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AESTRACT

Aﬁalysis of the existing internretations on the
anomalous of transition impurity dififusion AL is made.
A synthesizing simple theoretical model is developed,
assuming dislocations decorated by searecation phases,
which made it possible to interpret the diffusion anoma-
lies both quantitatively and qualitatively. Furthermore,
the near-dislocation segregation regions structure and
characteristics are studied from crystallography,
thermodynamics of solids point of view and dislocation

theory for adequate explanation of the anomalies,
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CHAPTER ~ T

TNTRODUCTTON

Definitions and Measurements of Diffusion Characteristics

Measurements of a diffusion process are usually expressed
interms of the diffusion coefficient , the activation
energy and the entropy or frequency factor, which are

known as the diffusion characteristics,.

Method of Measurements

piffusion is the process by which matter is transported
from one part of a system to another as a result of
random atomic motions, Quantitative measurements of the

rate at which a diffusion process occurs are usually

expressed in terms of a diffusion coeffilcient. The diffu-~

sion coefficient is deflned as the rate of transfer of
the dlffusing substance acrossg unilt area of a section,
divided by the space gradlent of concentration of the
section ;. or as the flux dengity of the substance at
unlt gradient of the concentration, Thus, if the rate of
transfer per unit area of section is 3 ; and C the con-

centration of the diffusing substance, then,
¥ = -p¥C (1.1a)

Confining attention to one dimension only, and if x
denotes the space coordinate, then 1.la becomes

e wpo.C
I, = Dy (1.1b)
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Bxpression (L.1) ls a definition of the diffusion coefie
ficlent Dy and 18 uvsvally referrved to as Plck's first\
law of diffusion. In some cases, such as diffusion in
dilute solutions (solutions of solute concentration no
greater than about 1 to 2 %), D can reasonably be taken
ag constant, in others, such as diffusion in concentra-

ted solutions, it depends very markedly on concentration.

Conslderable number of works of different investigators
haye been concerned with experimental measurements of
diffusion characteristics in face~centered cubic (f.c.c.)
dllute metal solutions, There are a numbexr of ways in
which thls can be achieved, The Radiotracer Method 1s
commonly used in finding the digtribution of an impurity
element in a solid, in which the radiocactive ilsotope of
the impurity element is usged, In this technique, a cloged
tube diffuglon is carried out by plating a thin f£film of
the diffusant radiocactive onto the flat face of a metal-
solvent slice, The f£ilm then becomeg the diffusion source
(solute), The metal slice ls taken from tube at the end
of diffusion, and a thin layer 1is removed from the sur-
.face. The radiloactivity of the layer is counted and com-
pared wlth that from a standard plece of the element,

The amount of the impurity element in the layer can then
be calculated, and if the dimensions of the layer are
known, the mean concentration of the elemeni in the

layer can be found, Further layers are removed, and the



procaedure is repeated, In this way the diffuslon profile

of the impurity in the metal ls plotted,

The distribution of an ilmpurity after diffusion can

obey the "thin £ilm" solution of the diffusion equation

Yo
Clx,t) = iy exp (»x*/4Dt) , (1.2)
S(wpe) ™

where C{x,t) is the concentration of tracer at a depth

x from the cross-sectional area 8 after a diffusion

time t, D 1ls the tracer diffusion coefficient and ¢, the
gquantity of tracer originally at the surface, The D

values ave calculated from the experimental plot of logC

L2
versus - X

Since diffusion occurs as a result of the random motion
of particles, which are always thermally activated in
solidg the diffusion coefficlent thus becomes a very :
strong function of temperature (T) and a relation of the

forn

D = D_exp(-Q/RT), | 1.3

is often followed, where the activatlon energy (Q) and
frequency factor or entropy factér (DO) for an impurity
diffusjon in the metal-golyvent are derived from the
linear plot of log D wvexgus 1/T, The diffusion coeffici-

ent s then a constant at a congtant temperature,




PR, .

Measurements of the type dilscussed sbove have been made

by many investigators for a large number of golutes

{transition and nontransitlon metals) in Aluminium (AL),

There are several types of experimental results that

are commonly drawn upon, Some of them are the following:

1)

ii)

The sgo called "Impurity Diffusion Coefficient”
denoted by D, describes the limiting diffusion wate
of solute at extremely low concentration in the
solvent. D nearly always hag a simple Arrhenius

type temperature dependence given by expregsion (1,3),

D is always compared with by, , the pure solvent self-
diffusion (the diffusion of radicactively~labelled
atonms of the solvent itself) coefficient, D for any
solute may be either larger or smaller than the .
self-diffusion coefficlent ﬁg , which also wvaries

with T like (1.3)

DS = os exp(“QB/RT) !, (1.4)

with activation energy Qg and entropy or frequency
factor Dgg. The differences between D and Dg are
related to changes in both the frequency factors

(D, Dos) and the activation energles (Q, Q4).,

A significant feature 1s that the differences in activa-

tion energles,

80 = Q-Qg (1,5)
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are guffieclently large to bhe the dominant influence in

- determining whether D is greater ox less than D, , so

that it ls about a theovetical intevpretation of AQ
that an uwnderstanding of the relatlve diffusion rates

of golute and solvent largely hinges.

' Formulation of the Diffugion Avomalies in Af

Nontrangition impurity diffusion in A% shows normal
diffuslon rates and characteristics at high temperature,
but transitlon inpurity diffuslon in AL shows gross
departures from normal golute diffusion rates and charac~

teristics,

Nontrangitilon Impurlty Diffusion

At high temperature, cloge to the melting polnt (m.p.)
of Af , nontransition iImpurltles revealed a pattern of
behaviour that has come to be known as "normal Impurity
diffusion' with charactexilstics (D,, 0, D). The esgen~
tia) feature of this is that D and Dg do not usually
diffex by more than ahout an order of magnitude at the
M.p. The relative values of D and Dg are determined fox

the most part by expression (1.5), It is well known that

"~ the difﬁerencé between the actlvation enerxgiles for

impurity and self-diffusion (4Q) in AL can be calculated
theoretically by the LeClalre-lazarus model, which yields

a good agreement with the axperiméntal data (Chapter 2},
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Inportant among other defects presént in real crystalline
solide 18 dislocation. There are several baslc types of
diglocations. Two basic types of dislocations, edge and

sorew dislocatlons, are illustrated in Figure 1.

The most stralghtforward way that a dislocation can
influence diffusion is to act ag a Ppipe" of high diffu-
sivity, fast diffusion. This dislocation pipes can
exhibit diffusivities greatly in excess of the surround-
ing lattlice, and can therefore act as short-circuliting
paths ?elative to lattice diffusion., The presence of

such defects in the solvent produce enhanced'diffusion at
relatively low~temperatures in the case of nontransition
“dmpurities diffusion, The assoclated gegregation towards
dislocationg, discussed by Cottrel and Nabarro whlch has
come to be knownh as Cottrel cloud, can be due to elastic
or electrical and chemlcal interactions due to the strain
flu.d of the dislocation. Such a fast diffusion could be
explained gatlsfactorily using Hart-Mortlock theory which

in turn employs the Cottrel cloud.

Nontransltion impurity diffuslon in AL , with the two
feagible results (mormal and fasi diffusion at high and
relatively low tempevatures, respectively) and their

defining theories, is summarized in the chart below:
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Transition Topurity Diffusion

Unlike the nontransition impurity diffusion case, many
investigatorg on the diffusion of transition impurity
in AL have obtained low values of the diffusion
coefficient while, a few, investigators have got normal
diffusion coeifficient values. According to the experi-
mental data of some authors slow diffusion 1s exhibilited
with diffusgion coefficient 1-4 orders less than the
self-diffusion coefficient (DS), The slow diffusion in
turn is characterized by two groups: a series of tracer
diffusion results in AL characterized by anomalous low
freguency factors and relatively low Q which have come to

be known ag "anomelous low': and a geriles of tracer diffusion
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results chavacterized hy anomalously high sctivatlon
energias and relatlvely high #frequency factors which
have come to be known as "anomalous high". Hence, tran-
sition impurity diffugion fn AL proceeds wilih anomalouns
high characteristics (Dg ; OF ; D¥ ), anomalous low
characterigtics {Dgg . Qg ’ Dg) and normal (DG . 0 . D)
valueg {close to the gelf-dififfuglon characteristics of

: - ” 4 [E3 ¥ r W e Ty
af (D Qg s DS)), whare the wvelatlion D0>«D03bbDG£ ;

os’

QFrQ >0, D, >(DF, Dy ), DEDL, Q=Q  aond

D,ﬁ Ds holds.

In the 60'g and 70's of this century there had been
discussions in the leading Jjournals (Physical Review,
Acta Metallurglca, Philosophical Magazine, Journal of
Applied Physics, Journal of Physical Society of Japan

and ete,) of the world on the interpretation of the
anomaliaes trangitlion impurity diffusion experimental

g 1, The discussion gtopped, somehow, without any form
of dnterpretation. 8o Far no complete explanation of ‘
their diffusion mechanism has heen found although several
attempte have been made, But the noxmal diffuslon result
could ba explaingd by geli-diffusion wvacancy mechanism
like nontrangitlon noymal diffusion. Por normal dlffuslon,
the difference in the activation energies (AQ) . ecalcu-
lated by the LeClairewLazérus model ., gave good agreement
with the experimental data ag in the nontryansition impu-

wity diffusion cage.
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The anomaliss of transidlon impurity difduslon in Al

dould be foomulated az followa (Chapter 3),

4) At the sams high tempsraturs in the sane metal
golvent (AR) the seme lmpurity (transition metal)

procaeds Wéth thres distdinot charactevistics,

il) wo of the anomalies, Viz, High and Low, so far
have not baen explainad thaorotically, wheve as the
nopmal dilffusion ig explained by LeClaire-Lazarus

“madel @

a

The trangition imgu dy ddfi aSzan in AL with the three
pogsible experimentai ragults, anemalous high, anomalous

low and normal, Ls sumnazizeo in the chaxrt below:

; I‘Eiffasian In 41 fuuam-- Self-Diffusion

{Radio fsovope]

S v peman s
fmpaﬁzyj D Ffus ioﬁ[
{Transitionl J
r,,;m S ——
llﬁorﬁai B@fszi@H : ] Slow Diffusion
b At High T i : fé'*‘ Ff'z,g?z 7. ) i
I - s - -
:h-Leﬁﬁaéﬁemﬂagqrug ;
I N
: (ﬂéf@ﬁ@ﬂj Téeoﬂyii 0 —

i et S s et a s R d ¢ R A

Vith ﬁﬂ@ﬁalﬂvﬁ High Hﬁtk Anomalous Low
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Ouite a few nunber of noymal diffusion results have
been geported, but on the ancmalous high and low charaow

‘teristics mumerous resulte have been reported. In the

60's the anomalous low results were balieved to charac—
terlze true volume diffusion and had been published in
metal hand books. Later on anomalous low and noxmal
values were believaed to he ervoneous and anemaleus high
wag thought to chawvacterize true volume diffusion, Nowa-
‘dayg, the anomalous hilgh values are gilven in metal hand

‘hooks ag truell].

~%he presumptien that the anomalous low chavacteristile
valuas were due to systematle errors was shown to be
groundlsss cwperimentally., Also, by reducing the dislo~
gatlon denglity a shift fron anomalous low to high charac=
“torigtics was ghown. It was concluded that the slow

Qi fRapdon LT oan lmpurlty In AL, an the near surface
“zong, proceedad with anomaloug lov characteristics.
beoguge of the captuve of the dlffusing atems'by'the
diglocations in the near-surface zona. Thig capture of
the tmpurity atoms laads to gagregation of different
feorms, The attempt o anploy ﬁhe Hart-Mortlock theory
ﬁ@gethez with Cotirel cloud to interprate the transltion

impurity diffusion enomalies has failed {Chapters 3 & 5),



from the analysis of the literature experimental data,

in Chapter 3, the following conclusions are drawn:

i)  The near-surface effect and the anomalous diffusion
characteristics are caused by high dislocation

density in the near—surface layers.

ii) Normal characteristicg can be obtained when the dis-

location influence is negligible,

iii) The anomalies of transition impurity diffusion in

AL are due to dislocations with segregation phases,

iv) The existing models of segregations on dislocations

~

could net explain the diffusion anomalies,

Aims and Objectives

Transition metals are the most important components for
many A% alloys which arve widely applied in modern tech-
nc Logy (especially in alrcraft and space ones) ., According
to sclentific predictions Af alloys will have wide uti-
lization in the future technology due to the relatively

large stocks of AL in the EBEarth,

For optimization of technological regimes of obtalning
and thermotreatment of AL alloys, it is necessary to
know the mechanisms, models and true charvacterlistics of

the jmpurity diffusion in AL,
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The object of the present work is to

i) develope a synthesizing theovetical model baged on
the influence of disglocations decorated with segre-
gation phases, and obtailn fast, normal and slow

diffusions as particular cases,

i1} develope the corresponding segregation model on dis-~
locations, instead of Cottrel cloud and crystalline

preclpitate phases,

ii1) demonstrate that the same anomalous behavior is
shown by all trangition impurities in AL and thereby
show the capacity of both the theory and segregation
model to interprete the anomalies by taking iron (Fe)

in A% .,

iy} predict the diffusion behavior,

Hpotheges

Based on the experimental data analysis the following
hypothesges are framed to develop the theory and the
segregsatlion phase model, The hypotheses are proved theo-

retically.

1, ZLocal equilibrium exlsts between the crystal region
containing no dislocationsg (matrilx) and the segre-

gatjon phase regions along dislocations,

2, The inmpurity digstribution law between the matrix

solution and the segregation phase regions is linearn,




Using this two conditions the effective diffugion
coefflclent is obtained in Chapter 4. FProm the inter-
pretation it ig found that anomalous Jlow charactervistics
are obtained when diffusion proceeds alony decorated
dislocation with segregatlon phases, anomalous high
characteristics are obtained when retarded volume diffu-
slion attended by trapping of the impurity atoms prevaill
and normal characterigtics characterize true volume
diffusion when the dislocation influence is negligible,
Treatment of the experimental data, using the developed
theory, indicates gsome of ﬁhe features of the segrega-
tion phase regions (Chapter 4). Consequently, the infea-
gibility to use the Cottrel cloud or crystalline preci-

pitate phases is shown in Chapter 5,

3. The structure of the near~dislocation segregation
phase regions 1ls close to the structure of the corres-
ponding intermetallic compound with some degree of

amorphization,

Bagsed on the third hypothesis, alternate microreglons
with high and relatively low degree of order are consi=-
dered in the final chapter., Since the melting points of
intermetallic compounds (for example FeA£3) are higher
than the m.p. of AfS crystal and therefore much higher
than the'diffusion annealing temperatures, the secondary
application of the Haxt-Mortlock theoxry is made to inter-
prate diffusion along decorated dislocations (low charac-

teristics), Also, the structure of the segregation phase
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reglons and substantiation of the effective distribution
law are promoted from crystallography and thermodynamics

congideratvion using the dislocation theory.

In the subseguent chapters the diffusion of foreign
atoms in a lattice is referred to as impurity diffusion,
The diffusion of impurities which occupy normal lattice
sites, i.e,, whare the impurities have simply replaced a
certain number of atoms of the host lattice (A%}, which
ig known as substltutional impurity diffusion, is only

discussged, In addition dilute solutions are considered.




Fig.l. 'Two basic types of dislovations are illustrated.

a)  The edge dislocation can be viewed as having
been formed by slicing the crystal with a knife
pavtvay in from the fop and inserting an extra

half plane of atoms in the cutc.

b) The screw dislocation could be prodvced by
slicing partway in from the right. and shearing
the crystal parallel to the slice by one atomic

spacing.
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CHAPTER 2

NORMAL LIMDURTAY DIFFUSLON LN DILUTE A% SOLUTION

In very dilute alloys solute atoms are sufficiently isola-
ted from one anoither so that the interaction between them may be
neglected and each atow can bhe regarded to diffuse nearly indepen-
dently of the others. Theovetical trastment of the total diffu-
glon then becones simplé. The expressions for diffusion proper-
ties can be written in terms of comparatively few but explicit
and well defined solute and solvent jump freguencies and solute
defect luteractious energies. Such expressions are described and
used in reviewing the general features of experimental results

on diffusion in dilute alloys,

2.1 Properties of Normal Diffusion

By far the greatest amount of experimental information [2,3]

comes from neasurements of DS and D, and extensive and
systematic studies revealed normal lmpurity diffusion beha-

vioxr. The important feature of normal diffusion being that
D and B, di. for by less than an order of magnitude at the
m.p., due to the comparatively small differences between

0 and Qg and hetwaon Ve and Do Roughly, 0.1 <Do/Dog < 1
andg 0.8 < Q/Qa < L.l , with smaller (larger) values of Dg

tending to be associated with smaller (larger) values of Q.

For systems thal are normal with regpect to their diffusion
characterigstics, it 1% usually assumed, bhecause of the small
differences in properties, that the solute diffuses by the

same vacancy mechanism that is so well established for self-
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dlLifugion of the pure solvent.
2

The literature experimental data of gelf-diifusion (DOqf

L

0

Dq) and some gsuobstitutional impurities diffusion (DOr

Sf
Q, D) charscteristics in AL are glven in Tables 1 and 2.
As 1t can be seen in these tables, the normal diffusion

regularities are valid for most of the impurities in AL

except some transition impurities, Table 2,

2.1.1 Jump Frequencies Specification

ITf normal diffusion cccurs by vacancles, all measured guan-
titles can be expressed in terms of wacancy concentrations
and vacancy jump fraguencies. Fig.2 shows the "5-frequency
model” commonly emploved to digscusg diffusion in dilute
f.c.c., alloys. A solute atom is shown shaded. W, is the
jump freguency for a scolute atom=vacancy exchange, unigue
when the golution is verxy dilute. Near to a solute atom
solyent atoms may have jump frequencieg which ave different

from the value o characteristic of pure solvent: wy is

o]

defined ag the frequency for solvent-vacancy jumps between
a pair of sites that are both aearest neighbours of a sol-
ute, w, for vacancy jumps from 1%L to more distant neigh-
bour sites (2nd, 3xd, 4th) - "dissociative Jumps" - and Wy
for the reverse "associative jumps”" onto lst nelghbour
gites. ALl other solvent~vacancy jumps are assuned to occur

t

with the freguency O

If AHSV is the interaction energy (minus the binding energy)
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of a solute atom with 8 nearest nejghbouyr vacancy, the
probability is exp[m(Hv + AHBV)/RTﬂ that a vacancy occurs
on a particular site next to a solute atom, compared with
the probability exp(qu/RT) off occurance on any other site.
Hv is the wvacancy formation energy in poure solvent, To
maintain dynamic equilibrium between these vacancy concen-
trations demands the relation

w

4 . ,
ag = exp( AHSV/RQ) (2.1)

Each and every jump frequency has an arrhenius type tempe-

rature dependence with activation enthalpy Hj'and pre-expo-

nential factor v, , L.e,
i

Wy = vy exp(nHi/RT) (2.2)

The actiyation entropy is contained in vy

2.1.2 The Equation of AQ

As mentioned in Chapter 1, the differences between DS and D
are related to changes in the activation energies' (AQ).
Attention has been given to try to account for the differe-

nces between D and D
') 08

[=

and between O and Qs iﬁétgad of
calculating Do or @ directly. D is increasingly greater or
less than Dy according as AQ is more negative .or positive,

regpectively,

The pure solvent self-diffusion coefficient can be found to

be
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DS = a° fs S exp(MHV/RT) ; (2,3)

for f.c.c. metals, where a 1s the lattice pavameter; £ is
[

the coryelation factor for self-diffusion by vacancy mecha-

nism, in thils case a numerical constant egual to 0.7815

%

for f.c.,o,. gy

The equation for D, the impurity diffusion coefficient, is
gimilar to (2.3) with w, and f in place of w, and £ and

with AHg., added into the vacancy concentration tewm,

D= ag? f 0. exp [= (H, + AHSV)/Rﬁ] , (2.4)

where, £ is the correlation factor for impurity diffusion,

i8 not merely a geometrical factor; w.,

is the effective
vibrational frequency of an impurity atom. Solvent jump-
frequencies entex into D through the correlation factor f£f.

In simple case, like vacancy diffusion in isotyropic crystals,

f hag the forxm[27)]

. .

where u 1s a function of all the golvent jump frequencies,

u has the expression

u= 2wy towg Flug/o)) (2,6)
where

Fw) = 2 ; F(1) = 5,15 3 F(0) =7
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whean W Pru £ is small, This ls because one solute
Jump is then highly Jikely to be followed by a second
jump in the reverse directlon, When Wy <<u £ is near
unity., This is because the vacancy in this case makes many
exchanges with gsolvent atoms after solute jump and so

becomes near randomised in posgition with respect to the

solute before the second jump,

From the definition of the experimental activation energy

e w p 0log D
Q= - RS

olog DS
Q:::nR-_mw
s 9 (1/m)

(2.7

and equations (2.3) and (2.4) AQ is readily found to he

AQ = Q = Qs = AH2 - AHBV - C (2.8)

where AH, = H, - H and C =R 3 log £/3(1/7) . £, is

constant but £ will vayxy with T if the component frequencies
have different activation energies., Usually C will be nume-

rically smaller than AHz - AHSV.

When C varies with temperature there ile a corresponding
variation of DO, for this is eagily seen to contain the
factor £, exp (=C/RT), which is independent of temperature

only when C is.

Equation (2.8) expresses the fact that solutes that attract

vacancies (l.e. AHGV positive) and also exchange with them
»
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much more rapldly than do solwvent atoms, so that >
(i.e AH, negative) , will have negative values of AQ and

are therefore most likely to be fast diffusers.

2.2 LeClalre - Lazarus Model

To calculate AQ it is necessary to compute enexgy differe-
nces AHSV, AH2, etc,  The only model from which AQ has
been derived in a direct manner is using the well-known
half vacancy electrostatic model [28,29] . ¢his screening
theory proposed by Lazarus [29] and used with considerable
success by LeClaire [28] is also known as LeClaire-Lazarus
model, This calculates AQ in terms of electronic properties
and gives an immediate explanation of the correlation of AQ
with vacancy that is observed in many systems. The energy
of any confidguration in the metal containing solute differs
from that of an equivalent configuratlion in the pure metal
only by a term due to the interaction between the wvavancy
and the screened effective charge difference between solute

and solvent ion cores.

2.2.1 Thomas = Fermi Method

The scoreened interaction can be calculated in the Thomas-
Fermi approximation. A free electron model is assumed for
the pure metal with the pogitive ion cores smeared out to
give a uniform positive charge density equal to the uniform
negative electron density, Adding an impurity atom is rega-

rded as replacing a solyent jon (of charge Zoe) by an ion




P N
carrying some different effective charge (of charge Z?e),

The difference in charge, 4o = (4,-%0)e . is considered to

2
be concentrated as a point charge situated at the centre

of the impurity atom. %e attracts electrons (if pogitive) orx
holes (if negative) so as to screen out the charge at large
distances and the electrosgtatic potential due to it, V{y),
is changed from + %e/y to a value which may be obtained as
the solution of the Thomas-=Fermi equation., The extra Z con-
duction electrons which enter with the solute atom geo into

the conduction band and maintain the Fermi-energy e cong-

F L]
tant, provided the concentration of solute is very small,

The Thomag-Fermi potential form, the leading term at a

distance v f£rom the excess point charge, can be given as[BO]

Viv) = 22 o expl-gy) , e
Y

where o is a known function of Z 31 and of oxder unity
and g is the "screening constant! gilven by ¢i= 4mi(ey), -~

N(EF) is the density of states at €.

The three terms in equation (2.8}, Viz,, AHqu AH, and C,

can be extimated as follows:

AHSV. A vacancy is usually regarded as an impurity with
effective charge equal to = Zoe (~3e in trivalent AL). The
change in the energy of formation AHSV is assumed to be
mainly to the electrostatic interactlon between the vacancy

and the ilmpurity ion when they are nearest nelghbors. The




nearest nelghboy dictance (ponbagal Jump distance) is

egqual to a (see Pig.3). Then,

AHSV = Zoev(a) = 3aV(a) , (2,10)

V{y) ieg given by (2.9). The values of Aﬂqv are listed in

Table 3.

AHZ, When an atom jumps from one git to another it is the
change in. energy on passing frowm the equilibrium to the
gsaddle-point configuration which determines the activation
energy H. For the saddle-point configuration, it is assumed
that the diffusing ion, situated nidway between two equilib-
rium sites, is flanked by two half-vacancies whose charges
are assumed to be centered at the centroids of the hemisphe-
rves (see Fig.3). Then, AH2 is estimated as the difference

in electrostatic interaction energies between the two char-
ged each carrying eifective charge of ~% Zoe(m3/2e for AL},
each situated at a distance {(11/16)2 from the impurity

ion of effective charge %Ze, and a charge mZGe (~-3e for AL)

sltuated at a distance a from the impurity ion. Thus,
PR £ 7T é R . .
AH, = -7 e V(11/16 ) Ze Via) . (2,11)

The last term 1ls simply AHUV ; 80 that

- 2 e a .
AH2 AHSV Zoe v{1l/1628) . (2.12)

The value of AH? are listed in Table 3.

C. The expression for impurity diffuvsion correlation factor,

in falr approximation, is given by [32]




Wy + /2 w )
S (2,13)
m1+w2+7/2 ty
where w, is glven by eq.(2.2). Differentiating Eq.(2.,13) to
give C leads to an expression which ls easily thrown into a
form containing only the differences in activation enerngy
AHi = Hy - HO , and the ratlos of the frequency terms,
Vi/vo' A valvue for the ratio vz/vo can be found by equating
the theoretical and experimental values for the ratio D/DS,
This leads, using Eqg.{(2.8), to
DOE@.) axp {(C/RT) . (2.14)

..... = (=2
Vo Dost

No correspondlng expressions can be found for vl/vo and
VB/VO , but gince these frequencies all refer to varlations
of the same atomlc species, it is possible to assume that
the ratios are both equal to one. The expresgsion for C then

raduces to the eguation,

C o= 2 fs exp (C/RT) =X

- m 7 I
i?HZPAHl}aXpE“(AH2+AHl}jR1]+§(AHZNAH3)exp[ti§H2mAH3)/RP]} 2.15)

{ =i

exp [~aH, /RT]+ 5 exp[-AH,/RT] ?

)

The values of Al and AH3 can be egtimated by analogy, i.e,
by considening the saddle point configuration. The calcula-
tion of the corvelation correctlon C is then obtained by

golution of BEqg.@.15) after gubstituting it by the estimated

o

values of Dy and Deg
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For pogitive 72 impuritlies AH_

av and A, are positive and

negative, respectively: they attract vacancies and thera
ig a reduction of the gaddle point energy of thelr Junps
relatlve to that for pure solvent atom jumps. C also turns
out to bhe negative in this case [28] but appreciably less

numerically than the difference AH, - AH , so that AQ is

2 7 Play
negative. These are precisely the properties of completely

normal impurity diffuslon.

Table 3 shows some values of AQ calculated from the model.
it is, however, well known that the Thomas~Ferml equation
{2.9) is a rather rough approximation to V(y) and that more
acourate expraessions are avallable. These are based on the
Hartree eguation and have been developed by Kohn and Vosko,
Friedel, March and others [33-39]. ‘they do not differ much
from the Thomas-Fermi potentials at short distanceg but have
lomportant and highly significant property of becoming
osclllatory at larger dlgtances: the differences here are

therefore profound.

Now at least for monovalent metalg it turns out that the
dlstances of interest in a calcoulation of AQ are comfortably
within the region where the potentials are simllar, so it
matters little which potential 1s used: both give sinllaxw
values of AQ [40]. However, for polyvalent metals, on account
of their higher electron density, the oscillatliong become
effective at nearest nelghbour dlstances ox lesgs and so

have a profound influence on the value of AQ . In particular,
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with possible changes now in the sign of V{(y) in the rele~
vent range of vy, there is no reason always to expect for
solutes in polyvalent solventg the same sinple dependent of

AQ on valence that one finds for normal monvalent solvents.

It is perhaps surprising, in view of thege remarks, that a
normal valency dependence 1s not found in A%, for which the
data, as shown in Table 3, are particularly extensive. All
the nontransitlion sclutes show normal (diffusion in that DO
and Q differ little from D o, and Q_, but AQ remains compa-
ratively small and shows no obvious dependence on the valency
difference, despite this &ariation all the way from -2 to +2.
The othey interesting feature is that the transition period
solutes show unusually large values of @ and Do’ although D
and D, still differ comparatively little near the melting

point.

2.2.2 Oscillatory Type Potential

It is well known that the difference between the activatlon
energies for impurity and self-~diffusion in noble metals

can be iInterpreted by the ILeClalre~Lazarus model containing
the electrostatic shielding arcund the Impurity in Thomasg-
Fermi approximation. In polyvalent metals, however, theore-
tical calculationsg based on the above approximation yielded
bad agreement with the experimental data (see eg,[6]). It

is reasonable to suppose that in metals having higher wvalency,
the Thomas=Fermi nodel, leading to an exponential dependence
of the shielding potentlal on the distance from the impurity,

is a very crude approximation even for first neighbours. As
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waps shown by theoretical caloulations [34,35] and by expe-
rimental nuclear magnetic reasonance (NMR) investlgations,
the excess potential around Ilmpurities has an oscillational
character even in noble metals. It can be expected that the
shielding will be stronger Iin AL because of the larger elec-
tron density, and the oscillations will cccur closer to the

impurity.

For a few impurilties in AL, calculations have been made
[21,10] of AQ that recognise the need to use a more correct
oscillatory type of potential for V(r}). The results of these
calculations (Tables 4 and 5) are in reasonable agreement in
slgn and magnitude for some nontransition impurities. It is
interesting to note that the sign and magnitude of AQ theore-
tical (AQTh) and AQ experimental (AQEXP) depend on the choice
of the experimental values of the characteristics of ilmpu~
rity and self-diffusion (Table 4) and usually coincide in
order of magnitude with scattering of the expérimental data
on Q and Qg obtained by different authors (Table 1l}. There-
fore the quantitatlve comparison of AQqy and AQExp,is ra-

ther difficult.

In the calculation of ¢ 21,10 the asymptotid form for
V{ ) employed,
a0|e[ cos(2KF7+¢)

V{y) = == ; , (2.16)
4nKF‘ - Y

which is valied only for large y[36]. K, is the Ferml wave

vector for the solvent (AfL), 4, & constant and ¢ the phase

¢
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factor, The wvalue of a, and ¢ can be estimated fxom electw

rical resistance or NMR neasurements.

The simple half-vacancy electrostatic model seems to provide
a gatigfactory gualitative, and in many respects quantita~
tive, description of the main features of normal impurity
diffusion in gpite of its obvious shortcomings. At the same
time this model ig baged on rough assumptions which is neces-
gsary to exclude in more better models, Viz.: treating the
impurities, vacancies and half-vacancies as effective point
charges; neglecting the size factor (differences in atomic
radii) and lattice relaxation ; and employing the free
electron (sommerfeld) in the derivation of the expressions
for v{y) and so on. Analysing the experimental and theore-

tical wvalueg of AHS and DOy, for Cu, Ag, Zn, Ge, Sb in AYL,

v
obtained in the framework of the electrostatic model of
halfvacancies using both types of potentials (expresgssions
(2.9) and (2.16)), Peterson and Rothman{6] came to the conc-
lusion that the original modification of the electrostatic
[29] (nLazarus) gave move satisfactorny agreement with experi-
ment. The authors noted also that the consideration in the
framework of the Swallin theory [40] of the size effect on
AQ arising from the difference of atomic radii of the impu-
rity and the solvent did not describe the experiment altho-
ugh there was some corrvelation between relative walues of

the impurity diffusion coefficients and the influence of

the impurities on the lattice parameter of the matrix,.




2.2.3 Other Attemphs

While there has been conglderable effort over the last two
decades or wore to develop wore satigfactory theoxetical
description of vacancy~solute intevactions (for calculation
of AH, ), for instance {33,45] , very less attentlon has
been glven te treating the saddle point configuratlion in

a more vealiztic way fovr calculating the AHi. Among the

fFow efforis in this direction, it is necessary to mark the
work [46] in which the value of AQ was estimated using

the point charge model and self-consistant potential of the

Hartree type that avoided reference to half-vacancies, AHz

and C were found to be appreciably smaller and AHsv rather
larger than derived by the crude model [28] ; the net

regult for AQ being in rather less good agreement with

axperiment.

More recently, pseudopotential methods have begun to be
applied o calcnlating the migration enexgies [47,48] ; but
there seem go far to be no results sufficiently complete
for direct cumparison with experiment. Uszing the pseudopo«
tential methed the values of AQ for diffusion of Cd and %n
in Al were obtained which are close to the experimental

values., Put the value of AQ for My in aAf , calculated by

thig method {49] , differs from the experimental values in

glgn and magndtude.
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Correlation Between Fraquency Factor and Activation Lnerqy

Solute diffusion indicaves that a corrvelation exisgts bet-
ween the frequency factor D(_J and Lhe activation energy Q
in a given golvent. Therefore, it ls expedient to conslder
the correlation between the experimental characteristics
(D0 and Q}, of diffusion of substitutional dwpurities in
A% , for more accurate definition and expansive of the

empexrlical relationships of the normal diffusion.

The correlation between Do(Doq) and Q(Qq) can be described

by [50 7.
DO = A exp(Q/RTO) . (2,17)

where A and T, ore the corresponding constants for the
metal~golvent (AL) , which can be found from the graph of

log Do versus ¢ (Fig.4) drawn based on the experimental

data (Tables 1 and 2). Por normal diffusion of substitutional
impurities and self-diffusion of AL , the following values

of A and To wera obtained:

+37.8 )
A= (3,66 3.35) ¥ 10 em” /8
T = (9,26 6Ty g
~123

The observed correlation between Do and Q¢ can be explained

on the basis of the electmstatic model [29] . Using the
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Thomas-Farml potential it is possible to obtain the

following correlation due to Swallin 51

0900 ey (Mo IONTG YtY ey
ao 2,3R | 1-1/4(g®y ~5ay ~5) |

where o repregents the thermal expansion coefficlent for

the metal-solvent ;, R is the gass constant, Yo the inter-

atomic distance in the lattice of the netal-solvent, g

the screening constant, C is a constant equal to about 3.

1

5L, v,=2.86A,52] i ¢=2.06 (A y“ L, [29];

For A 3 6 = 2,56x10

subgtitution in eq.(2.18) gilves

dﬁogbo
e = (3, 12 mole/Kd

dQ

From expression (2.17) it follows that

dﬂogDO g
m"_-éQOa = ‘:TE.{T:E‘“(; s (2 + ].9 )

Comparing (2.18) and (2.19) it follows that
TO = 1000 K

in satisfactory agreement with the experimental value (Fig.4)
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Table 1

metals) Diffusion of Radiocactive

DOXlO 4
Isotope __ m’/S __ Ki/mole

Al 2.25 145

Al 1.71 142.3
Al 0.11 121.4
Cu 0.65 135.2
Cu 0,15 126.0
Ag 0.12 116.4
Ag 0.13 117.0
Au 0.13 116.4
Au 2.20 134.0
Au 0.08 113.0
Mg 1.24 132.0
Mg 0.10 121.4
Cd 1.04 124.3
Ga 0.49 122.2
In 1.10 122.2
Zn 1.10 129.4
in 0.2¢ 121.0
Si 0.35 124.0
Si 2,48 137.0
Ge 0.48 121.4
Sn 0.25 119.3
Sh 0.09 122.0
Mg 0.062 115.0
Cu 1.30 138.0
Zn 0,177 118.0

D X110

m. pt
bl /°

3,88x10

4,20x10°
6.99x10°
3,81x10
5.10x10°
1.70x10°
1.20x10
7.31x10

-8
-8
-8
-8
-8
-8
“8

-8
-8
-8
~§
-8
-7
-8

@ iJXlO j
6.66x10“8

4.41x10"
4.04x10
5.36x10°
8.15x10
5. 49%10
1.3%4x10
2.29x10
2.47x10
4.42x10

~8
-8
-8
-8
-8
-8

~8

-8
-8

-4

Ilsotopes

(D/ ) )nl P

0.97
G.71
2,07
1.97
2.25
3.74
2.03
2.73
0 9l
G.41
3.81
.25
3.56
Z.36
2.106
2.86
4,30
2.94
0.7%
1.22
1.32
2.30

hpurity (Nontransition

in Al

Referenc

B

—
o

o
[o W B e B - TR o B o S - B o S A Y or S o

s -
S ST N

9,10

15
16
10
10
10

es
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Table 2

Characteristics of Self-and Mpuricy (Transition Metals )

Diffusion of Radioactive Isotopes in Al

Do‘.’dowlér Q, Dm.peX1OH4 Refer-

Is . , 2 Ki/molie 2 (D/DS)m.p.

otope r.x oowy/s oMo o ..m/s. T . ....ences
Al 0.11 121.4  1.87x10°% 1.0 6
M4 729.916  0.22 120.6  3.73x10°% 2.0 &
Mn®>3 %0 733.933 104 211 1.62x10°%9  g.7x107% 17
Mn 773-918 380 221.5  1.53x10719 g.2x107% 18
pe”? 853-933  9,1x10°  257.5  3.33x107°  0.18 19
pe”? 791.5-898 5,9x10° 220 2.84x107° 0,15 19
re”? 823-908.5 324 198 2.14x10°7  0.14 8
Fe~” 632-903  4.1x10"Y  ss.2  z2.27x1071% 1.2xa0”t 20
cro! 773-918  2.4x10°  255.4  1.29x107 Y s.exi0”t 18,19
cr>l 859923  1.8x10° 251 1.63x10"tt g.7x107t 6,9
crol 523-878  3.01x10°7 4.5  7.41x10"%% 4,0x107% 20
co% 695-927 464 174.6 . 7.89x10°% 4.2 6
co%0 673-913 250 174.6  4.25x10°% 2.3 21
o %0 843.9235  7.21x10° 197 6.84x10"% 3.7 22
(o %9 632-903  1.1xi0°%  83.3  2.a0x10”1! 1.3x107% 20
zr95 804-913 728 2472 7.48x1071%  4.0x107" 9
i3 632-903  2.9x107%  65.7  6.11x107%% 3.3x10™% 20
yi8 673-903  6.05x107% 82.1  1.54x107%% g.2x107° 23
p q103 673-903  1.9x1077  83.7  3.94x107%% 2.1x10™% 24
Mo Y 673-903  1.0x107°  s4.4  9.04x10°'% 4.8x107% 25
Nb 93 673-903  1.7x1077  83.7  3.52x1071% 1.9x107% 26

/
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Table 3

cal [21] and B xperimental Values of aAQ for

Impurity (Nontransition) Diffusion in Al ((%3121.4

¥f/mole [6])

o — o e e — e
BY HZ * Co b QI‘he(L R A % XPe s

Inpurity 22“20 101@01ehmjg/gfffgm}ﬂ/mol?mhfﬁ/wgig K{iTSEEM’Refs.
Cu 1.9 6.7 e 4,8 +13,8 6
Ag -2 ~6,4 -25.7 ~14.5 4.8 - 5.0 6
Au -0.4 -4 .8 -~ 5.0 0
Mg 4.3 17.7 A0 +13.4 +10.5 11
ZIl '“1 20? 110]. r‘-“O + 8.4 + 800 13
n - 0.4 6
Cd + 2.9 8
Ga 0 + 0.8 6
In + 3.8 12
51 + 2.5 14
Ge +1 -10.1 =539.1 «-26.0 -3.0 0 i}
Sn ~-2.1 15
Sh +2 +0,6 16

P S POV DU S _— . EEUR
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Table 4

Jmpurity (MNontransition) Diffusion in Al Potentialliq (2.9 ))

Charac~
teristic
K/mole Ag Ay Cu Mg Zn Ca 51
Hy, “9.7  -20.3 9,1 21,7 -1.8 "4 -13.5
i, 40,6 <84.0  <36.7 7 °6.9 U] 2997y
C 110,600 59,92 D Ly g g omh g pf R (g @ T g gash
or 773K -29,9%¢ gz gy gbah oy gblv g gbh g ohE g b5
43,580 34 58€ -0.9% 8
-65 ?b,e 10,6778
b 20,5MC  _g.ghal g8 h oqah T o aht Tyt ganh
heo A1.0%¢ 90,400 q0.0Psh g P g b g Dy g 5Dy
(773 X) -20.204 3.q%0@ -0.1%:8
2.000d  g.obse 9,618
28.4%C 10,620 Le.g®h 29, gy ™R o6t f Ly gBoh
54, 26.229C 11,60 R sl g P g b h g DT gy Do
Xp 228,504 g gas® 271,388
~6.3000 12,4000 0.908

a) They used D, = 2.25x10 'n?/S; Q= 144.9 W/nole [5)

b) Dyg = 4.5x10

c) Do (Au)
d) Do (Au)
e) Do (Cu)
£) D, €d)
g) D, (1)

-6_7

= 1. 31x10" "m

i

41

]

6.47x10™ /S :
1.043(10“41112/ S 3
3.46}(10_51112/8 :

L]

]

H

»

m/S; %z 122.7 X/mole
/S5 Q= 116.5 K/mole
1.31X107"me/S

G = 116.4 K¥/mole
Q= 135.1 K/mole
Q=124.3 K/mole
Q= 123.6 X/mole

h) They used experimental values of D, or Q

(41 ]
(6]
L6]
{61
(8]

[14]

[10]
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TABLE 5

Comparison of Theoretical (Peotential Eq. (2.9 )) [19,21]
and Experimental Values of AQ for Impurity (Transition

Metals) Diffusion in Al, {Qs = 121.4 KJ/mole, [6] )

Aligy, Al s €y Arheo. QExp.’
Impurity KJd/mole  KJ/mole  KJ/mole KJ/mole KJ/mole

136 {19]
99 [19]
77 [ 8]
Fe 37 150 0 113 ~63 [20]
38 [42]
42 [43]

14 [44]

53 [21,6]
Cr 27 112 0 85 76 [22]

-38 [20]

134 [9,8]
Cr 54 2}1 0 147 130 [6,9)

~56.5[ 207

1 s]
Mn 38 140 0 102 90 [17]

100 [18]
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CHAPTER 3

HORMAL AND ANOMAT,OUS DIFFUSTON OF TRANSITION IMPURITY IN A%

The experimental results and proposed interpretations of
different investigators, and their methods and conditions of
getting the anomalous characteristics of twansition impurity
diffusjion in AL are analyzed, These analyses have laid the
foundations of the asgumed hypotheses and gsynthesizing theore-

tical model developed in the next chapter.

3.1 The Experimental Results

The relation between normal and self-diffusion characteriv
stics, described in section 2,1, could be violated when
transition metals diffuse in AfL (Table 2). According to the
data of some experimentors {(Table 2), the diffusion charac-
teristics (DO, Q) of transition impurity in AL could deviate
Lrom the selfediffusion characteristics, anomalous high and
low characteristics. However, the diffusion characteristics
could also remain close to the self«-diffusion characteris-

tics, noxmal characteristics,

3.1.1 Anomalous High Values

The values obtalned [6@9, 17m19] when Fe, Mn, Cr and Zn
diffuse in AL could be attributed to anomalous high charac—
teristics D; and 0*. The values of D* for these impurities

in A% exceed the self-~dlffusion values, D

ogr OF Al [4,5,6)

by about (3=5) orders, The Q¥ values were obtained to exceed
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Q. of Al [4,5,6] by about 1.5 to 2 times. Accorxdingly,
the diffusion coefficients DY [6&9; 1719} , at high
temperatures, were less than the self-diffusion coeffi-

clents (Dg) [4;5,6] by about (1-3) orders.

The correlation between Di and Q* can be described by
Eq.(2,17) wlth constants A* and Tg . These constants,
determined from Flg.4 line 2, are different from the

normal diffusion constants A and T Viz.

Of

L 68,4, r - +1.1.3000
A = (22,2 o4 ') om /5, TS = (707034400 JK
If the Cq data is excluded
A = (0,245m0°244) cm /S, T, = (3386ﬂ1366)K

3.1.2 Anomalous Low Values

When transition impurities diffused in the near-surface
strata (ﬂepth,‘about 1-10um) of polycrystalline A%, at
temperatures, the anomalous low values of the actilvation
energy (Qg), the frequency factor (Doz) and the diffusion

coefficient (D ) were obtained [20,23-26] . For instance,

2
the values of DO2 {(Table 2), for diffusion of tranglition
metal isotopes (Fe, Ni, Co, Cr, V , Pd, Mo Nb) in the
near-gsurface strata of A polycrystals; were lowér than Dgg
[4,5,6] by about (5~8) orders, The authoxrs [20,23-26]

obtained the values of Q) (Table 2} to be 1.5 to 2 tines
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lower than 0 _, and the values of Bg at high temperatures
5!

(Pable 2) to he less than D_ [4,5,6] by about (2-4) orders.

The results listed in Tabhle 2 indicates that the normal
and gself-diffusion relation are violated when the diffu-
sion proceeds with anomalous low characteristics (Doﬁ’ Qq s

DR) (see Fig.4),

The correlation between Dog and Qg could be described by
Eg.(2,17) with different constants, These constants, which
are different from the normal diffusion, could be found

from Fig.4 line 3, Vviz.

+46.6
~1.53

12 +390

A, = (1.58 oo

2 ) x10

cm 2/8 , TO = (830 JK

The values of the consgtants To£ and To coincide within
thelr errors of determination, However, the difference
betwéen the yvalues of A2 and A is much larger than the
erpors of their findings. The ratio Ag/A reaches about
4xlOM5, i.e, there is spazsmodic change of the A parameter
and corregponding spasmodic change of the log D, and Q

dependence (Fig.4).

3.1.3 Noxrmal Values

The results of Lundy and Murdock [5] could be sighted as

a typical example in,which normal characteristics were
obtained (Table 2). According to the authors result [5] Mn
diffused in Af with normal characteristics (D,=0.22 cm?/S,

=121 Ki/mole, (D/Ps)M.v = 2.0V
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For Mn diffusion in A%, however, there is a very large
discrepancy between Hood and Shultz, Fricke's [17,18]
findings and the M50 tracer studles of Lundy and Murdock
[5] . According to the results of the authors [17,18] Mn

diffused in A% with anomalous high characteristics:

o
[17] ; Py = 3.8x10%cm’/s, Q¥ = 221,5 KU/mole,

3

(D*/Ds)M.p = 8,2x10° 7, [18] ; (Table 2).

Normal diffusion characteristics of Fe in Af [42,43,44]

were obtained by indirect methods, For instance in [44]

57

they gtudied the dynamical properties of Fe isotope by

D¥ = 1,04x10% cm?/s, Q" = 211 KJI/mole, (D*/Ds)M.p = 8,7x10°

3

the Mossbauer technique, which was dissolved in AL lattice,

with a quantity of about 107 atomic fraction. The aiffu-
sion characteristics of Fe in dilute Ag-solution obtained
using this technlque (D, = 0,1 en?/8, Q = 135 KJ/mole,
(D/Ds)M.p = 0,18 ;[44]) were, relatively, close to the
self-diffusion characteristics of A% (D, = 0.1 cm®/s,

Qs = 121,4 RI/mole; [6] ), It is worthy to:imention that
this method [44] assumed some rough approximations to

obtain the diffusion characteristics from the Mossbauer

data.

On the other hand, in different works [42,43] the kinetic
of the decompositlon of supersaturated solutions of Fe in
AL was studied by Mossbauer and resistometric technique.

It was shown that the diffusion of Fe in AL solution,
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m43.=
during the stage of the growth pf the second phase particle
proceeded with activation energles (Q = 161+7 KJ/mole,.[43];
Q = 15942 Kd/mole, [42]) which was, relatively, close to
the self-diffusion activation enerqgy (Qs = 145 KJ/mole, [4];

Qg = 142 KI/mole, [8] ; Q4 = 121.4 Kd/mole,[6]).

It 1s possible to show that the calculation of the activa-
tion energy of "normal'" diffusion of Pe in Af lattice using
the Thomas~-Fermi potential, carried out within the Iframe-
work of ILeClaire-Lazarus model [28,29] , gives a value of
about 159 Kd/mole which coinclde with the experimental
values of Q [42,43] . In calculating Q, the effective charge
of the impurlty (Z; -2,,) was taken to be minus unity [53]
and_the self~diffusion activation energy of A was takeﬁ to

be 121,4 KI/mole [6] .

The diffusion characteristicg of the third group correspond
to normal correlatlon between Dy and Q which could be

described by Eg.2,17. The same constants, A and T,, as for
nontransition substitutional Impurities can be found

(Fig.4 line 1).

In paxticular foxr normal diffusion Fe in AL , the value of
Do which corresponds to the value @ = 159 Kj/mole [42,43]

can be found from Fig.4 (line 1), Viz., Do = 10 cm?/S.

The Known Interpretations of the Anomalies

It is expedient to consider the know interpretations of the
anomalous diffusion characteristics as presented by diffe-

rent laovestigators,
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3.2.1 On Anomaly High

Many authors [19,17,6,2] thought that the anomalous high
experimental valueg of Dé and Q% , of transition impurities
(Fej Cr, Mn, Zxr, Co) diffusion 1In AL, characterjized true
volume diffusion proceeding by means of wvacancy mechanisn,
The authors conclusion was based on the satisfactory agree-
ment of the theoretical and experimental wvalues of AQ
despite numerous assumptlons inherent in the calculations,
According to the authors the model used, half-vacancy elec-
trogtatic model, in calculating AQ 18 rather crude., More-
over, they have sighted that there is no satisfactory

explanation of the anomalous high values.

The diffusion activation entropy can be estimated, for
cxample foxr Fe in AL , using the experimental.data [6,19] of

D8 and Ds  in the following manner:

The experimental frequency factor ratio is

: %5 ' C
Pe = Fs ¥ §g exp (em§~m°) exp (gm) (3.1)
where
Ag = Sy + 8p - the activation entropy of impu-

rity diffusion;

ABg= Bo * 8Sg, - the activation entropy of self-
diffusion:
2,80 - the activation entropies of the vacancy
diffusion for the second and Zeroth Jjump

types, respectively;
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S ’Sfo - the vacancy formation entropies in the

£
solution and pure solvent, respectively;

vé = v, exp (~S,/R), V! = v, exp(—so/R). (3.2)

For Fe in A% the wvalue of H, is large and positive

(fable 5); hence Wy <<uU , ¢ =0, £el, f/fsz 1.3

Taking vi/v = 1 [28]; D = 0,1 cen®/8 [6] and

8

Do = 6x10%°cm?/5 [19] (Table 2); substitution in Eg, (3.1)

glves,
DO AS-Ag 4
535 exp ( ) 0) =~ 6x10
where

AS"ASOE 11R ,

According to the estimations of [54,55] As,* R, Hence

A8 = 12R, that is close to the entropy change of sublima-
tion (evaporation) of AY{ . It is evident that such entropy
change can not occur during atomlc diffusion (Fe) in the
crystal {(AL) by wvacancy mechanlsm,. Therefore, guch inter-
pretation [19,17,6,2] of the anomalous high values of the

diffusion characteristics (D@, 0*) thought to be erroneous,




3.2.2 On Anomaly Low

Phe authors [20,23] regarded the anomalous low values
Ay

(Do£ and Qg) they have obtained, for the diffusion of
Fe, Co, Ni.and Cr in the near-surface strata (~1~10}m)
in A% , to be chavacterized by preferential diffusion
along dilslocations (with segregational dislocation den-
sity Pa =108cn™?), and can be described by the help of

Hart equation [56]:

Dgg = Dg ng + D(lwng), (3,3)
where
Dy - the true diffusjion coefficient of the impurity

along dislocations;

g ~ the fraction of all atoms (the matrix and impu-~
rity) in the dislocation regions, out of the

total number of atoms in the sample or crystal;

D « the true diffusion coefficient of the impurity

in the volume (lattice) of the crystal:

Déff'the effective volumetrlc diffusion coefficient of

the impurity (experimental wvalue).

Due to the low solubility of the impurities (Fe,Co,Ni,Cr)
in A% , the authors [20,23] thought that the volume diffu~

sion can be disregarded, therefore,

Dagg =D = Dgng (3.4)

where

7 8

" 2 o1/ - 2

cm

b ~ the Burger's vector in A%, b2x10"1%em? [52],
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This approach was wreproved by Bulluffi [57]. Be showed
that it was impossible to neglect the volume diffusion,
the second term on the right in Eg.(3.3). At high tempera-
tures, where D, [20] is taken, the value of the volume
diffusion coefficient, D(Ll- nd)rz D, ilndeed exceeds by
several orders the value of D, [20] if D is taken to be

close to the self~diffusion coefficlent of A% , D_[4,5,6],

or 1f it is taken to be equal to D* [8,19].

It is vital to consider the possibility of using a more

exact equation; 1.,e., the Hart«Mortlock equation [58]:

— 2 [
where
o - the number of all the atoms (impurity and
matrix) in the cross section of the Iimpurity

segregated reglons along dislocations,

Kq=% — the distribution coefficient of the impurity
atoms between the segregation regions along

dislocations and the crystal volume,

Ca - the local concentration of the impurity atoms

in the segregatlon regilons along dislocations,

c ~ the volume concentration of the impurity in the

crystal.,

In Eq.(3.5), if D:v.:»abzpd kg Dg the effective diffusion
coefficient is nearly equal to the txue volume diffusion
coefficient, Deffe:D ; L.e., the diffusion proceeds with

normal characteristics (PDo,Q). On the contrary,
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D‘<<abzpd kd D D ., = abzpd k, Dy 3 i.e., the diffusion

a! eii a ’a
proceeds along the near dislocation sedredgatlon regions

with a higher rate than the volume diffusion.

From both Egs. (3.3) and (3.5) it follows that D can not

eff
be smaller than D as it is in the interpretation of the

authors of the work [20].

Later on Murarke, Anand and Agarwala [23] considered that
the anomalous low values of Doa ’ Qg and DQ of transition
impurities (v, Cr, Pd, Fe, Co, Ni) in A% characterized the

true volume dififusion.

Mortlock [59], however, analysed some experimental data
([20], and others) and came to the conclusion that the

values of Doy + 9 and D, obtained characterized neither

the true volume diffusion nor diffusion along dislocations,
He, thus, suggested that further investigation would be

necessary for proper interpretation,

The Experimental Methods and Conditions of Obtaining The

Diffusion Characteristics

some authors [6,8,19] argued that the anomalous low values
were caused by systematic errors because of not taking

into account the delay actién of the surface oxide film -
AQO3 - which, accoxrding to theix opinion, is exhibited
highly if the electrolytic [20] or chemical [24,20] methods
of isotope depositing is used. Therefore, 1t 1s advantageous
to examine the experimental methods and conditions of getting

the anomalous and normal diffusion characteristics.
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3.3.1 Burface Oxide Film and Near-Surface Effect

In the investigations [20,23-26] in which the anomalous
low values (Dok 1 Qg ) were found, the authors used the
electrolytic [20] or chemical [24,20] methods of isotope
depositing without providing conditions of minimizing the
surface oxlde film. Under these condlitions the penatra-
tion profile for the diffusion of a transiltion impurity

in A% , produced during diffusion annealing at high tempe=
ratures with several hours duration, did not exceed 1-~10um

£rom the sample surface.

On the other hand, in the investigations [6,8,9,17-19]
where the anomalous low values (DS , Q%) were obtained,

the authors used special nmethods of depositing the isotope
thereby by providing conditions of reducing or removing

the surface oxide f£ilwm, Under these conditions the concen-
tration profille of a transition impurilty, created during
diffusion annealing at hlgh temperatures with the same time

duration, reached about a hundred micro-meters depth from
the sample surface. Nevertheless, thexe was the so-called

near-gurface efifect which resulted in a sharper decline of
the isotope concentration in the near—surface region

(about 1-10um depth) than followed by the extrapolation of
the concentration profile in the remote reglons from the
sample surface. In othex words, the near-surface effect
manifests abnormally high delaying action, in the near-sur-
face zone of the sample, on the impurity which is diffusing

into the bulk,




Alexander and Siifkin [8] noted that when near-surface
effect ds manifested the concentration profile could be

degcribed by two Gaussian curves, One of which, localized
in the near-surface zone, corresponds to the anomalous
low diffinsion characteristics (Dof ,;, Qf , DR) which was
neglected frequently by many lnvestilgators in finding the
‘ diffugion characteristics. The second curve, localized in
far-distant regions of the smaple, as usual correspondsg

®

to anomalous high diffusion characteristics (Dg, 0, D*)

or to the normal (Do, @, D).

Alexander and Slifkin also suggested [8] that if the neax-
surface effect was caused by delaying action of the surface
oxlde film then the concentyation profile should be desc—
ribed by one Gaussian cuxve only. Moreover, there should be
rather higher local lsotope concentration near the sample

surface,

The experimental results [60] of Tiwarl and Sharma are
notable for physical interpretation of the near-surface
effect., They investigated dilffusion of e in AY using
electrolyting method of isotope depositing, exactly as in
the cage of Agrawala et al [20], In their work, diffusion
of Fe lisotope was investigated in polycrystalline Al speci~
mens which were prediffusing-annealed at 893K for periods
varylng from 2 to 3 houxs o about 15 days. The following

diffusion annealing, for instance at 823K for a perlod of




5,2x1055, caused the concentration profile formation

within a depth less than or equal to Tum (Fig.5) ., The
profile covresponded to the awomalous low cha:acteriﬁtics

in accordance to the data of Agrawala et al. The prediffu-
sion~anncaled pamples contained lower dislocation density,
according to theilr measurement by about one order, Similar
diffuslon annealing zaused the concentration profile Forma«
tion within a rather larger depth, about 20um (Fig.5). This
profile correspondad to the anomalous high diffusion cha-
racteristlcs in accordance to that of anomalous high reports
[8,19]. The methods of isotope depositing used in the works
[8,19] of Alexander and Slifkin, and Hood were different
from that of Tiwaxl 2nd Sharma, But in the near~gurface
region,; about 7um, there was sharp decreasing of the lsotope
concentration as compared to far distant regions (Fig,5), In

other words, the necar-surface effect was exhibilted,

Based on the fact found, increasing of the diffusion coeffi-
clent (approximately by two orders) due to decrease in dis~
location denailty (approximately by one order), Tiwarili and
Sharma [60] concluded that the slow difZusion of Fe in Ag,
in the neav-surface zone (of AL), proceeded with anomalous
low charactevistics (Do, QL) due to the capture of the
diffusing atoms by dislocations in the near—-gurface zone.
Thus, they suggested that anomalous results cannot be

attributed entirely to the prepence of an oxide layer.




- 52 -

Rurthermore, Tiwari and Sharma showed that the assumption
L19,8,6] the anomslous low values of the diffusion charac-
terigstics (Dof, O, DL) were due Lo systematic erroxs, in

partlcular the delaying action of the surface oxide film,

was groundless.

The results obtalned lead to the conclusion that the near-
surface effect and the anomalous diffusion characteristics
are cauged by high dislocation density in the near-gurface
layers of the metal. The high dislocation density in the
near-surface zone of the metal can be caused by relaxation
of the elastic tension (strain stress) near the interphase
boundary, "metal-oxide" or "metal-ilntermetallic compound"
[52], or by intense change in the concentration gradient of

the lmpurity in the near-surface zone TSE], eto,

Review of the experimental data lead to the auvuwmption that
diffusion proceeds with anomalous low characteristics

(Dog, Oy, Do) Lf the dislocation density 1s rather high,

such a high dislocation density can exist dn the near-surface
layer of the metal, especislly after electrolytic ox chemical
isotope depositing. In far distant layers, where the dislo-
cation dengity is not go high, diffusion can proceed with
anomalous high characteristics (Do, 0¥, D¥), which ls faster
than diffusion with anomalous low characteristics but obvi-
ously slower than normal diffusion (Do, Q, D}. Evidently,

diffusion proceeds with noxmal characteristics 1f the disglo-

cation influence is neglegible,
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Diffusion of solute atoms (Fe} in particles of the second
phase (Fe ALy} in AL matrix was studied [a2,43] under
conditions when the mean distance between neighbouring
particles wag less than or egual to the mean distance
between dislocations (eleciron mlcroscope data), Clearly,
it L1y under these condtlons that dilslocatlons can not
significantly influence the im?urity diffusion. According
to the data considered above [44] it is possible to assume

7 8

that ordinéry diglocation densgity (10°=10 cmgz) does not

influence the diffusion of Fe in very dilute A% solutlons

) 7

{(containing about 10 ' atomic Ffraction of Fe) when the

main part of ¥e 1s in the golid solutlon (Mossbauver data).

In view of the data [5] of diffusion of Mn in AL (condition-
ed to plastic deformation of the sample during diffusion
annealing), it can be assuwed that moving dislocations do

not influence the lmpurity diffusion,

Thecefore, it is worthy to asgume that diffusion anomaljes
can be caugsed by the Influence of some form of segregation
phases on motionless dislocation, In order to explain the
experimental date considered so far 1t 1s essential to
develope gome gort of physlcal model based on the influence
of dislocations decorated by segregation phases upon the

impurity dififusion,
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CHAPTER 4

INTERPRIPPATION AND DESCRIPTION OF THE DIFFUSION ANOMALIES

No single one of the interpretations discussed so far
(Chapter 2 and 3} can account satlsfactorly foxr the trangition
impurity diffusion snomalies., A gynthesizing wodel jis still
needed to include the effect of dislocations decorated by seg-
regation phases., Furthermore, the moedel needs to be of such a
form that it can be used to predict diffusion behaviourx underxr
glyven conditions and bhe useful for proper interpretation of

the experximental data.

4,1 The Effective Diffusion Coeificlent

In relation to the preceding chapters it is valuable to
cénsider the corresponding diffusion equation in oxder to
derive expression for the effective diffusion coefficient
of an jimpurity dlffusing in a crystal with dislocation

lines decorated by some form of segregation phasges.

4.1.1 The Diffusion Equation

Consider a one~dimenslonal diffusion of an impurity along
two neighbouring regions having different cross-gectional

areas (Sl, Sz) and dlffusion coefficients (Dl, Dz)v
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A diffusion equation of the regions can be dexrived in two

Limiting wavys:

1'

impenetrable Partition, The boundary between the two
regions is assumed to be impeneitrable to impurities,
Tf diffusion is one-dimensional i.,e., i1f there is a
gradient of concentration only along the xm-axls the

£lux densities (Jl’ 32) of the two reyglons are given
by Eq,l.lb, Viz,

Xj(x,t
J‘} A D_I e A ke
. 1 4%
3C, (x,t)
Jz W= D2 —w:mnm
3%

where C; and C, are the concentrations of the impurity
in the two regions, which depend on both time and dis-
tance, The total diffuslon flux of the impurity atoms

is then the sum 0f the fluxes due to the two regions,

i1.2.,
2C 2C
ST = DS, ot e DB, —2
- X T 9x

where § = Sl+8? ig the total area, The total flux

density can be written as

3C 302
J o= e D g e e D i,
171 o 572 %
where,
s 5
S S e B
My = s, r T2 T ETE
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For a given constanlt temperature (TlﬁT?mTﬂconstant)
and dilute solution (where Dl’D2 # f{x,t)), the enploy-

ment of the equation of continulty gives,

2 ¢ %0, e ac
1 ) i 2
D.n T T T T T W N ¢ e
where,
C.8 + C.8
e A A 272 .
C= ==gT g ™ Ch T8Ny
1 2
the total concentratlon, ls used, If Sf¢'82 then
Thus,
B % 0 8 C
DlSJ ..,w‘l: + _D?S? “m?.. =2 'lm...m.:.l‘. -+ SZ .h,..,,”?:‘. . (4,1)
To0x © T dx ot ot :

Bg.4.1 is the desired diffusion equation,

Local Equilibrium Distwribution., In this hypothesls
the boundary between the two reglons is penetrable to
impurities and the ilmpurjity atoms streaming from one

region to the other are equilibrious,

The workabllity of using this hypothesis can be
verified from the concept of relaxation time. The
local egnilibrium approximation between the near dis-
location regions and the matrix solution-might be used

1f the inequality [61]

Bt o, >> 1, (4.2)
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holds, where © 43 the difiusion tine, p 1is the
dislocation density and D dififuslon coefflclent,. The
rims digtance (Ez) covered by a diffusing atom varies
as

a
£

% o= D . (4.3)

Using these two aguation

o2 -z{- > ...ﬂ.%;,.. rr
ann D Dp, 4
where typn -8 the annealing time and T time of atta-

ining local equilibriuvm. For Fe in AL using Doﬁ lOcmz/S,
0 =~ 159 KJ/mole and poo= logmlolo cmz/s [62] ; hence

v = 0,15, Comparing T with the usual annealing time,
1«10 hrs,, indeed tannf>>T . Thug, the annealing time

being greater than time of attaining local equlibriun

it is pogsible to vge local eguilibrium approximation.

The impurity exchange between the two region being in
balances, there is no need to consider the perpendicular
finxes. The f£luxes gan ba thought to be quasi-indepen-
dent. Hence, equation (4.1) can be ohtained guite simi-

Larly,

4.1.2 The Approximations of the Fffective Diffusion Coeffilcient

in local eguilibrium approximation between the two reglons

the simplest digtributilon law, whlch is characterized by
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a linear concentration dependence, can be consldered;

oo Ko congtant, 1F£ 7 = gonsgtant, (4,4)

where R is the corresponding disvributilon constant of the
impurity between the two regilons. K lsg not function of
the concentrations (X # £{C,,C,)) instead it is functlon of

temperature (K = £{i}),

If Eqg.(4.4) is substituted in Bg.(4.1)

D, 4D, AR 9%C, . B,
( 177 ljé} L0 t2) ’ (4.5)
14nK ax? %

here p = 82/51 and the term in the braket is the effectlve
diffugion coefificlent. The region occupied by dislocations
decorated by segregation phases ls so small compared to
the lattlice undisturbed by dislocations. Subsequently the
effective diffusion coefficient of an impurity, in a
crystal with dislocations decorated by segregation phasges,
can be approximated as:

D+ Dyn, ¥y

Dpg = womees (4.6)
j_. ks ﬂ L 1’\.5m ¢

where D 4ig tbe wmatrix diffusion ccefificient of the ilmpurity

in the undesturbed lattice,

*

D= D exp{- Q/RT) (4.,7)

C
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B, is the diffusion coeificient of the impurity in the
dislocatlon pipe (in the segregation phage reglons along

dislocations) ,
Dy = Db, oexpl- Q /RT) ; (4.8)

n, is the fraction of all atoms in the segregation phase

regions near dislocations,

n, = ab’®p (4.9)

L 4

b is the Burgers vector in the crystal, o 1s the total
number of atoms in the cross—-sectional area of the segre-
gation phase regions near dislocations and p_ is the
disloc&tion density.!hk << 1 (since it is of the total
mumber of atoms in a c¢rystal). K, is the equilibrium
constant of the process of impurity distribution between
the matrix solution and the segregation phase reglons

near dislocations,
K, = exp(=AS./R) exp(AHL/RT) , (4.10)

A8y, , AH,, are the entrxopy and enthalpy changes of the
system when one mole of the impurity atoms passes from
the segregation phase regiong near dislocations to the

matrix,

Case~l, Xf n, K, << 1 (i.e,, most of the impurity atoms
are localized in the nmatrix solution) then expres-
sion (4.6} is reduced to that of Hart-Moxtlock
expression, which cannot explain the diffuslon

ancmalieg considered in the preceding chapter.
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Cage-2, If i, Kere L o{de,, the wost part of the impurity
atons ave Locallzed in the gadregation phase
regions neav dizlovations) then the affective

diffusion coefficient can be aypregsed as

}’.) i-.)/?i . i{ + IJ‘L 7 {é’ ¢ .!.l}

L

=

where it follows that D@¥f<:b i D <D,

Bg. (4.11) in turn reduces to two Limiting casesg:

a) TIn case D, »> D/K,, n, r  then,

D 2 D= D exp (-0 /RT) . (4.12)

aff oL

il.e,, the prevaling aiffusion is that along the
Segregation phase regions near dislocations which is

characterized by b, and @ .

b} In case Dy<<D/Kyn, , then,

»3, IR

Doge = D o B e (4,13)
14 o b?'{:rL Ky

In this case the prevaling process 1s retarded volume \

diffusion of the impurity atoms accompanied by in an out ]f

pumplng of the impurity atoms to the neay dislocation
reglons. The prevaling process proceeds with anomalously

high characteristice:

D .
}}é == (:\}n;‘—:;.ﬁu(-'?..ﬂ,w C&XP (.uéu%g:!' ) . ( !1 . 1 4)
2 e 3

A

formet
&)
f—

Q = 0 v oamy . (4.,




4.1.3 The Critical Yemperature

£

As the diifffuslon annmealing tewperature of a crystal con-

taining sufflciently nilgh dlslocation densilty is walsed,

trangition can occur from one diffusion wmechanism (DOL '

Q, ) o another (Dg , Oy . Ssince 0% is several times

larger than ,; such transition can occur in a narrov

temperature range. In light of this it is possible to

consider a critical temperature, T, whose dependence

o]

on the dislecation density p is determined by equating

the two wight hand terms in Eqg.(4.11) at this temperature,

& «n-Blog p
X L
o .
where,
o 5!
2,
A = ,_m,.‘Em,,_ i  1OG {_DW_,,%,:;,Z ) ,
0¥ -0, R G
B = P\,

Q% -0,

Obviously, at T » To the diffnsion process

“ . * . & N s s
ristics Q7 and D, will occur (at a sufficiently

p, and T < T ) AL T < % the diffusion with

MePe C e

ristics Dﬂ and ¢ proceeds in the crystal with

{(4.16)

(4.1%)

(4.18)

chavactew-
high

characte=

the gilvan

diglocation dengitvy, 0, This concept gives satisfactory

description (gualitative as well as guantitative) of the

diffusion snomalics.
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4.2 Interpretation of the Experimental Data

The anomaleus high and low expevimental date obtained
by different investigators are treated by the desculptlon

developed in section 4,1,

4.2.1 The Anomalous High Treatment

For instanse, the diffusion coeffiliclent p* experimancal
valuas [8,19;601 of e din AR can be described using
Bg. (4.6) in case where D>>Dyn, K, and n, K, >>1, In

this case Eg.{(4.6) can be represented by Fqg.({4,13) oxr as

follows
log (gx 1) = log(ab®p ) - 5t e o (4.137)

using the experimental data [8.19,60] of the values of D¥
at high temperatures and assuining Doz 10em®/%  and
0 = 163 RJi/mole Ffor "nocrmal' diffusion of Pe in AR
{Chapter 3} it is possible to draw 1og(D/D*ml) versus
10%/T in oxder to f£ind the values of AH, and
abzg_ exp(~=AS. /R} ; ¥Fig.6. Such treatment of the data
of D¥ and D gives

A, = 86.2 1+ 9.2 KJ/mole

and

+5,6

ab®p, exp(~AS, /R) = (2,2 _, 8)310“5

The value of AH, (from Fig.6) is cloge to enthalpy of

dissolution of the iantermetallic compound Fehﬁg in A%




Jlattice (AW, = 81+ 3 RI/wole [63], This leads to the

Fean g

o 3
hypothesis that the structure of the near diglocation
regions is close to the structura of the coxrresponding

intermetallic compounds . Taking p, = 1Ofw108

e [52,64]
and  b? = 107?521, then o exrp (~A8, /R) =2x (10%w103) ,
If A8 = 0 (the usual approximation then o ﬁloznlOB
which corrvesponds to a crosg-sectional diameter, the
segregation phase regions near dislo¢ations, of about

3«1l0nm.

Anomalous high characteristic values, diffusion of Mn,Cr,

Zr and 'Co in Af (Table 2}, can be described using Egs.

. . . 2 .. K
(4.14) and (4.35) i£ D 0.2 ~ 1 aw®/5, 0 = 120-160 ﬁg‘%«e
8 w2

and p = 10 o are assumed. 'The rest of +the anomalous
high characteristic values (Table 2) can be described

similarly.

4,2.2 zgg;Anomal@ugﬂLowhgggggﬁen?

The anomalously low valiues of the diffusion coefflcient

(D) of Fe in the near-surface zone (.luym) of Afat high
temperatures (obtained ln [23] can be described by Egs.

(4.6) and {(4.11) 1f n, K>> 1 and D << n, K,Dy which

have given Bg.(4.12).

Using Egs. (4.16), (4.17) and {4.18) and the values of
AHsond o exp(~AS, /R) deterninad ahove, it is possible to
estimate p in the near-surface zong (~lpm) of Ag polycry=-

stals [23] Af T, 003K iz assumed (sincs in [23]  the




(ﬁr [i hd

the anomalous low wvalues (D, G, .} o
L]

were obtained ilL S03K) . By,

Lo A more convenienis Toring

ey -~ ..2 A [ -
1€ D, f{at 903%) = 1.8x107° 7 en’/5 23], D(a+%03K)

y : - o . - - ; I 8] 2
10 am® /5 exp{~163000/8.3x903) = 3.8x10 7 on®/5 and

, . Y L8 . s ) .
o¥, (at  2PC3K} = 1L.0x(l0-10") {from Fig.6; ave gubsiti-

oundg.

o

tuted in Bg. (4.1%), o = 1x(310° ~1G'1) St can e

1
ER

such & higb dislocation density in the near-surface zone

[H

. du

(Lt

of AL could be fovmed, as meniioned in section 3.

o relaxstion of {he elastlic stress near interphase

re

houndary and so on |54

Segregation Phase Regions Summarized

Thus, the diffuzicun ancualies data treatment in the frame-

work of the developed model gives the following characte-
ristics of the secrvegation phase regions near dislocaticons

[
L

in dijute solutions of transition metals (Fe) in Af:

i} The diameles of the crogs-scchion of the regions is

about soveral nano-melor; s0 these regions have

macroscopic size only in the direction of the disloca~




hetweesn the near-dislocalion regions and the matrix
Solution might be of a linear character within a
certain concentration range. The rainge in enthalpy,
Characterizing the "effective energy of binding"
between impurity atoms and the near-dislocation
regions, turned out to be elose to enthalpy of dis-
solutico for the corzesponding intermetallic compound

(in the metaliic natrix) .,

7

1ii) Transitiop impurities diffusion in the near disloca-

tion regions proceeds with anomalous low characterig-—

tics D, @, D) compared to the metallic matrix

(D DL, Q0 0 0, % D).

GL 2 o
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Graphs for estimating the effectlve binding energy
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CHBAPTER 5

SUGREGATION OF 503

UEIONAL TNPURITIRS TN NEAR DISLOCATION

.

As it is aforementioned, the pobion aboult "impurity atmos-
phers" ox impurity clouds” near dislocaiions wers inhroduced

for the first time

—
o

- |- - - - .
Cottyell LBb] and Nabarro L66J in papers
concerning the yield and ageing bebaviour of low-carbon steels.

. s

ntyoducen in these papers is that an

c

ek

The key physical concept
interacition between dislocations and solute stoms causeg the
solute atoms to migrate to, and survound dislocations with a

cloud or atmosphere.

In certain alloy systems distinct phases ocour where the

constituent atoms are in fixed integr

‘-—l
v‘\_‘
s
v
jai]
-
=
o
-
T
»
o~
i
»
-

?ﬁﬂ£3¢

Such an intermetallic compound is held together by metallic bonds
and may form a very complicated cyystal structure, In particulasr,
transition impurity atoms have very low solid solubllivy in the
matrix (AL} which leads ©o segregation phase (intermetallic com-

pound) formation when the impurity concentration in the matrix

exceeds the limiting sclubility.

It is expedient to compsrce the charvacteristics of the segre-
gation phase obtained in section 4.2 with the known theoretical
and experimental data of substitutional impuriity segregalion

{Cottrel cloud) and segregation phases {Intermetallic compounds)

in the near dislocation regions in f.c.c. metals.
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The Cottrell Cloud

The amownt of energy must be expandoed in orvder to digaoci-
ate the solvte atom from the dislocstion is estimated from
thermodynamics point of view., Furthericore, it is zhown

that this type oi segregahtion model is inadeguate to exp-

lain the diffusion ancmalies,

5.1.1 The Varionus Expressions for the Distribution of Solute

Atoms Relative o & Straight Dislocation

Consider an ideal binary solid solution containing a single,

stralght dislocetion of arbitrary Buwgers vector.

The local concentyation (in atomic fracticn) of an impuricy
atoms at position » from the dizlocation axis, frxrom Lhermo-
dynamic point of view, for dilute sclution., is approximated

[s7].

Clpy == {exp[(NAG(r)“a)/RT] o+ l}ml , {5,

o

i
/

e

where B is gas constant; T absolute tenperature; ¢ is the
maximu strain emplitude, zolute aston "Fermi® energy, which

ig given by
£ =R log {Cw» /{1-Cwx }]. (5.2)

The sgolute atom-distocation interaction is chavacierized by
an interaction free eneray AGIX) which is dafined as the
change that accurs in the Gibbs Iyee encrgy of the solid
when a solute atom migrates from o posiiion wvaoctor xr, oidgls

nating at and perpendicular fo the axis of a2 strslant
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slocation of avhitrery Burgers vedctor, to position
“infinitaely’ vemoved frowm the dislocation. The guantity
AG(r) and C(x)) is a functlon of the solute atomhs
position relatlve to the dislocation, and wvaries iln mag-
nitude from z2ero when the solute is Infinitely vemoyed
(r = w}, to a value of G0} = GB at the position of maxi-
mum interaction ot the dislocatilion axis (¥ig.7), The
latter guantity ia defined as the binding free enerxgy of
the solyate atom to the dislocatlon, The binding freec eneigy,

in turn, is related to the blnding enthalpy Hy and the bin-

ding eontxopy 8y, by the expression,

o= i o (3 3
Gy = Hy = P55 . (5.3)

Waen (-AG(xr) « g) »>R7, equation (5.1) reduces
to

C(r) = expl (AG(x) + e)/RT] . (5.4)

Equations (%5.1) and (5.4) prescribe the distribution of
solute atoms waelative to a straight dlslocatlon for the

ideal appvoximation.

The solute concen tion far removed from the diglocation,
U » has to be less than the avervage bulk solute concentra-

tlon, € , in the interxval 0 <T < o; Viz,, O <Cuo<C (Flg.7?).

If v and O represent the pogition of an lmpurity atom
relative to the diglocatlon axls and the angle betwaen the

positlon vector (r) and the dislocstion slip plane in




cylinderical coordinates then the depnsity of sites (pex

=

uinit length of dislocation) bebween ¥ and » 4 dr and & and
O+ do is glr, 0) (if AG(x) is evaluated on a continuuw

basis) . Thus, g{r, 9)dr A9 is given by the expression |67].

gl{x, 0) dr 46 = $ rd rdg , {5.5)

where Vo is the atomic velume. If equation (5.5} -g inte-
grated over all 0(0 to 27) and r {from zeyro to some upper
Yimit RO : t.e,, one~half the mean distance between disloca—
tiensg), the total number of atomic sites per unit length of

digslocation (N} is obtained.

The total number ¢f solule atoms is exXpressed, using Bgs.,

(5.1}, (5.2) and (5.5}, as Tollows

)' ,_Tffj . (5.6}

Before the intedrals can he evaluated, an analyiic form for

AG{r, } must be winserted into Bg.{5.5), i.e.,

GP o osinG
AG{r,0) = e P (5.7}

L

i

¥

vhere b is Uhe magnitude of the Burgers vector of the inter-

o

acting dislocation. Unfortunately Lg. (5.6) can not be inte-

grated in cleaed form with this expression for AGLC,6)
1

However, if AG(R c,q)(¢ RT, then the eguation reducaos Lo the

simple yelacion

¢ e oo /(L ~ o) (5.8)




Obviously, this relation holds provided it iy poastible to

neglect: the decreage in volume fmpurity conceptration due

10 segregation redions formatilon nearxr dislocations, Tn
particniac, fov suificiently dilute solution, in which
the volums concentvration decreage is negllgible, 1t is

poguiblc to assums that
Lo TPPEnc (5.9)

Fig.? schematicelly depilcets the distribution function Clr,0),

4

the deusity of siteg g{r,0), and thelr product, the density

of ccoupled {(hy soluove) sites for an arxbltrary 0, The cylin=-

derical cut-off radius r, is necegsary, since wosgt determi-

nationg of AG(r) are not valied for positions less than a

few atenloe diameters frow the dislocation axis.

Tt o8 also ix of some lwportance to determine the tempera=-

ture T abt wiich the solute atom atmosphere condeanses Lnto

a compact contfiguration. Avbitravily, condensiation is

deiinad to ccoeur when C(0), the atom fraction of solute at

o

tha digloo tion cove, equals 0.5, Since the core concentya-«

tion Lg of plvotel dntexest; and since from Bg, (5.1)

s

CL0} » 0.5 only when g == Gp » Bgs, (5.3), (5.2) and {5.8)

voow B,/ (8, + Read) (5.10)

B

a7

and AG{y} are ugually agsunsed to be agual o zZexo for
R R .

ideal goliddion . Rude coasideration of vibratloansl entropy

5

Sp {in pinned clastic sitring model of dislocation, neaw
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impurity atoms) gives twofold effective binding encrgy

[68,69] , kq.(5.1), for »r = O, can then be reprogented as:

3

C o= {exp -2 +oey/re] o+ 1270 (5.11)

e} (HB

For non-—ideal sclution of the impurity atoms in the nearx
dislocation regionsg the concentration can be found in the
framework of "regular" solution theory in quasi chemfcal
approach, where the chemical contribution of the binding
entalpy H({x) and binding entropy AS(r) are assumed to

be egqual to zero. For such a casge the following expression,
for Ce <<, 1s associated [67].

Clr)= Lemp[(~AB(x)+C ()N 2¢-) /RYJ+1}7S, (5,12)

wheve 2 i3 the coordination numbher; NA Avogadro pumner;

® locsl order paraneter

b7 2 Eap 7 fan T fpg (5213

Can’ Eups Cap arve energies of pair interaction of matyilx

atoms (A~A}, imouxity atoms {(B~B} and matrix-impuarity atoms,
respectively; all ¢ are negative since they itake zero

value ab lpfinite separastion between the atoms.

Eq.(5.12}) is transcendental (with respect to C(x;}; for this
reason axtra contribution to the effective binding energy
from local ordering interaction enthalpy is ususlly conside-

red, which is sxpressed as [70],

AF 2 é(r)NﬁZ¢ ; {(5.14)

{local Ofder)g



o /4 .

whare C{x} is the average concentration at a digtance x.
in finding the toval interaction enthalpy thls expression

shonld he included.

Since local ordering coccurs when ¢ ¥ 0, ilnspection of

i, (5.12) phows that solute~dislocation binding is dimlnd-
shed in systems where solute-golute interaction are attrac-
tive (¢ > 0), and enhanced when interactions are repulgive

{¢ = 0},

The value of ¢ can be calculated;, for exomple, from the
phase diagram of A-B the expression describing the tempera~
ture dependence of the limiting solubllity of dmpurity B in

matriz A.

For subetitutionle impurltles in f.,c0,¢. netals ZNE¢/2w10“30
Ki/mole [71], €(r) » 0,1 at = =b, which yieclds

AH 2 2=6 Kj/mole,

{local order)

For degcription of lmpurity atmospheras Fgs, (5,1}~ (5,10}
are usually used, 'Yhe entropy factor ls often neglected

{L.e., AS(x) and 8, are eguated to zervo Ffor ideal solutlon).

B

5.1.2 Contributlont

20 the Interaction ¥ree hneirqy

A nuwber of contributions to the Interaction enthalpy AH(x)
should be considered in order to evaluate the total interac
tion free energy. In finding All{r) sevaral. components caused
byﬂelastic, alectrogtatic and electrochemlcal interactlions

“

of the dmpurity atoms with dislocations are consglderved. For
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dilute solutions, the contribibions are assumed to bhe

tually dindependent. The individual coantributions arve

he Blastic Misfit Interaction. For edge dislocation the

main contyibution to Hix) is attributed to the elastic

.

N

interaction which is due to the difference in aize of
impurity and matrix atoms. Based on isotropic contrinuum

the elastic misfit interaction can be expressed asz L67j,

b..J
o
—

- . . \ = =AN_ 1
B(Elagtic Misfit, REdge) R

=~
a2
-
Lt
\-.l\
)ﬂ
i
oy
—
-
——
LAt
°
Y
o
—

where jp-shear modialus; ro~atomic wadius of the metal-
solvent (in unstressed state); b-Burgers vector. The

solute dilation p_ due to the impurity atom introduction,

Ll

commonly termed the size misfit parvemeter, s defined b
Y .

the expresgion:

ﬂ ) s ..,_,.,.T.&-w*.wi.— 5 ( 5 . f 7 )

The wvaluz of n, can be obtained experimentally, for example,
from x-rvay measuvemont ¢f the conceniration dependence of

the lattice parameter (&), with the 2id of the expression [57].

i

.4 ,, (5.1%)

,
L} s
o3
2

n,
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where (a/C) is the =ate of change of alloy lattice

parsmeter with solute composltion.

Traluation of HB using Eg. (5.16) (agsuming . b) for some
suﬁstitutional impuvities (Ni, %Zn, CGa, Ge, As) in copper
gave a value of 10-50 Ki/mole (Table 6 ). AL r = 3um
according to Bg. (5.15) the value of AH(r) decreases appro-

zimately by one order (ag compared {o H Foxr the case of

B)°
screw dislocations AH(xr}, due to elastic misfit effect of
substltuted impurities in f.c¢.c¢, metals, is approximately

by one oxder lower than that of edge dislocation,
Bqg. (5,15) can be written as [52,67],

wpb(l+q}NA(Vlmvo)sin®

AR () T Y S (5.19)

(Blagtlce Mlsflt,Rdge)

where Vi~Vb = 4wré(r1wr0) - difference of volumes of impun

rity and matriz atoms (In unstressed gtate); Ty = radiug

of Jmpurlty atom (in unstressed state}; v - poigson's ratio.

From REgs.(5.15) and (5.19) follows that the substitutional
impurities which have larger atomic volume than the matrix
atoms are sceygregated in the extended reglons near edge
dislocations and lmpurities wilth lessexr volume (including
vaaancies) are concentrated in compresged regions. Egtima-
ution of HB uging (4.39) for Te atoms in AL gave about
‘}7 R¥/mole (at: r = b); at r ¢ 3nm the value of AH(v)

decreages nearly by one order,




The Elastic Modulus Intervaction. A contribution to the

interaction enthalipy H(r) arises winenever the lmpuridty

and metal-solvent possess dissd milar elastic moduli. Phis

elastic modulus enthalpy, based on linear elastic theory,

Al
w

B found to be [ﬁE]

L. ¥For edge dislocabion

H{r - 4 L, = it ed e T~ 2o -
AJ(J)(Elav*wc #Modulus , Edge) NAL“belo/tﬁ{l v) "t

2 - .
[§ N (14w} (1=29)sin?o + n,cos”6]
- 32 h i

2 {(5.20)
2. Tor scyrew dislocation
Nophiein
2“) s -
AH = AL _~f--9~“ ‘ (5.23)

(Blagtic Modulug, Screw) Grr?
593

whare be and b_ -~ the magnitudes of the edge and screw
. A

componenta of Burgers vector, respectively., Here g is bulk
: 3

moduiug iuhomogeneity parameter, and is given by

Ng = (B85R) {8~ (14v) /3 (1-v)] (g-pr) )" | (5,22)

where B and £ ave buik weduli of the inclusion and fhe
matrix, respectively,wﬁlis shear modulus inhomogeneity

parameter, and ig given by

w

nu = (n’mu)'.ug{i lOu)/15£lmv}J(p“u‘)} T, (5.23)

where u'  and o are shesy modizli of the Inclusion and

matyin, vespectively.
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By analogy with the misfit parameter 0, (pee Bg, (5.18))
it ls convenient to deflne the dnhomogelty parvancters

by the macroscoplc expressions:

g8

ng {(1/8B) (5?? H {5.24)
ny, o (l/p)(%«%) . (5.25).

m constragt to Eqg, (5.15), Fg, (5.20) indicates that the
moduluag interaction could lead to binding; i.e., the elastic
modevlus enthalpy is greater than zero for all 6. Purthers
more, if n]j = (8/’2‘7):}B : Eqg, (5,20) prescribes a symmet-
rleal distxibution of golute (for v = 1/3}, in contwxaglt to

the antlsymwetrical dilstxibution prescribed by Eqg, (5.15),

It ls lwportant te note that the elagtlic ﬁoduluﬁ interacs
tion (Bgs. (5.20), (5.21) ig calculated by assuming that

Ny = 0 ; and , the elagtic misfit interaction is calcula=
ted by assuming that.nsx O . When bhoth interactions ére
finite, the individual interaction enthalpies strictly can-
not be added algébrically without including a correction
term., However, this term lnvolves the product Mg Mg s and

is small relative to the uncoxrected interaction enthalpies.

The isaotrople continuvum approximation, in which the elastic
property of an isolated Impuarity atom in the solid solution
igs congldered to be egual to the macrogcopic properiles of

the impuwity materisl, ks believed to be a rough approxima-

tion by many researchers [67]e
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Calculation of H_(Blastic modulus) using Bag. {5.20)

i3
(rcﬁ Boois assumad) for some subsvitutional impurities

(Mi, Zn, Ga, Ge, As) in Cu isg obtained to be 3~7 KI/mole.
At ¥ = 3mm  the wvalne of the binding enthalpy accoxding to
B, (5.20) decreases nearly by two orders (in comparison
with HB). The same order of AH{x)} i obtalned for suhstitu-

tional itmpurities in f.c.c. metals,

The Blectrical interacticii. The electrical interaction of

impurities with edge dislocation iz connected wiith

-

(W5

=

[

0

3
ribution of the conducting electrons in gradient of hydro-
stetic pregsure near dislocation, which leads to formation

of electric dipole [73].

Using the Wigner~Seitz method ol calculating electron
energles the electrical interxaction enthalpy hetween the
impurity and dislocation is obtained to be [73];

T% depb - (5.26)
viiere g - the ratioc of the effective impurity charge to

the abusclute value of the electron charge; e, -~ the energy

of the Formni sarface; § - dilation.

The binding energy due o electrxical interaction has a
significant value only for small distances between impurity
atoms and dislocation lines {(r = b), since the electric

a1 = . ; 1 - . ""'3 o~
field decreases gulckly with distance (~ r 7). The value of
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Hy, (electrical contreibution), of an edge dislocatjion,

can be desoribed as [73].
Hp (mlectric) = 2q €4 (1229) /155 (1=v) (5,27)

‘Co

hag?

R
k.

o

¥

‘all et al not that for a Zevzlent impurity atom in
Cu, g 1s egulvalent to 0,075 (Z2-1), and so for edge dislo-
cation in typical substitutional impurities in Cu the
electyrical luteraction enthalpy ls approximately by one

order less than elastic misfit enthalpy (size effect),

Caleulation of HB {electrical) using Eq,(é,Z?} for some
tmpurities (24n,Ga,Ge.Ag) in Cu gave values in the range

1-7 Ki/fmole (Table 6} . For screw dislocation the electri-
cal lnteraction binding energy is very much less than for
edge dislocations, and ls connected with anharmonic expan-

sion of the lattice [52],

The Chemical Interaction, The chemical interaction free
energy G, which is due to the interaction between gtacking
faults and inpurity atoms, can be described by chemical
thermodynamlcs and is given by [74,67]

GB(Chemiual)“ & Na 9 ¢ ZCG¢) d (5.28)

where h =~ fault thickness; vy - the stacking fault free
enexrqy ; C@ « atomic fraction of golute at the dislocation
core,




Botimacion of GP {chemical) using (5.28) {and experimental
)
data on $v/C) foy Yn and Ge  in Cu gave a value near

to 1 RI/mole {Table 6} .

The above discussion leads to a number of conclusions.

Firstly, the binding energy {(AG{2r= 3nn)}=xAH} i3 lower than
AB by about two orders. Also, the coefficients of impu-
yity diffusion in the cottrell cloud near dislocations are

rather bigher than in the wmatrix solution [75].

Thug, it is impossibhle to explain the characteristics of
the near dislocation segregation phase regions (section 4.2}

using the Cotitrell cloud model,

£ Dislocations by a Cxystalline Precipitates

1% has long been known that dlzlocations can ack as sites
for precipitates of newy phases, The precipitates could be

eithay coherent or inccherent with the matrix.

The energy changes associated with these two types of

precipiltation processes are reviewed. It is further showm

that these segregation pshse modelz are inadeguate 1o

41

»

explain the diffusion anomalie
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pregaunre and fuithermors  chapnges of entropy and volume
. N

can be reamonably neglectad, Thus, they merely used the
WaT 5 “Iarice A ‘1‘:%[_ e T 1@ "« d \ e
enargy changs W Y WD ;. where Whp an WD are
the energy of the decorated dislocatlon and of the disloe
cation beflore precipltation,; respectively. AW 4s the sum

of both elagtlc and chemical +ternms,

The formation oOf a cylinderical cohewent precipitate neay
a diglocation induces a total enexrgy change, taking into

account both elastic and chemical energy changes [78]

AW =2 WDDGWD = W6,+W& + AWSS +'AWCH + WS v (5.29)
where the total change of elagtic enengy
A, = Wge + Wy AWSS ; - (5,30)

and Wgy and Wy are the parte of the elsstic energy
corresponding to the modulusg effect and to the size effect,

regpectively. Wge and We  take the following values:

i1} diglocation cove lying inside the second pahse

!alé%ﬁc

. 252
Wee = o B28' log (52 (5.31a)
Tc J
)

We = s |8%ar%+ ba

7 {(56.31b)
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ii} dislocation core lying inside matrix lal > R 4 €
Y = 3.5 R
= Rt 1o U SR S I TR
Wey = oo 6710 log (~ L [, (5.32a)
a”-Rr” a”
2 2
T P 1) Zome 5 B___ . 31
fer ]‘{‘Ll} !6 i< ¥ [§] })e a I ? (54—3[!1-})
whare
Bl
.~ 85 'm ) 3 .2 2
6? = T r B? == y Ij ":_ }:}
J 2 e )
m
. -~V u
§ = 2 Ve m T m
[ T T Y WX iy
il 8 s
By r RS, By are the elastic consgtants of matrix {(m) and
szcond phase {(3); vﬁ and V _ the mean atomic volume in the
I 3

matrizr and second phase; bp

and bg are tho

components of Burxgers vector, respactively

~

meter,

The change of golid solution elastic energy

lated by means of the following formula [78]

edge and screw

¥ is a para-

<

can be calou-

<

_ . miiR? -
Ve = = : (5.33)
e .‘;7 d 5
3
where w, 18 the mean elaztic energy of a solute atom in

the matiix.

v

The

formation of a second phage involves a

chemical eneray per unit length of prectnis

AV wm g RAAT

CH

change of

(5.343
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where AF Ls the change of chemical enerdy per unit volume.

Finally, the interiacial energy W, bhetwesn the matrix and

i
P

the gecond phase has to be congideved

Wy = 2WRY ) (3,35)
where Yy lg the interfacilal energy density.

The authors [?8] calonlated analytically the minimug of AW
by neglecting the chemical energy terms for an Iinteymetal-
lie compound. Furthermore, they mentioned that the chemil-

cal energy terms W.. and Wy ore gmaller than the elastic

CH
energy terms., However, intermetallic conpounds have metallic
bonds which advance a high chemical energy terms, even
greater than the elastic energy terms. Therefore, 1t is

imposaible o neglect the chemical energy terms,

On the other hand, Solov'ey [79] haye attempted to include
the chemicsal eneryy terms, but he could nob make analytical

caloulations,

5.2.2 Incoherent Precipitation Near Dislocationg

The effectiveness of a dislocation as a catalyst for
nucleation was discussed by Chan [80] . Moreover, the
.author calceulated the activatlion enewrgy for nucleation of
a second pahse on a dilslocation agsuming an elastic model

of a dislocstion and an incoherent precipiltate,

It was assumad, by Chan, that the nucleus lies along the

coxe of the dislocation, that a crogs-section of the nucleus
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perpendiculaxr to the dislocation is circular. Tt was
further assumed Lthat the nucleus ig incoherent with Fhe
matyix; that a grain-boundary energy, v , can be assigned

to the boundary between the new phase and the matrix, and

that the matrixz is an isolropic elastic substance.

The shape of the nucleus is given by the radius r{z},

@]

P

i

which is a function of distance, 2, along the disloca-
tion line. The free energy of formatlon of 3 nucleus was

found to be [SQJ

o
AF = f |~ B log L+ 2my(x/ ltr'? - oy )
o X O
o
~ af{r?~r2) | dz - (5.38)

<

where A = Gb?/4Av(l-v}) For edge dislocations and

A = Gh%*/4n for secrew dislocations, G is the elastic shear

modulus, b the Burgers vector; v the poisson ratio; vy the
interfacial enexrgy of the boundaxy; £ = - AFv ;  the

negative of the volume free energy of formation of the

new phase (£ is & positive guantity wben the new phase is

o

stable); 1 the radius of the nucleus: ' = dr/dz and r
{ I3 o

is given by the minimom Iin the free eneray per unit length

B
i

Alog v+ 2%yxr -~ w# ¥ + const, (5.37)




Ag Lt ds well known, cgystaline intermetallic compounds

pogses metallic bond and have higher melting points, SD

(the Debuy temperstures) and sublimation heatg than thelr

metallic matrices,

pBecorpding to experimental detn and theoretical considera-
tions ESE;BRJ the activation enerxgy of diffusion jluncreases
for aerystals with higher nelting points, Gy and aublima-
tlon heats (with spproxiwmately the same values of D@)v
Becpuse of these weasong, at the same abgﬁlute temperature
¥ {which Ls lower than the Tm,p of the metallic matrix and

much lower tharn Tm.p of the intermetalllic compound} . .
L S

A

O (in metal) Olin dnt, conp.)
Dﬁ(in maetal} « D, Un dnt, comp . )

Diin metal) >=D(in int, comp,)

Thus, it is Jnpossible to explain the chavacterjigtics of
the segregation phase reglong {(saction 4.2} by.considering
them as crystalline precipltates of lotermétalllc compounds,

L

gince, for the regions, it isg necegsarey to have
é * i £
Q0in metal > Q(in int. comp.)
D, Un metal} »»> D (o dnt. comp.)

and ’ DUn metal) »>D{in jnt, comp.)




5.3 "Local Ordex" RKesr Latiice Defec

the go-called "local opder” formations nesy lsibilce
particular diglocations) was developed, f.e.,
the structure and composition of precipilsiions correspond
to short-range order with respect to gsome compounds, The

stiructure of Jlocal ordey fommations is characlteri

T

A}

e

»

i

(a0}
CC
=

both individuval fragments and inhomogeneous chemical
composition and ordex: wmicroregions with high degree of
order slternate with iptermediate microzones with relati-
vely low cegree ox oxder. In cther words such pracipita-
tes have struvctures with some degree of amorphization

s,

with respect to the structures of compounds.

o
[t
o

,

it dg shown in the next chapher guch & medel allows to

v

dasc actorly the anomalous low charxacte-

e
]

=

he guite satig

ristic valves (DQ , .. D, bV dn the aear dlzlocation

T
i
-
\

regions, in sojutionzs of transition metalsz {(Fe) in AL,
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Fig. 7.Distribution of solute atoms aound a dislocation in some

srbitrary direction » for variogs tempruabures. hote that
the bulk solute concentration () and the solute concentrati

when r effectively is equal to infinlty ( ) differ by a
a small finte amount.

fig 8. Schematic illustrarion ( for the case of solute bindiag) of

a) the atomiec fraction of solute c(r,@ ) b) the number

of sites per unlit length of dislocatian g(r,® ) and ¢)
their product, the number of eeccupied sitsg per vnit length
¢f déslocation, plotted as a function of radisl distance
from a dislocation end for an arbitrary angle &. 4 screened
distribution function in a) snd the density of solwvant

plus solirg gites in ¢) are denoted by dashed lines,
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TABLE 6

Contributions to the Binding Bathalpy H, (at » = b) of

B

Various Solutes to Bdge Dislocations in Dilute Coppex

Alloys [52]

Binding Enthalpy,

HB KF/fmole Ni Zn Ga . Ge . As

' 7

Biastic Misfit 8 i3 20 23 32
BElastic Modulus -3 3 4 6 7
BElectrical 0 1 3 5 7
Chemical - 1 " i -

Total 5 18 27 35 46
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CHAPTER 6

CONSIDERATION OF BIFFUSION, STRUCTURAL AND THERMODYNAMIC
CHARACTERISTICS OF THE NEAR DISOLOCATION SEGREGATION
DILUTE SOLUTIONS OF Fe in Al

The existing segregation models, as secen in the
preceding chapter, could not explain the near dislocation
regions chavacteristics and the diffusion anomalies.

By assuming some degree of amorphization of the interme-

tallic compound FeA13 structure, attempt 1s made to

explain the structure aznd characteristics of the near

dislocation regions, thereby interpreting the diffusion

ancmalies. The linear distribution hypothesis, used

in chapter 4, is verified in the light of Crystallcgraphy,
5

Thermodynamics and Disolcation theory.’

6.1, Interpretation of the Ancmalous Low Characteristics

of Diffusion of Fe in Al

If the structure of the near dislocations segregation
phase region cortvesponds to a short-range ovder with
respect to some intermetallic compound, for example FeAIS,
it is possible to dezcribe the low values of the diffusion

characteristics {bﬁl, Ql Dl) as follows.

According to the know experimental data and concepts
of local order [83-86] its stryucture could be charvacterized
by both individual fragments and inhomogeneous chemical

composition and order: microregions with high degree of
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order alternate with intermediate microzones with relatively

low degreé of order.

It is possible to assume that the composition, structure
degree of ordexr (and corregpondingly the dégree of amorphiza-
tion) and the cross-sectional diameter of the near dislocations
segregation phase regions could vary as a function of the
concentration of the impurity (Fe} in the matrix soclution
(Al). Therefore, the gradient of the chemical potenital
of an impurity (JFe), entering the segregation phase regions, may
appear along the regiomns, i.e, under the sbove conditions.
These regions might serve aé preferable paths of impurity
diffusion or hinder such a diffusion in the bulk owing to
depletion of the matrix solution in accordance with the

distribution law.

Since the melting point of feAl, is rather higher
than the melting point of AL, and therefore the melting
point of FeAl; is much higher than the diffusion annealing
temperatures of the Al-samples in the experiments [9,12,etc.],
it is possible to assume that the diffusion of Pe-atoms
in the necar dislocation segregation phase regions in Al
proceeds preferably along the paths with high diffusion
conductivity,&i.e, along intermediate microiones with low

degree of order.

f the main part of Fe atoms in the near dislocation
regions arve localized in the microzones with high degree
of order, which obviously occupy most part of the regions,

then it is possible to describe the effective diffusion




coefficient (Di} of the impurity jin the regions using Hart-

Mortlock equation [58]

(G. 1)

where Dh ~ the diffusion coefficient of the impurity in the

microzones with high degree of ovder;
B, ~ the diffusion coefficient of the impurity in the

microzones with low degree of order, D

s Dh;

7
n, ~ the fraction of the microzones with low degree

of ovrder in the near dislocation regions, n9<< 1

thv the equilibrium constznt of the process of

impurity (Fe) distribution between the microzones

At

vith low degree of orvder znd those with high

degree of order; th”n<< 1

Koy = exp(-AS/RYexp (Al /RT), (6.2)
AH' and AS' are changes 1in enthalpy and entrogy of the
system after passing one mole of the impurity atoms [yom

microzones with low degrec of order to those with high degree

of order.
Dh = Qchexp (—Qh/RT} . (6.3
DR = DOQGXP(“Qk/RT}’ {(6.4)
@ Qg are the activation energics for the impurity diffusion

in the microzones with high and low degres of order,

respectively (Qh> Q@],

then

if Dh<< Dgnﬁ th’
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Dy By thg (6.5}
Boq Dygngexp(~a57/R),
Qy Qp » A

Thus, such.a model, with secondary application of
Hart-Morflock equation, explains adequately the low values
of the diffusion characteristics (Doiﬁ Qif Di} in the near
dislocation segregation phase regions of the solutions of

4

transition metals in Al. .

In connection with the above statement, it 1ls worthy
to consider the FeAl, crystal chemistry and. in particular
the possibility of its amorphization in the near dislocation

region in Al.

6.2. The Peculiarities of the FeAiq structure in Near

bislocation Regions in Al.

The Fe:A_I3 structure (space group C2/m) {87,88] could
be thought with a certain amérphizatien of the cubic close-
packed lattice of the Al-type. According to Bernal's
wconcepts [89], as interpreted by Pinker [920], the amorphous
packing is formed with sufficiently high density of filling,
trigonal bipyramides and tetrahedra sharing the faces. These
bipyramides and tetrahadra occupy more than half of the
FeAl, structure volume (Fig. 9). Obviously, in this structure

some amorphous microregions with no long-range order
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{i.e with a shoyt-yrange order) may occur. FPor exanple,

such micryoregions can appeat nesr edge dislocaiions. Bince

0
37 nets correspond

P

to twinning planes AI{111} , the larger
fraction ol pseudoaworphous regions in FeAl, styucture should
make their charscteristic netis more similary to AI{ 111 }
nets. Therefore, the surface tension at the interfasce of
such microsegregation zones near edge dislocations in Al
is lower; the higher is the amorphication degree in this

structure.

Characteristic nets of the FeAl, siructiure have sites

L

which are potential vacancies () with dimensions
corresponding to Fe and Al stoms (Fig. 10}. Fox FeAl,
stucture the total number of vacancies per unit cell ave
about 30. The stochiometric formulae of this compound can
be represented, after due consideration of the structural
vacancies, as Fe z:]i,z A13 it the Feﬁls structural vacancies
are taken into account then the sites form 36 nets (Fig., 10}
Iike in close-packed structures{Al). Therefore, the FeAlB
structure can be considered as a quasi-isomorphous structure
relative to the AlLl structuye. The analysis of the filling
density and symmetiy relation between the PcﬁlB structure

and close-packed anes (Al) justify the above assertion.

~

The above mentioned facts show that the near Jdislocation

formation with structure ciose w0 Fe {77 Alg caty he

—

bas]

consideresd as quasi-isomerpheus stratification of the

P

sgiution of Fe atoms and vacancies in the dislocation Fie

poms
O
Yot
-~
R
>
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Using such a model it is possible to derive the effective
distribution low of Fe atoms between the near dislocation

regions and the matrix (AL) solution.

6.5. The Effective Distribuiion Low of Fe atoms Between
the Near Dislocation Segregation Phase Regions and

the Matrix (Al) Solution

The FeAl3 (or Fe E:31‘2 A13) strucﬁure is more compact
than that of Al. Therefore, the segregation phase
(Fe 3y . Als} should form in the regions Fompressive
stresses, near edge dislocations where local concentration

of Fe atoms and the vacancies is higher [75].

The dissplution ‘'reaction” of the segregation phase
in the matrix solution can be represented as

(Feizgi.2A13)LL + 2.2[AL) = [Pe] + 1.2[w:al + S.Z[Al]lf (6.6)

C=the subscript wd!' indicates "reagent" localized near
dislocations in regions with pressure P
-the square brackets indicate the "reagents" localized
in the solution, in the ctrystal bulk;
~-the square brackets with subscript LY indicate
preagent" localized in the splution in the near
dislocation regions with pressure P
- the round bracket with subscript " indicate the
stochiometric formula of the near dislocation
segregation phase.
The condition of equilibrium for this kind of reaction,

from a thermodynamic point of view, can be expressed as [71]:




where G, . . .. ~ Gibbs free ensrgy of a mole of the
the segragation phosce: 2nd a3l the

rest are the partind molzyr free enecvpies of the jcomponenis’

—n : - + AG + (B 4 uf13V, (6.5
(Feld o A1) = Pen13 bbam (B » /1)y, (6.5

where Gr el the wmolay fres enorgy of the crystaiiine

o

compound ¥FeAl, st zizaspheric pressure and

given temperture;

Gqﬁ - the free energy chings afier sworphization
23] - =

of a mole of the Feﬁ]a compound af T > ?w - !
. Le o} H

g Uy ™

L - the molay melting cnthalpy of the compound,
T, . the melting peint of fhe compound;
T - the radius of the cross-section of the

scgregation phase;

the surface tension of the sepregation phase-

[le]

Al intevface;
YV - \Y ~ the molar volume ol the scgregation
phase of Py and T which can teo

takeon to boe equal to the mpolar volops

of FeAlS at P, and T.
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The partigl molar {vee energies of the ,components”

can be expressed os [7i1:

Gratj Gy RTLog(al ) (6.8)
Gipeg = Ope * RVLOB(E oy Cppugy) s (6.9)

é[zﬁ} ) RTng(aQ{zn})f (6.10)
&(M}; Gyy *+ P VIALY + Rﬂ’logfsac’m]:&, (6.11)

G°

0 o ! _ . * :
where G fe the molar free energies of crystalline

Al,
Al and Fe at atmospheric perssure and T;
aoiﬂll, 30{53]“ the activities of Al and vacancies in the
| matrix solution at atmosphefiC'pressure
and T;
C[Fe] - the concentration (in atomic Ffraction)of Fe
atoms in the matrix (Al) solution at atmospheric
pressure and T;
fO[FeI - the coefficient of the activity of Fe atoms in the
matrix (A1) solution at atmospheric pressure and T;

ao[Al] - the activity of Al atoms in the solution in the
L

near dislocation reéions at atmospheric pressure
and T3

V{All - the partial wmolar volume of Al in the solution in
the near dislocation regions of P and T, which
cab be taken to be equal to the molar volume of

crystalline a1l at

P, aund T (V

-t ‘
i iy ¢V

ALl

The coefficient of activity of Fe astoms in dilute matrix
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solution can he represanted as [71]:

2

~0 . ewn Al ; ST
i [ Ty ~\ L R
[Fel Pogmnmi sy exp (~m4§w3—}9 (6.172)

wher A, , - the velatlve pavtial molar enthalpy of Fe
1 ) : )

[ Te
atoms in the AL maotrix sclufion
-1 0 I (4 e *"lt &l DN D G YL Aan v E il e 1 a7 s R
=1 = Ay . cha excessive partiag melar entrop
ASY P pe] - J ne entLopy

ofF Fe atoms in AL matvix solution

which can be taken to bhe equai to the

retative pavtial molar entropy (ﬂSr«])

[

15

Whon the crysital is in equilibrium with itz surface a rz]ﬁ 171
and in a good approximation al . = 1 and a- x ]
& fAT] (A1l

as well, Hence the expression for Fe concentration (in atomic

fraction) in the matrix (Al) soalution satuvated with

R

respect £o segregation phases on disiocations at T csun be

obtained as:

3G 1) 15 the standard free

energy of the formation of a mole of crystaliine Feldl, from

] ' .. LU
! = ap® - T AS

Nols
A penn, 7 M pear, reAl.,  (6.14)

L0
Al e fgt
U537 T FeAl, are the standard enthalpy and entropy of
1

the formastion of a wmole of crystalline FeAl, from crysialline

T

7

Al oand Fo oat
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The pressure of uniform compression P in the stress

5

v

field of an edge diglocation, in the solution of Fe in Al,
can be estimeted in the framework of the lsoctropic continuum

approximation {75]:

- Bo{i + =} 1 ).
b Low [ SV N — = 6 .
2, s el (6.15)

.+

wharxe p~ the shear modulus (Al), b-the Burgers vector (Al)

and x-poisson's ration {AL).

In this approximation, surfaces of congtant px sgure |
(R ) are cylié&exa (with radius r} tangent te the glide
plane along the dislocation line, the pressure decreasing
iunversely with the cylinderx zadiﬁs (Egq. (6.15). The
ghape of the cross-~secilon of the near dislocation

segreqgation phase cen be approximated by the contour of

constant pressure of uwnifoxm coumpresgsion.

Asguming r= 1.5 nm {sgince the diawmeter of the near

dislocatlon sagregation regions iz about 3am), b = 0,.286nm[75],

@t = 2.65 x 1@11 dynes/cm2 {75), ® = 0.347 = 1011dynes/cm2

[751; thus P (r= i.5mm) « 5 x 10B Pa’ Taking the wvalue

(67, 88, 9%, 921 Avea i6 x iOmG mi + hence P AV « BKJI/mole.
mele

At high temperatures, close the T of Al, the Ac
: s P : am

term can ba neglected. In accordance to section 6.2, the



crysvallograplhic consideranion, the . wvalue of o is rather

small., For N G =10 THN/m (Forxr coherent fwin boundarisd.

. R )
Taking O= 10 "N/w, ¥ = 1.5 am and V. . 7.3 4 19 T
Fenl, ' ' ’
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In ovday to eslimate AT, . and B85, , bhe process
e ] [ =] ’

of Gissolution of mscroscopic eryvstalline particles of

{Felnl 3} = [Pel SO R
3
From the view of the thermodyunamic condition of edquilibrinm

off the corresponding “"reazation”, within The Ffrawework of

the thermodynswic throry of dilue solutionsg, tho foellowing

expressicus Ccan bs obbtalpaed:

AFPeni ) s
( 3 & exp([\'é/R)ex];(v-f':\.ﬂ/}'ft"f), (6,140

TEed

- b}
s s AT ~ Ll
el Feﬁliy

Sration (in atomic fraotion?

maccoscopic crysivalline particles of Fanl, a2t T A, As

el d

are trne enthaply and entrony of ddizscolubian of yeﬁle Lt Al

Avcording to experimental data (93, cihers],
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hs

(2,3x0.3 %

# B2.T % 1.7 Kd/mole,

(19,142 .87/ mole. K,

Hence
B rel At M.y 7 =29.742 Kd/mole
BN Ay ,,,3
and
Aggwp; s AE AS?GA1 = 3.221.5 J/mole.K
LA ) r N -)3 .
Bgs. (6.13) and (818 lsad to
) r) + P Av
S.ph . Febl . ) *
¢® pl?, Clgé 3 exp Tam (vaahl?fﬁ
[¥el (Fo} 7 B o a1,
¢ RT
(6.19)
gince {AGam + (GVFQ£13/E} + Py AV 1< 0

It indicates that the segregation phases on dislocation

appeaxy earliexr than the macroscopic crystalline FeAlj

particles

Thusg,

phages on

{in the nmatyisx solution) do,

the ©
Algloca

tiocn

)

hermodyanmic stability of the segregation

in AL solution is unsaturated, with

Fospect bo erystalline Feﬂl? phase, mainly due to the

dlleametric

effect

- O
H = (AH Al
( 1wl ! Fah
Hence, din soti
¢ o=
The affective
Ny
&
whera W, = ¢ 7y
My + ¢ .=

(P, Av<G)

1,

2. ph
[Fel

Y s> |AGs. 4+ ov
aim

segregation phaases - Al interface,

£n Lt was shown above:

+ BAV | . (6.20)

BeAlB/r

afactory apnrozimation

{Fail.)

C[Fe] 3

exp(-AH/RT) - (6,21)

distribution low can be represented as

- Ny - ©
= Bl o m Ky
5. >> C
Ny the total atomic fraction of the

impurity(Fe}

in the system.
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agation phases in solutions of

The near dislocatlion sey
Pe in AL can he studied by gamta-resonance specirosgopy.
To deteonine thermodynemic characteristicos of the progess
of the formavion of gagregation pahzes near diglocation

n solutions of Fe in A4 vazaturated with vespect to the

e

Eeﬁﬁﬁmphaﬁe & speclal procedure can bs used which Lls basead

on neasuring doszbaver {absorption}) apectra of guenched

sanmples . The intensity of the lines due to the megregatlon ‘

ﬁhaw e should incraas with growkh of Py oe while that due o '

the bulk solution should decrease, and ﬁhg intansity of the
lines due to thp zegregation phases should decrease with
growth of the guenching temporature while that of the bulk
solution ghould increase.

t

The true vol

Tk

ume diffusion characteristics of wransition

6

eval ilmpuritiesz in 24 can be measured under conditlong of
plagstic daformation on in wery dilute solutions where theore
ls no segregation phases on dislocations by using Mesgbaver

method .



The experimental obzervotions of differsnt investigatc

indicate that transition impurities 4i

digtinct family of chatacts

terigstics, have been explained by {he

Lazarus mode Bot

che: anamalong bigh and low charaa

have not been interprebed inspite of the

Experinental reports

zone high dislocation density is manifestaed. In addition, due io

the low solubility of btransiiion dmpurities in AL
phases are modelled. Assuming the coyresponding working hypothe-
a8, based on the experimentsal data snalyvsis, attenpt was made,

in thig paper, to intexprete the transition impurity aLf¥usion

aunomalies in AZ.

The simple theoreltlcal madel

mental observations of diffarant

capabla of interpreting the

RS LOR AN

Var 4 (o1 il =t ;*«3(;“) -

AT

lies in AL. Using {his theox

mantizl data were frzoted, thereby indicaied the near

segregation phase chavacteristics. Por pyropar and aomplete thao-

retical degcriptlon of the anomalizs characteristics the corres—

7]

ponding sedrevation phass modal] wa!
gegregation. (Cottyral cloud) ard zegregation phases (precipitatesi

i

were ipadicuite) whichn was fomud Lo be he

\‘J
-

sl

meitallic compound with a oernailn degreoe o amsrphization,



The prasent work showed that the normal diffusion oF

e
e
o
Y
4
I
[y
o
L
o
]
Sorem
-
g
oy
Tt
N
o
ot
-y
Ml L3
o
o)
e
]
e
Y
bt
P
o
o

trangition impuricy charactsrise

The remailnlog two, the anemalovs high and low chavacterigtics,
were obtalaed dve to the influence of dislocations decorated
by segregation phases. ALL zre egually imporiant results and
valied., Thus, one has vo grovnd to discard two of them (say

normal and low}) and congider one of which (high) as the time

volume diffusion,

. Byenthough the developed thesyeticsl wodel was based on

T
I;‘_‘i

the experinental obsexvatlons, iL noeds viher experimentation.

s

The accompaning sagregation phase wedel reguire further expe-

vimental study which 1ls bheyond the limdits of this thesis.
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