7
)

(0
.7

7)
(9

T
)

3N
7

0.
01

9+
2.

49
4+

g-
F

e

(2
40

.8
)

(0
.3

5)
(2

.2
77

)
–

1,
06

0–
1,

17
7

85
1

81
.0

7

(2
19

.8
)

a p
-F

e
(4

T
)

0.
07

5+
2.

10
5+

(2
03

.2
)

(1
.4

9)
2.

42
0

–
98

1–
1,

02
9

85
1

81
.0

7

2.
0+

(2
33

.6
)

a f
-F

e
(4

T
)

M
n

0.
76
�

2.
32

6�
–

1,
06

7–
1,

17
4

55
1

p
c6

1
M

n
;

E
P

M
A

F
e/

F
e

(2
%

M
n

)
(D

in
d

ep
en

d
en

t
o

f

c(
M

n
))

N
o

� F
it

to
g

et
h

er

w
it

h
th

e

d-
p

h
as

e

M
n

in
d-

F
e

81
.0

7
K

ir
k

al
d

y
(1

97
3)

[8
1.

43
]

(2
24

.6
)

a p
-F

e
(4

T
)

M
n

8.
5

2.
57

6
–

1,
04

8-
1,

16
9

7
sc

5
4
M

n
,

v
ap

o
u

r

d
ep

o
si

ti
o

n
;

m
ic

ro
to

m
e

81
.0

7
L

ü
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čk
o

v
á
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Fig. 81.01 (A) Self-diffusion in iron. � , Buffington [81.01]; ~, Graham [81.03]; B, James

[81.04]; D, Walter [81.05]; 7, Heumann [81.08]; 8, Borg [81.10]; +, Angers [81.12]; K, Hettich

[81.13]; �, Geise [81.14]; J, Iijima [81.15]; & and ’, Lübbehusen [81.16]; �, Ivantsov [81.07]. For

fitting lines, see detail figures. (B) (Detail). Self-diffusion in d- and g-iron. � , Buffington [81.01];

~, Graham [81.03]; B, James [81.04]; D, Walter [81.05]; 7, Heumann [81.08]; �, Ivantsov

[81.07]. Fitting line for d-iron using D0=6.6� 10�4 m2 s�1, Q=2.676 eV. Fitting line for g-iron

according to [81.08]. (C) (Detail). Self-diffusion in ap-iron. Discrepancy between

macrosectioning and sputtering data. Macrosectioning: D, Walter [81.05]; 8, Borg [81.10]; �,

Geise [81.14]; &, Lübbehusen [81.16]; sputtering: ’, Lübbehusen [81.16]; J, Iijima [81.15]. Fitting

line for macrosectioning data according to [81.14], for sputtering data according to [81.15]. (D)

Detail. Self-diffusion in a-iron. D, Walter [81.05]; 8, Borg [81.10]; +, Angers [81.12]; K, Hettich

[81.13]; �, Geise [81.14]; J, Iijima [81.15]; & and ’, Lübbehusen [81.16]. Fitting line for af- plus

ap-iron according to [81.15], for macrosectioning data in ap-iron according to [81.14].
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Fig. 81.04 (A) Impurity diffusion in iron. Co in d-Fe: &, Borg [81.02]; J, James [81.04]. Fitting

line using D0=23.4� 10�4 m2 s�1, Q=2.869 eV; Co in g-Fe: D, Suzuoka [81.26]; �, Badia [81.27].

Fitting line using D0=1.12� 10�4 m2 s�1, Q=3.127 eV. Co in a-Fe: &, Borg [81.24]; B, Mehrer

[81.29]; K, Iijima [81.31]. Fitting line: for ap-Fe according to [81.24], for af-Fe according to

[81.31]. (B) (Detail) Impurity diffusion in d and g-iron; Co in d-Fe: &, Borg [81.02]; J, James

[81.04]. Fitting line using D0=23.4� 10�4 m2 s�1, Q=2.869 eV. Co in g-Fe: D, Suzuoka [81.26]; �,

Badia [81.27]. Fitting line using D0=1.12� 10�4 m2 s�1, Q=3.127 eV. The fitting lines of Co and Fe

in d-Fe nearly coincide. (C) (Detail) Impurity diffusion in a-iron. Co in a-Fe: &, Borg [81.24]; B,

Mehrer [81.29]; K, Iijima [81.31]. Fitting line: for ap-Fe according to [81.24], for af-Fe according to [81.31].
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Nishida [81.66]; K, Myers [81.67]; D, Schröder [81.68]; �, Pérez [81.69]. Fitting line for ap-Fe

using D0=220� 10�4 m2 s�1, Q=2.76 eV, for af-Fe according to [81.69].
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p

=54� 10�4 m2 s�1, Q=2.778 eV, a=0.09; Zn in g-Fe: K, Budurov [81.83]; Zn in a-Fe: ’,
Richter [81.84]; fitting line according to [81.84] with a=0.11.
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[81.44]; Mn in a-Fe: &, Kirkaldy [81.43]; J, Lübbehusen [81.45]. Fitting line using
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Fitting line: two-exponential fit according to Neumann [82.04], using the average parameter

set D0
1 =0.3� 10�4 m2 s�1, Q1=2.943 eV, D0

2 =150� 10�4 m2 s�1, Q2=3.82 eV, D(Tm)=3.1� 10�13 m2 s�1.
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Fitting line: two-exponential fit according to Neumann [84.38].
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Fitting line: two-exponential fit according to Neumann [86.04].
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Sb [81.103] R.A. Pérez, D.N. Torres, M. Weissman, F. Dyment, Defect and Diffusion Forum 194–199

(2001) 97; precursor to [81.69].
V see Ref. [81.81].

References to Chapter 8.2

[82.01] F.C. Nix, F.E. Jaumot, Phys. Rev. 82 (1951) 72.
[82.02] W. Bussmann, Ch. Herzig, W. Rempp, K. Maier, H. Mehrer, Phys. Stat. Sol. (a) 56 (1979) 87.



Self-Diffusion and Impurity Diffusion in Group VIII Metals 313
[82.03] C.G. Lee, Y. Iijima, K. Hirano, Defect and Diffusion Forum 95–98 (1993) 723.
[82.04] G. Neumann, V. Tölle, C. Tuijn, Physica B 304 (2001) 298.
[82.05] A. Davin, V. Leroy, D. Coutsouradis, L. Habraken, Kobalt 19 (1963) 51; Mém. Sci. Rev. Métall.

60 (1963) 275.
[82.06] H.W. Mead, C.E. Birchenall, Trans. AIME 203 (1955) 994.
[82.07] M. Badia, A. Vignes, Acta Metall. 17 (1969) 177; see also Ref. [82.21].
[82.08] Y. Iijima, K. Hirano, O. Taguchi, Phil. Mag. 35 (1977) 229.
[82.09] J.R. MacEwan, J.U. MacEwan, L. Yaffe, Can. J. Chem. 37 (1959) 1629.
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S [84.73] S.J. Wang, H.J. Grabke, Z. Metallk. 61 (1970) 597; Resistivity measurement
Sn [84.74] D. Marchive, D. Duc, M. Treheux, P. Guiraldenq, C. R. Acad. Sci. Paris 280C (1975) 25.
V see Ref. [84.67].
W see Ref. [84.15].
W [84.75] H.W. Allison, G.E. Moore, J. Appl. Phys. 29 (1959) 842.
W see Ref. [84.67].
W [84.76] D. Bergner, Microchim. Acta Suppl. 3 (1968) 19; see also Ref. [84.43]; EPMA
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For promethium (Pm), samarium (Sm), terbium (Tb), dysprosium (Dy),
holmium (Ho), thulium (Tm) and lutetium(Lu) no data are available. Only
self-diffusion was studied in europium (Eu), gadolinium (Gd) and ytterbium
(Yb).

In Table 9.0 lattice structure, lattice constants, melting temperature and phase
transition of the rare earths are listed.
317



Table 9.0 Lattice structure, lattice constants a and c, phase transition (Tij) and melting

temperature Tm

Metal Ce Pr Nd Eu Gd Er Yb

Phase d g b a b a b g a
Structure bcc fcc bcc dhcp1 bcc dhcp1 bcc bcc hcp bcc hcp

Tij (K) 992 1,068 1,145 1,538 993

Tm (K) 1,071 1,205 1,289 1,099 1,585 1,795 1,097

a (nm) 0.419 0.516 0.420 0.363 0.418 0.362 0.461 0.410 0.346 0.547 0.387

c (nm) 1.195 1.192 0.576 0.645

c/a 3.29 3.28 1.67 1.67

1 In the double-hcp structure the stacking of the close-packed planes is ABACABACy, compared to the simple hcp
structure with an ABABy stacking.
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CHAPTER 10
Table 10.0 Lattice s

Tm

Metal T

Phase b
Structure bcc

Tij (K) 1,6

Tm (K) 2,0

a (nm) 0.416

1trig ¼ trigonal, 2orh ¼ or
Self-Diffusion and Impurity Diffusion
in Actinide Metals
Contents Tables
10.1. Thorium (Th)
 334
10.2. Uranium (U)
 336
10.3. Plutonium (Pu)
 339
Figures
truc

h

a
fc

13

28

0.5

thor
Thorium
 341
Uranium
 343
Plutonium
 346
References
 348
For protactinium (Pa) and trans-uranium metals (except Pu) no data are available.
In bcc g-U and e-Pu abnormally high self-diffusivity is observed, similar to

that in bcc b-Ti, b-Zr and b-Hf.
The orthorhombic a-U consists of corrugulated layers of atoms, with the

layers parallel to the (010) plane and the corrugations parallel to the [100] axis.
The interatomic distances in the corrugated planes are 0.276 and 0.285 nm,
respectively, and 0.326 and 0.332 nm between the corrugated planes, respectively.
This leads to a strong anisotropy of the diffusivity resulting in D[100]E
D[001]cD[010]. Furthermore, the diffusivity in perfect single crystals is smaller
than that in crystals with mosaic structure.

In Table 10.0 lattice structure, lattice constant, phase transition and melting
temperature of actinide metals are listed.
ture, lattice constant a, phase transition (Tij) and melting temperature

U Pu

g b a e d’ d g b
c bcc trig1 orh2 bcc bct fcc orh2 mcl3

1,048 941 753 730 588 480

1,405 913

08 0.347 4 0.364 0.464

hombic, 3mcl ¼ monoclinic, 4explanation in text.
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Fig. 101.01 Self-diffusion and impurity diffusion in a-thorium. Th in a-Th: &, Schmitz [101.01];
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