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ABSTHACT 

The problem of impurity diffusion accompanied with 

segregation phase nucleation on dislocations has been con­

sidered using the approximation of the local equilibrium 

with respect to the impurity distribution between the matrix 

solution and the near-dislocation regions. It has been 

shown that the known experimental data on diffusion and 

solubility of interstitial impurities (C.~I •.•• etc.) in 

sorim metals (a-Fe;' Nil and alloys [Fe-3.5% Si, Fe-0.16%C 

[steel)) are :described in the frame vlOrk of the dislocation 

trap \Oodel, the only case where some segregation phases 

with negligible diffusion conductivity and high capture 

~bility for impurities in the near-dislocation regions 

are nucleated. The characteristics of the segregation 

phase regions near-dislocations have been obtained from 

the treatment of the diffusion and solubility data. On 

the basis of the crystallographic and thennodynamic con­

siderations it has besn shown that the existence of such 

~egregation phase regions along dislocation in the systems 

. in question is possible. 
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INTROnLJCTlON 

Diffusion is the process by which matter is trans-

ported from one part of the system to another as a result 

of random particle motion. It is a Kinetic process which 

in particular brings about the thermodynamic equilibrium 

of the solubility of impurities (solute) in the matrix 

bolvent) considered. The significance of diffusion in 

solids is determined, at least, by the following three 

·uspe'ets. 

Firstly, diffusion is an elemental'y process which 

is realized at the atomic level. Therefore, the studies 

of " diffusion in many relations is a unique way of inve-

stigatiing crystal structure, crystal defect--- etc. 

Moreover some information could particularly be obtained 

about the structure and properties of the near-dislocation 

regions from such diffusion studies. This possibility 

will be.illustrated in this work. 

Secondly, diffusion is one of the most common pro-

cesses in solids. Diffusion proceeds in pure metals and 

metal alloys, oxides and intermetallic compounds, die le-

otrics and semi-conductors in a wide range of real 

temperatures and external conditions, such as deformation. 

Again the influence of such conditions will be considered 

in this papal'. 
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Thirdly. diffusion plays a loading role in many 

processes used to determine tho structure and properties 

of matorials. I\mong theJll1 are som8 phase transforrnations. 

such as drystallization and l'eJcrystallization,~roceJsseJs 

of precipitation and coagulation. sintering of powedeJr 

materials. corrosion and oxidation prooesses. some mecha­

nisms in semi-conductors (p-n junctions
J

8tc . .• ). and some 

technologicaly in~ortant processes of deformation and 

destruction of metal materials at high temperatures. 

The above consideration shows in particular the great 

role of diffusion in the processes of the manufacturing. 

Bxploitation and destruction of materials. 

Some of the most important and useful materials for 

the technological development achieved in this century. 

are steels and some alloys. based on Ni. Mo. Nb--- etc. 

The addition o·f small concentration of thermodynamically 

active elements (impurities) or alloying components to these 

alloys. have a big influence on their technological utility 

strength properties. In this work. more emphasis has been 

put on the interstitial impurities in metals such as C in 

Fe. C in Fe-3.5 wt% Si. H2 in F~-O.16 wt% C and 02 in Ni. 

These impurities interact with lattice discontinuities in 

the matrix and change the properties of the alloys undsr con­

sideration. For instance. C changes Fe to steel. which 

has completely different technological advantage and 

strenght properties. Thus from thsse view points. it is 

worth to study the solubility and diffusivity of impurities 



(intsl'st:ltiall in nmt,JIs and 'llloys for' acad8mic and 

techll010gical PUr'POSBS. 

With r'egard to hydr'ogen embrittlement susceptibility, 

the study of the interaction between dissolved hydrogen 

atoms and lattice discontinuities such as vacancies, dis­

locations, grain boundarios, vol des particle matrix in­

terfaces or foreign 1nter'st1tial and substitutional atoms 

in iron and other metals is of great importance from both 

tBchnological and acadamic points of viBw. Thus the in­

fluence of hydrogen trapping on hydrogen diffusivi ty and 

solubilit~ .has beel1 studied by a number of investigators 

[~-llJ, by assuming that the traps in the cold-worked 

metals are mainly attributed to dislocations and their 

stress field witl1 an effective capture radius [13J. 

Because hydrogen trapping behavictJrs a1'e closely l'elated 

to the resistance or susceptibility to hydrogen embrittle­

ment of ste81 and so much remains to be understood, there 

has be~n a continuing interest in these topics by many 

investigaton" {l4J. 

There has been a considerable number of work devoted 

to interstitial hardening in body-centered cubic metals, 

specially iron, due to the i~Jurity interaction with dis­

locations, and the interpl'(3tation in terms of the Cottrell 

Mechanisms is generally satisfactory. There remains, 

however, certain discl'ipancies betwBen the predictions 

of the theocy and expel'imental results. The effects at 

the yeild point do not depend only on the simple lock-
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ing of individual dislocations since crystal size and 

surface condition play important roles in the phenomenon 

[15, 16]. 

The corrosion process is a serious problem at present, 

About 25% of what is produced, is destroyed due to corro-

sion effect. This process is limited by diffusion, 

because the reagent (02' H2 ) transport .to·the reaction 

zone is accomplished by diffusion. 

The known.:attempts to describe the effects of cold-

deformation on solubility and diffusivity of interstitial 

impurities, based on the influence of dislocations de­
; 

co'r~ted by the Cottrell type segnegations had no unequi-

vocal results. This is mainly due to insufficient capturr 

~bility and high diffusion conductivity of the near-

dislocation segregation regions [5, 12, 13J. in the Cottrr
" 

Cloud Model. 

To sum up, the Cottrell C10udModel is a qualitative 

model and consequently some aspects of the yeild point 

phenomena are not explained. Thus for quantitative de-

scription of the pheno,mena it \~ill be useful to take into 

account the phase segregation along dislocations. In the 

present work analysis has been made on the possibility 

of interpretation of these effects. This analysis is 

based on the further development of the theory, of the 

influence of the near-dislocation segregation regions, 

on impurity diffusion and solubility, and the existence 
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of different types of the segregations on rlislocations. 

The present paper has also taken into account the re­

sults [17], on the interpretation of the anomalies of 

transition impurity diffusion in AI-crystals with high 

dislocation density. 

The major components of this work could be out­

lined as follows,-

1. The analysis of experimental data on the 

interstitial impurity diffusion in non­

deformed crystals hoJi th low dislocation 

d~neity) by Zener Model. This gives th~ 

normal diffusion which will be used as a 

standard for comparison purposes. 

2. Critical analysis of experimental data on 

the interstitial impurity diffusion and 

solubility in cold-worked crystals (with 

high dislocation density) and weak aspects 

of known interpretions. This gives 

anomalous diffusion. 

3. Development of the Model. 

4. Thermodynamic and crystallographic 

analysis of the model. 



CHAPTER I 

THE CONSIDERATION OF TliEORETICAL AND 
EXPERIMENTAL DATA ON lHE UIFFUSION OF INTERSTITIAL 

IMPURITIES IN NON-DEFORMED BCC AND FCC METALS 

1.1 The mechanism of diffusion has already been 

studied in detail [19-23J. As is well known, the pro-

blem can be reduced to that of a small atom moving at 

random ~n successive interstitial positions. 

Quantitative measurements of the rate at which a 

diffusion process occurs are usually 8xpressed interms 

of the diffusion coefficient, the activation energy and 

the entropy or frequency factor, which are known as the 

diffusion characterstics. Since diffusion occurs as a 

result of the random motion of particles \~hich are always 

'thermaly activated in solids, the diffusion coefficient 

thus becomBs a very strong function of temperature (T) 

and the relation of the type 

o ~ 0 exp [-Q/RT] 
o 

is often followed. 

Where:Q is th8 activation 8n8rgy l D is th8 
o 

(10 1) 

frequ8ncy f~ctor,R is th8 gas constant and T is th8 

t8mperatu~e in K. 

Different attempts hav8 be8n mad8 to 8valuat8 the 

diffusion characteristics, nam8ly Q and 0 , of inter­
o 

stitial impurity diffusion in non-deformed BCC and FCC 

metals. In this Chapter the writ8r has consid8red the 

validi ty of Zener theory [l8J and the "Random \valk" 
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theory [24] by some c,xpe1.'imental results on 0 and Q 
o 

and the "Quantum Nature of Hydrogen Impurity" [12,25, 

26]. HerB dilute solutions are considered. 

1.2 HYPOTHESIS FOR THE EVALUATION OF THE 
ACTIVATION ENERGY '0' BY THE ZENER MODEL: 

According to [18] the activation energy can be 

calculate~ on the basis of the distortion induc~d by 

the interstitial atom around the positions (~OO) of 

the matrix lattice and from the hypothesis that the 

activation energy is mainly a strain energy of the 

lattice~ ~hich has already been proposed.by Zener. 

\oJith reference to Figs. (1) and (2), [18] i.t can be 

seen that, if the height of the interstitial cavity 

adjacent t.o an occupied one is increased until it has 

reached a value equal to the diameter of the interstitial 

atom, the potential barrier between the two positions 

goes to zero and the interstitial atom can pass from one 

position to the other. Hence the activation energy of 

interstitial diffusion can simply assumed to be the strain 

energy required to obtain, the next to the occupied cavity, 

of equal size, in which the interstitial atom can be 

obtained. 

1.2.1 CALCULATION OF THE ACTIVATION ENERGY 

As in many similar cases, calculation of the dis-

placements, and hence of the activation energy, can be 

made with sufficient approximation using the theory of 

elasticity [18]. 
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A qualitative scf,eme of the displacements of the 

atoms of the matri:< cll'CJul1d un •. occupied interstitial 

cavity is represented in Fig. (2), [l8J. Taking into 

account the very .1:0\1 height of the cavity i tsel f, to 

enlarge the same to the size of the interstitial atom, 

it is sufficient to pull apart the two atoms A and 8 along 

the Z-axis. The displacement of the centers of these 

two atoms will be simply given by Vegards law. Therefore 

the displacement of these two points is equal:(d-h)/2 

. and the mean deformation of the unit cell bet\veen points 
.' 

A and 8. \'1i II be: 

8 o 
= 

(d-h) 
a 

(1. 2) 

Where:d is the diameter of the interstitial atomJa is 

the lattice parametel' and h is the height of the inter­

stitial cavity. 

To calculate the strain energy in the interior of 

the sphere as a first approximation one may simply take 

the uniform mean strain given by Eqn. (1.2). For the 

part external to the sphere in polar coordinates;~i~,B 

and for a typical value of Poisson modulus of 1/3 the 

strain distribution thus deduced as in [lBJ •• 

-8 
(0.33 ' 2~ 2 

~ ) 8 = ""3 Sln + cos r 
I' 

-8 
(0.11 ' 21ji 0.28 0.11 2 

E~ = 3' Sln + + cos Iji) 
I' 

-8 
(0.89 sinlji coslJi) Y rljJ= 3' 

I' 

EO 83 (0.11 sin 2lJi - 0.28 + 0.78 cos 21ji) 
I' 

(1. 3) 



l-Jhe!'Cl: Er' E1)J and c e are the nonl1al components of strain 

and Y I thCl shear strain. The two other components of 
r1/! 

shear Y;8 and Y 1)JG vanish for reasons of symmeb'y. 

constant B is equal to: 
3 

£ Cl 
a 
B 

Where, E is the strain for r ~ a/2 and 1)J ~ 0 and 
a 

it is simply given by:-

E 
a 

The 

(1. 4 1 

(1. 51 

The Mt~aih ClnClrgy is calculated as thCl sum of thCl 

two sClparatCl parts:thCl enClrgy external to thCl sphClrCl of 

radius a/2 and the ClnClrgy of tllCl spllerCl having radius 

a/2 with thCl interstitial position at its cClnter. 

Writing the strain Clnergy pel' unit volumCl in thCl 

form [31J. 

2 
E (J 

3 u' 
+ ------- (c -> E 

20+ u*lX r ~I 

(1. 6 1 

Where:G is the shear modulus) .Xis thCl comprClssibility and 

0;' is thCl Poisson ratio, from Eqn.(1,3) and Eqn.(l.2) by 

integ!'ating OVClr the volumCl. the enClrgy W associated with 

the enlargement of the interstitial cavity is obtainCld 

[lBJ. 

l-J - (1. 71 
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\.Jith r8f8r(>I1co to hg. U) in Eqn. (1.7), the second 

term representing the ~3train energy of the interior of 

the sphere of radius a/2 corresponds mainly to the work 

done by the attractive force between atoms A and B. 

From Eqn. (1.7) referring to N atoms per mole, the 

activation energy is immediately obtained as (18] • 

Q = 1.3NGa(d-hJ 2 (1 -

1.3NGa(d-h)2 RTm 
Q = 

~T +1.3NGa(d-hJ 2S 
m 

.fiL) 
RT 

m 

Where: G is the elastic constant ~ lOllN/m2 

T 
:,; ~ rn (dGJ ~ (0.25 - 0.45) 
.., G'" dT 

o 

Tm :melting temperature 

R :the gas constant. 

1.2.2 COMPARISON OF THE THEORETICAL AND 
EXPERIMENTAL VALUES OF ACTIVATION 

ENERGIFcS: 

( 1. 8) 

The values of the activation energies calculated 

according to Eqn.(J.BJ(for solid solutions) are given 

in table - I (18] in comparison with the experimental 

values. 

As may be seen, the agreement between the theoretical 

values and the experimental ones may be considered sati-

sfactory. In any case, all results clearly confirm that 

at least the greater part of the activation energy for 

interstitial difusion may be simply interpreted as a 

distortion entll'gy of the matrix lattice. 
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-. II _. 

EVALUATION OF T111:: f'RE[')Ul:NCY FACTOR 
DY LElI)[I, ['IUDr:L 

'0 ' 
o 

From the theory of \'!ert and Zener {l9,ZlJ (with-

in the "Random Theory"l, 

o o exp L\S 

R 

o is given by: 
o 

D. 9 I 

Where:- a is the lattice parameterJu is the lattice 

vibration frequencYJ6s is tho entropy of activation and 

R is the gas constant. 

In. this theory the entropy of activation is simply 

re~ated to the coefficient SIT of decrease of elastic 
m 

moduli with temperature by the equation: 

6s = S[') 

Tm 
D.IOI 

Q is the activation energy and Tm is the melting tempera-

ture of the metal. 

The fact that the activation energy can actually be 

calculated as elastic str<;;i..11 enel'gy stored in a thermal 

flactuation around an intecsti tial [1osi tioll confirms 

the validity of Zener's model. 

The frequency, \J, on \"hich the diffusion process 

depends has been evaluated by Zener [19,21J under the 

hypothesis that the interstitial atom bscillates in a 

sinusoidal potential of path equal to the distance between 

two interstitial positions. Hence we have: 
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\) " ( .2.9. 
;.> 

a rn 

Where:m is the mass of the interstitial atom and 

(\)~Oebye frequellcy ~ 5xl0 12 
Hdz) 

(1.11) 

The theoretical values of 0 calCUlated with Eqns. 
o 

(1.9) and (1.10) using the lattice frequency are given 

in table-I, together with the experimental results. 

The agreement between the two groups of values can be 

considered satisfactory, as the experimental results 

are in good agreement with the Zener model. 

In the worK of D. Bergner [24], analogous analysis 

of the e¥pe~imental data has been done, on the diffusion 

par~meters 0 and Q for the interstitial solutes such 
• . • 0 

as:D, Nand C in Ag, Cu, y-Fe, Ni, Pt, a-Th, and Co 

. (non-deformed FCC-metals) ,C, Nand 0 in B-Ti, fj-Zr, 

a-Hf, V, Nb, Ta, Cr. Mo and W (non-deformed BCC-

metals), obtained by using different methods, whioh 

arB grouped into two, consisting of different techni-

qUBs as in table - II. 

In [24] it has been shown that there is a satis-

factol"y agreement of thl') experimental results ~Ji th the 

Zanar model. The experimentally obtained values of S, 

Eqn. (l.8) :in all DCC-metals (except 0 in [1' and 11 

which is negative), Ba O.27±O.07 in all FCC-metals, 

S-0.34±0.10. Thes~ are approximately, ·within the limit 



System 

H in a-F? 

. c 
..... In 0',-18 

[.~ in a-Fe 

c: in Ta 

N in T~ 
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Table-I Theoretical and Experimental Activation Energies (Q) 

and Frequency Factors CO ) Values 
o 

0", h, 
Cd-h) 

Q, KJ/rnol 2 a, 0o,cm Is 
0 0 0 a 
A A A ffieor. expo Iheor. Exp. 

0.60 0.38 2.B6 0.077 " 13 ~ 

1. 54 0.38 2.86 0.406 11 84 0.011 0.020 

1.42 0.38 2.86 0.364 92 76 0.008 0.003 

1. 54 0.44 3.30 0.330 176 166 0.009 O.OlB 

1.42 0.44 3.30 0.297 146 157 0.008 0.006 

References 

[77-79) 

[23) 

[23) 

[34,80) 

[26,34) 
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Table II. Essential Methods for Measuring the Diffusion Parameters. ~1.B2]. 

Group-I 

Macroscopic (mass-flow)methods 

~ Tracer sectioning technique 

2- Sandwich - methods 

iJ Serial sectioning and chemical 

enalysis 

11) Microprobe analysis on a metallog­

raphic section . 

.;)- Steady state permeation of gaseous 

diffusant under a pressure gradient 

4- outgassing: Time depend~nce cf the 

amount of material evolved. 

5- Gprsky-Effect: Time dependence of 

red{siribution of soiute in an 

inhomogeneously stressed body 

Group-II 

Relaxation methods [on an atomic scele) 

1- Snoek - Effect: Internal fricticn 

2- Elastic After Effect 

3- Duasielast1c scattering of neutrons 

4- ~6ssbouer Effect. 
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of experimental error, in agreement with the value of 

S-0.24 estimated on the IJ~siB (If the Grunoissn model of 

anharmonicity, Keyes [2/]. 

The diffusion mechanism of ths light interstitial 

solute, namsly hydrogen in non-deformed FCC and BCC 

metals, can also be studied s~tisfactorly by the quantum 

nature of ths hydrogen impurity which is a more gOlleral 

approach. This is considered in the next section. 

1.4 THE QUANTUM NATURE OF HYDROGEN IMPURITIES: 

Other than the tlleory of elasticity the quantum 

n~ture of i~purities is crucial for Ilydrogsn. Detail 

invhstigations on localization phenomena and diffusion 

mechanisms of the interstitial solutes in non-deformed 

. BCe and FCC metals are considered [28]. 

Experimentally, the location of hydrogen in BCC 

metals is investigated by ion-cllanneling techniques [28]. 

The results indicate both tetrahedral and octahedral 

occupanc~ as shown in Figs. (3) and (4) depending on the 

host metal in question. In Nb, Ta and V the assignment 

is the tetrahedral sites, where as in Cr, which has a 

relatively small lattice constant, the octahedral location 

is found to be more probable. 

The neutron diffraction stUdies [66-70] indicate 

that hydrogen oCGupies the tetrahedral sites in BCC 

metalts. 
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The localized state fOj' the tetrahedral site was 

searched for by requiring that the wave function is localized 

in a cube'with its center at the tetrahedral site and it's 

,corners at the nearest atoms or bctahedral points. With 

these boundary conditions the localization to the 

tetrahedral interstice does not occur for any of the FCC 

metals studied, as indicated by the energy of localization 

(self-energy trapping) (25). 

The activation ene!'gy, Q, for hydrogen in non-deform­

ed Bec metals (25)_is (1-2) KJ/mol. which is less than 

the experimental value (4.8-9.6) KJ/mol. (29). The 

smailness of the calculated value is mainly due to the 

underestimation of the short range orthogonality repulsion 

experienced by hydrogen near the tlost-nletal nuclei [3D). 

In (29) the measured temperature independent pre­

factor of the diffusion constant in Bee metals does not 

show the I/VM dependence on th8 isotope mass M, as 

classical oscillator model predicts. This is an indictioll 

that the potential for hydrogen is indeed strongly un­

harmonic (25). 

Diffusion model for hydrogen in FCC metals is totally 

different from the one described for Bec metals. First, 

it is noted that in the high temperature region. the di­

ffusion activation energy in FCC nlCltalsis typically 

(19-39) KJ/mol (29). which is much more thall the 
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calculated localization enerBisH in tile octaheliral sites. 

On the othar hand, according to th~ calculations, locali­

zation in the tetrahedral site is improbable and thus 

. hydrogen would not be localized at the tetrahedral site 

during the activation process, but it's wave function 

should be spread over several intersitices. Accord-

ing to the experiments [25J, the temperature independent 

prefactor of the diffllsion constant for ~I,U and T 

(hydrogen isotopes) behaves as the harmonic oscillator 

predicts, ie. the ratio of the factors is 1,;';: ,13 {~lJ. 

The. known experimental data on the diffusioll para­

mett.rs of the interstitial impurities in non-u8fonned 

crystals (FCC and BCC metals) are consistent with the 

·Zener'model. The main contribution to thl~ diffusion para­

meters is due to the elastic interaction of interstitial 

impurities with the matrix atoms. Hence it follows that 

the interstitial impuriti8s could int8ract strongly with 

local elastic fields in the near-dislocation regions. 

In other words the n8ar-dislccation regions could influenc8 

the diffusion and solubility of the interstitial impurities 

especially in deformed crystals containing high dis" 

location donsity. To study this 8ffect the diffusion 

(and solubility) parametors of non-d8form8d crystals \"i th 

negligible dislocation density will b8 taken as a standard 

level, ie, "normal" diffusion (and normal sclubility) for 

comparison. This effect will be considered in the next 

Chapter. 



Hi 

l'1g: 1: Poei'do,uB of ';;he. inte.rstitial atom in BCC 

lattice and scllcme of diffusion mechaniam. 

In the figul'e on the left the points represent 

tho po,wible posi tiona of the intersti tiEll atoms. 

Fig. 2: QualitatIve scheme of the distortion of Bee netwol'l< 

around an interstitial atom. 'rho lattice is sectioned 

OU " (l.10) plane: on the left the u)ldestol'ted lattice is 

sketched for comparison. Tho dotted lines correspond to 

the prinCipal stresses in the e.quivalent continous solid. 
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Nb odokedral 
site 

Fig.-4 

Fig .-3: Self .. t>·appil1g of hydrogen impurj. ty into the 

Octahedral: Site in Nb. 

F!g.-4:Selfo ·tl'apping of Hydrogen into the­

Tetrahedral Site in Nb. 



CHAPTER II 

ANALYSIS OF EXPERIMENTAL DATA AND KNOWN 
INTERPRETATIONS OF THE INFLUENCE OF COLD­
DEFORMATION ON DIFFUSION AND SOLUBILITY OF 

INTERSTITIAL IMPURITIES IN METALS 

2.1 DISLOCATIONS IN COLD-DEFORMED CRYSTALS: 

Dislocations constitute the so-called line of de-

fects of a crystal. The disp lacement of the lattice 

requir~d to produce a dislocation results in an elastic 

field created around the dislocation. A dislocation line 

is continous. It can never end ~Jithin an otherwise per-

fect region of the crystal, but must terminate at a free 

surface, another dislocation line, a grain boundary or 

some other dafsct. This is illustrated in Fig. (5). 
i 

The "existenca of dislocation permits metals to be 

plastically deformed with eilse, a circumstance upon 

which our modsr~ tschnology is so depsndsnt. 

(Fig. 5) 

Dislocations havs both macroscopic (length) and 

microscopic (cross-ssctional) properties. 



2.1.1 MACROSCOPIC ASPECT 

Dislocation density (~) is defined as the total 

length of dislocations (t) per unit volume. That iSI 

P. tt t/v .. ' 
·,2 

normally quoted in units of em 

observed that) 

i8 
II 3 6 3 

P. m 10 'em/em a 10 km/em 
J.. 

It is 

'~100 (Earth's diameter)/cm3 

2.1.2 MICROSCOPIC ASPECT 

From the consideration of the local elastic field 

near-dislbc~tion region, the cross-sectional diameter 

of ttw dislocation pipe (d,L) is estimated to be: 
o 

c!l. :;. 1 OOA. 

The atomic fraction (lattice atoms and impurity 

atoms) in the trap region, namely the dislocation re-

gion (N.t ), cou ld be exp ressed as 

NJ. " o;rt b 
2 

o 
(2.11 

vihere:-- b is the atomic spacing (--3A),(I, is the number 

of atoms in the cross-section of the dislocation pipe. 

(et m dJ• 2/b2 ,.$10 3 ) 

··1 
Thus: N.!.;SlO 

2.1.3 INFLUENCE OF DISLOCATION ON THE 
SOLUBILITY OF INTERSTITIAL IMPURITIES 

IN DEFORMED CRYSTALS 

The solubility of the interstitial impurities is 

mainly influenced by the trap-effect due to dislocation. 

The contribution to the total solubility of interstitial 
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impur'itie~, i.n the mat.r·ix dUB to this effect, could be 

(2.2) 

\oJhere, -' CL is the local imp uri ty concentration in the 

near··dislocation regi.on (Col.5 10- 1 ), I"hich is usually 

mucl, larger tllan the impurity concentration in the 

normal lattice (r;.. »C). 

2.1.4 INFLUENCE OF DISLOCATION ON THE DIFFUSION 
OF INTERSTITIAL IMPURITIES IN DEFORMED 

CRYSTALS 

The local '~iffusion coe~ficient of interstitial 

impuriti,es·· along the near-dislocation regions (0.1.)' 

co~ld be,q,ft 0,0 being the impurity diffusion coefficient 

in the normal matrix. 

In the case of QL»D, the considerable contribution 

in the impurity diffusion could be accounted for the so-

called diffusion· by dislocation effect (the enhancement 

of diffusion), In the case of 1J..l. < IJ, the contribution 

co~ld b~ accounted for the trap-effect by dislocation 

(the diminution of diffusion). Detailed discussion of 

these effects will be considered in sections (2.2), 

(2.3), (2.4) and chapter-3.' 

2.2 ANALYSIS OF EXPERIMENTAL DATA ON 
ANOMALOUS DIFFUSION OF THE IMPlJRITIES 
IN COLO-DEFORMED METALS 

There apo a large number of experimental I-JOrks 

devoted to the study of the influence of prior cold-

deformation on diffusion and solubility of inter'stitial 
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impLJritj.8S ill metals~ SOlTIS oi~ them are COflsidBred ill 

[5, 1:2, 13, 32). 

For illstance, in the works [33-37] it has been 

shown that prior cold-plastic deformation slows down 

the diffusion of C in Fe, Ni, Fe-Si (3.4 wt%l and Fe-Cr 

(2 wt%l alloys at low temperatures that could be due to 

the defect content, particularly that of dislocation 

density in the specimens. As shown in {IB,38,38}, the 

diffusion mobility of C, Nand H atoms in deformed 

mstals, suell as"Fe diminisll ~s tlls structural impsr­

fsction ·increases. According to the data {4D,41} 

pri,or cold plastic deformation, causes a considsrable 

diminution in diffusion and increase in solubility of 

hydrogen impurity in Fe and Fe-bassd alloys. This is 

accompanisd with the increase in dislocation density in 

the specimsns. It is also smphasized in {IB.33-4I} that 

the activation energies of ths impurity diffusion in 

cold-worked specimens are considerably higher than those 

in non-defonned ones. The analogues regularities have 

been establ j":18d in r42",tl4), dUl"ing studying the In-

-Fl,llr .~ 

nitpogon 

cold-plastic deformation on diffusion of 

·· •• D8n in Nb and Nb- based alloys. 

In [26, 45--47 J. it has been shown that stpucturaJ. 

defDsts. producsd during prior deformation of specimens, 

c;~i~-.:_.. ""e diffusion of Nand H. and r-aise the impurity 

solubili ty :l" -~ Rnalogous manner, structural de-

fects have influence on the diffusion and solubility of 

H in deformed I~i {48.1. 

• 
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Somr, infol'll1at:ion 8bout the di.minishing of hydl"ogen 

diffuaioll and increasing uf its sulubility in cold-worked 

motals and alloys is contained in works [1.49-62]. 

In some works [32]. it Ila8 boen found out that cold­

deformation causes dissolving of intermetallic particles 

of carbides and nitrides in steels ie. the deformation in­

creases the effective solubility of the impurities. 

In a more detailed form. tl18 8xperimental data 

quoted above. could b8 fOl'll1ulat8d as follol"s:-

1. The diffusion of some interstitial impurities 

(DE) in cold-defoNned metals and alloys at 

low temperatures in many casos are less (by 

1-2 orders) than the impurity diffusion 

coeffieient (D) in non-deformed .specimens 

at the same temperature (Table-III). The 

magnitude of the ratio. DE/D. depends on 

the degroe of plastic deformation (E), of tho 

n~"Oim8nB and on the temperature (T) of the 

diffusion annealing wllieh is much lower than 

'che recrystalli.zation temperature. 

2. The ternperatuf'e dependence of Dc and D. in a 

satisfactory approximation. can be described 

by the Arrhenius type equations. That is:-



IJ -- iJ 8XP j---(J/rn], 
o 

Q --IJ+MI 
f: 

( ;::> • :1) 

(2.4) 

(2.5) 

Whero:- Qf: is the activation ellergy of the impurity 

diffusion in deformed specimens;Q is the activation 

enePBY of the impurity diffusion in non-deformed 

specimens containing negligible concentration of 

structural defects; 6H is change in enthalpy of a 

system, which is about (15-GO) KJ/mol. (table-III). 

o Elnd 0 are the frequency factors of tho irnpuri ty 
OE 0 -

diffusion ooefficients in deformed and non-deformed 

specinielW respectively;R is the gas constant and T 

is temperat ure, 

3, The magnitude of the ratio 0 10, is usually 
OE 0 

much larg8r' than 1. In many cases, it decreases 

with the increase in the degree of deformation 

of specimens and could be represented as follows:· 

o 
Of: 

P 'n 
1 

.. yTE) 
" 

\')here:" y (£.l chal.'acterizes the imperfection content 
[) 

in defol'llled Bpecinmns at il givell valu8 of E (deforma-· 

tion), in all caS8" y (d «1. From Eqns. (2.3) -
o 

(2,G)and the very fact thilt 0 -0 for y -0, it follows:-c 0 

o c 1 
o l'y (d exp [LlH/RT] 

o 

(2.7) 
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1) "yo(eJeXp[lIH/RT] , 

1) " y(eJ 

For cold-worked Fe[35}: 

. Pl. (£l ~ (0. 54 ) 10 11 IE 

then y (eJ~ PI. (El 

(2.0) 

( 2.9 ) 

(2.10) 

whers,- & is the dislocation density and E is 

deforination in %. 

The dependence of (0 _ 1) on f:L (sl, for e in Fe, 
DE 

is shown· in Fig. -(6), based on the data in table-III. 

/from Eqn. (2.ll:-

y (eJ '" N. .. o 
(2.11) 

This will be verified by the theoretical considera-

tion in section (2.3). 

4. From experimental data [5o,51) on the total 

content (e ) of the interstitial impurity 
. . E 

(hydrogen) in deformed speciments (steels) 

and data [63} on the equilibrium concentration 

(e) of the impurity in non-deformed specimens, 

the expression in [5} follows:-

C E " 1+ Yo(E)exp[lIH/RT} (2.12 ) 
C 

e »1 
E 

C-

WIHlre:·· lIH andYo(£l ar,; the same quantities as in 

Eqns. (2.5) and (2.6). 
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Si.milar !'eldtionships could b8 formulated for the 

otil el' i. n t ce r'S t-i Li a 1. i.mp U ri ti. as [32]. TIH"'8 

empiricial relations are illustrated by ti18 

analysis of soma experimental works. whose results 

are repr8sented in table-III. 

5. From tile experimental results on the diminution 

of impurity diffusion. it follows that the di-

ffusion by dislocation (~.) is negligible in 

comparison to the impurity diffusion in matrix 
J 

and the diffusion - with trapping-effect. 

The pal'am8ters, (j,.l. ,MIl. and Dl ar8 the characteristics 

of the near-dislocation regions. It will be shown that 

in the theoretical considerations the parameters ttl' llH.L 

and 0 ... characterize the neal"'dislocation segregation l'e-

gions. In other words they contain some information on 

the structure of the segregation regions. On the basis 

of this infonllation a suitab18 sGgregation model vii II 

be discussed in chaptars 3 and 4. 

2.3 ANALYSIS OF THE KNOWN (INTERPRETATIONS) 
MODEL.S 

Thara have been many works devoted to the study of 

the diminution of tha intarstitial impurity diffusion. 

and in particular. tha anomalous high values of Q and 
E: 

o , and the increase of the impurity solubility in 
DE: 

coldMworkBd metals and alloys. 

The natura of traps in metals and alloys (steBls) 

ape classified in [64.65]. 
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T~bl~- I!I. Rc~ult3 of the An~ly$i~ of So~c Known E7.p~ri~cnt~l ~~ta on Impurity Diifu$ion and 
Solubility In Ddon:l<:d ~I(·t::l.l:; by •. Using .2.qrls. (2.1) __ * (2.13) [2,5,35,37,48J 
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Darken and Smith [1] probably first sugg8sted that 

tho diffusion u-F an inLsr'sc:i t~:i.dl irnpUl"'ily (hydI'Og(-Hl) in 

a cold-worked steel is impeded by lattice imperfections. 

Mc. Nabb and Foster [4) developed a general formula-

tion for ~he diffusion of interstitial impurity (hydro-

. gen) in metals and alloys (stosls) with the so-called 

reversible traps. Or'iEllli [5] gave a thermodynamic intsr-

pretation to f'lo Nabb and Fosters theory, again confi·nih·fF 

considerations to reversible impurity traps, based on 

the assumption that interstltiiil atoms upon normal lattice 

sites and captured in traps are in local thermodynamic 

equilibrium. 

Redently Sakamoto [13J has carried out an analysis 
i 

of.the apparent diffusivity of impurity (hydroge~) based 

on the hypothesis that states:-

1. There exists a local equilibrium between the 

.trap regions (the near-dislocation segregation 

regions) and the matrix solution. , 
2. The distribution law for the impurity corresponds 

to tho linear concentration dependence. 

The author has obtained different equations with 

regard to different trap models. These equations are 

so complicated that they could not be used for describing 

experimental data. As an illustration, th.l3 simplest 

equation of all. derived with regard to the "two-energy-

level" trap model. is indicated below. 



fJ 
a 

• 
D~ exp 

+ f 
tx 
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lc ~ 
( '-R'r) 

8XP 

exp(-

(2.14) 

Where:- !,k,p and d are the impurity jump ratesJD!,Dk, 

Dp and Dd are the .. effective diffusivitiesJE!,Ek,Ep and 

I Ed are the corresponding activation energios, with 

regard to the jumping processes of 2~'''' !, 2+t, t.<-t and 
; 

t+~t 'intersites respectivelYJ! being the lattice site~ 

and t the trap s1tesJf2 is fraction of normal lattice 

sitesJft is fraction of trapping sites and f
1

+f t =l. 

f tx is fraction of nt sites from which impurity can jump 

with ju~p rate d in the individual trap cluster, nt being 

the numbe~ of trap sites per unit volume. 

In this work the following assumptions have been, 

considered. 

1. Tho fraction of tha trap regions is negligiblB ie. 

f t« 1 

2. The bouncial'Y zones bahJeen the trap regions and the nOrm'll 

lattice is of negligible thickness such that:­

f ,,1 
tx 

ie. (l-f ) "0 tx 
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Then Eqn. (2. H) can be l'cciUCGci to 

[J 
(j 

IJ~ exp r'E9/RT] 
x 

1 • f' [lie; . '1: exp - 'j\T-' 1 
o D, 
CJ 

-IT exp (-
OJ', 

(2.15 ) 

Using the notations as in this work, it follows:-

exp ( 

,E9.~(J 

lIG t ,.9-
'-Rr )~ 

DC? ~ IJ 
d Ool 

NL K.L 0.1. 
Then, [Jeff 

o 
" 'l+N.l K.l [1 -\- --0--]. (2.16) 

\·Jhere,·- the first term, -~--. , corresponds to 
l+N.c K.L. 

diffu(3ion with-trapping-effect, and the second term, 

D..!.. N.l. I\J. 
Ti-N.I.,KJ.' corresponds to transport-·by-dislocations effect. 

IJ.!.. is the diffusion coefficient of an impurity in segre-

gatton regions along dislocations, 

(2.17) 

K.!. is the equilibrium constant of impurity distribution 

between the trap regions and the normal lattice 

i 8. KJ. ~ exp (- lIs~ ) exp (Atl,.,. ) 
R In 

(2.18) 

lIH, and lis,. bei.ng the stanciaI'd enthalpy and' 

~, entropy changes of the system when one mole of the 

impurity atoms passes from the trap regions into the 

normal lattice. 



Sakamato [1.3) .. uS!3d il modlll 01' sattn'clted trap regions 

in Ordel" to roduco t:qn (? .. Ji)) to Eqn (2.7), \1hieh cOl"responds 

to tho 8xp8rim8ntal rosults (table··III). In this approxima-

tion, Sakamoto has nogloetod the transport-by-disloeation 

,effect in [qns. (2.14) and (2.16), (sinc8 in saturated 

trap r8gions, '7C,L ~ 0) and Llbtailwci: 

o 8ff 1 + flJ.L K.L 
(2.19) 

Oriani [5) and Loblond and Dubois [71] hav8 obtain8d 

the sam8 8xpr8ssion as ['In. (2.19) without taking into 

account any phy~tcal approximation. In other words, thoy 

neglected tbe impurity transport-by-dislocations, giving 

no 8xplallation. 

It is possible to show that within the approximation 

of the saturated tpap l'ogions, tho distribution constant 

(Ki ) is also zero b8sides to '7C-L ~ O. This could be illustra­

ted as fol-Imvs. 

Let OR. and 0.1, be the fraction of the available sites 

in the normal lattice and trap regions rospectively, 

occupi8d by impurity atoms such that: 

C 
S,L >- c--'-*---

,L(max) 

c.) 
, S R. ~ C'2'(~-;) 

c 
~ c----- , 

'(max) 

Wher8:- ~(max) ~ canst. and CR.(max) = const. are the 

maximum possible local concentrations of the impurity 

(2.20) 

atoms in the tpap l'Bgions and the !lonnal lattic8 respectivelyo 
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TheIl the ,Jistribtltioll law descx'ibing tIle saturatiull 

propnrty ClHllri iJD RXPl"'HS~3Gd L1S [1).1, 

K <V 
I " 

G, 
{ ... :.- .. } / 

(1··0.!.) 
(2.21) 

For a dilute matdx GlJlutiDtl, C~«l .. iB. G~«l. 

Thus Eqn. (2.21) giVBS: 

e.\. 1 
Gt 

T':"e~-

(2.22) 

From Eqn. (2~22), it follows that thBre arB two limiting 

. caSBS (approximations). 
i 

1. ThB non-saturated caSB, corresponding to thB 

linear concentration dependence, which is realized 

\~h8n K.1. 8Jl«L 

i8~ o.l " K.L o9, (2. 2.1f ,,' 

• a~L • 
and C.l " KJ, C 9" 

.. KJ, (2.23(b) 
ae 

~ 

\~here:'" CJl~C and C.l. arB th8 impurity concentrations 

. • ~l(rnax)) 
in the normal lattice and trap r8glons, and K! = -_._- KL 

,. CJl(max)' 

2. Ths saturatod case is rBalizBd I-Ih (HI 

K.1. 0 Jl» 1. 

:i.8. G1 " 1 (2.24(a) 
" 

a~L • 
and 

3i~'~ !\J. 0, (2.=:~~~ 



T 11 8" f) 1:1-10 [) a s e s ,] )'8 i. 11 \J" 1 ),,] t fl din Fig, (71. 

(OJ. ,CL ) 

1 Saturated Case 

/ 

o 

The derivation of the differential form of the 

distribution law given by Eqns. (2.23(b)) and C2.24(b)) 

will be discussed in chapter-3 section (3.1). 

Within the saturated trap regions approach (K -D), 

Eqn. (2.16) reduces to: 

°fr"O' 8 -T 
(2.25) 

Thus~ it is impossible to describe the experimental 

results, 0 «0, by such an appr'oach [13)- NOl'eovel', one 
£ 

can conclude that, Sakamoto has not used a "proper" 

approximation to reduce his complicated equation (2.14) 

to equation (2.7). 
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2.4: THE INSUFFICIENCY OF THE CO"rTREll MODEL 
FOR THE INTERPRETATION OF THE EXPERIMENTAL 
DATA ON THE IMPURITY DIFFUSION IN DEFORMED 

METALS AND ALLOYS 

Most of the authors: Sakamoto, Oriani, Mc Nabb and 

Foster, Leblond and Dubois •.. etc, have used the model 

of the near-dislocation segregation regions with high 

local diffusivity (DJ.»D) of impurity iltoms. This has 

been explained in-terms of an enhanced jump ra-ces due to 

lower barriers at trap sites compared vii th those of nor'mal 

lattice sites [13,73]. This behaviour corresponds to the 

cottrell cloud model of impurity segregations in the neilr­

dislocation regiond possessing distorted matrix like structure, 

'[72]. Th8di~tribution law that represents this model will 

be cO!jsidered in chapter-3, Fig. (9). 

For the case~D.L»D and KJ..N,l»l, Eqn." (2.16) gives: 

(2.26) 

Thie is an enhancement impurity diffusion which is in 

contradiction with the experimental data (0£«0). 

Inth~ cottrell cloud model [72] the maximum value 

of cx.s.has to be less than 10, inorde[' to have the binding 

energy for the impurity atoms, close to the experimental 

values of Mit. (table-III). Thus the experimental values of 

<;l.tand 1I1-!r.for C in Fe (table-III), could be explained ,,,ithin the 
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the oottrell oloud model, whereas the experimental data 

on Ci.Land LlH.l for C in Fs-3.5,%Si, H2 in Fe-O.16%C and iJ 2 

in Ni cannot be described by this model. 

In table-III, one can observe that for all the 

systellls, D.L has a 1m" value. This fo11m-Is from the 

fact that 0 «D. Suoh low value of OJ..' hal-leVer, oould 
to 

not be explained within the frame work of the cottrell 

model. The analysis of this desoripanoy oan be seen 

below, 

From Eqn. (i.16) it follows that the reduotion of 

Deff to the 'form of Eqn. (2. 7J (oorl'esponding to the 

expe~imental data) is possible if: 
, , 

Dol «0 and K.L N.t . .G 1 

ie .. o (2.271 

In other words. this analysis proves that the near-

dislocation segregation regions in the systems in 

question (table~III) possess negligible impurity di-

fussion, contra'ry to the cottrell model. One can. there-

fore, conclude that the oottrell cloud model (for saturated 

and non-saturated cases) is not sUffioient for describing 

the experilllental results on a~. LlHL and 0L' 

To resolve such disoripancy. it is expedient to 

formulate some different model of the near-dislocation 
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phase segregation regions with compound-like structure 

such as in~ermetallic compounds (cadJides •.. etc.). 

The relevance rif such a model will be discussed in the 

next two chapters. 

The above conclusions have been done based on the 

proper reduction of the Sakamoto equation (2.14) to 

Eqn. (2. n. In the noxt ohapter a similar equation as 

Eqn. (2. n will Q:e obtained by two independent methods 

(approaohe~).: One of th8s8 approach8s contains the original 

consideration of the impurity diffusion accompanying phase 
i 

~ra~~ltion in the near-dislocation r8gions. 

1. §m'face methods! in which the point of emergence of dislocation 

at tho·surface of 11 crystal 1s revealed. 

2 •. ,Decoration Methods: for examining dislocations in bulk crystals 

transparent to light. 

3. Tr.,!lnsmission Elecjcr:.oll Mi(}!osc'!.!~l: in which the dialoca tions are 
o 

studied in specimens lOOO-lO,OOOA thick. 

4. X-l~ Diffraction: which rolies Oil local differences at dislocations 

in the scattering of X-rays. 

5. ~'iold Ion Micl'"BCOpX.: which l'eveals the position of the individual 

atomo. 



CH/WTEr, II I 

THE DEVleLDP~lF~!T OF HIt: ~lllIJ[L 

3.1:- THIe EFFleCTIVE DIFFUSION CIJEFFICIENT IN 
CRYSTALS WIT~I DISLOCATIONS DECORATED BY 

IMPURITY SEGREGATIONS 

In view of the pt'Bceoding discussions ,un expot'i-

inental data, somEl pl18nomc3nological considet'ations of the 

cot'responding diffusion equation is expedient to obtain 

the Bxpression for the effective diffusion coefficient 

of an impurity in cpystals \'iith dislocations decorated 

with impurity segregation phases. 

Aocording [~71. a one-dimensional diffusion of an 

impurity, a~ong two neighbouring parallel rBgions of the 

same length having different cross-sectional areBS (Sl' 

S21," different impurity concentrations (C l ,C 2 1 and di­

ffusion coefficients (0
1
,021, has been considered as 

shOloJn in Fig. (BI. 

(l"ig. (6) 

S1»S2' 
S2 S2 

N,], ~>-.---- '" t~ 

S1+ S2 SI 
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In tho caSB of local equilibrium with respect to 

the prOC8SS of the impurity distribution between the two 

regions. which is adequate to impenetr~ble partition, the 

diffusion ~quation can be represented as in [17). 

iOn ( 3.1) 

If (3.2) 

then, , (3.3) 

Eqn~, (3.2) gives the differential form of the distri-

but ion la~J, as required.' The term in. the bracket of Eqn. 

(3.3), is the eff8ctive diffusion coefficient (Oeff)' 

The region occupied with dislocations decorated with 

segregation phases is so small compared to the lattice 

undisturbed by dislocations ie. N.L «10 Subsequently, 

the effeotive diffusion ooefficient of an impurity in 

a crystal with dislocations decorated with segregation 

,phases oan be approximated as:-



[) r.i' ~ ny . 

D eff 
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IJ "OJ. N J. K.\. 
F~N;:-KJ'-

Dl NJ.K~. 
~b--

vlhi.ch corX'esponds to Egn. (2.16) in Chaptel"·2. 

3.2:" THE CDNSIIJERATION DF SOME SUITABLE 
DISTRIBUTION LAW OF IMPURITIES 
BETWEEN THE NEAR-DISLOCATION REGIDNS 

AND THE MATRIX 

( 3 .4) 

In Chapter-i, it has been shown that the cottrell 

c16ud model 'is not suffici8nt for the i.ntarpX'etation 

of the experimenfal data on the impurity diffusion in 

deformed metals. It is essential, therefoX'e, to consideX' 

a model of segregation phases in the near-dislocation 

regions formed as a result of the "condensation" of 

the Cottrell clouds. 

From Eqn. (3.2) it follCllvS that, the relevant distPi­

but ion law should have a "linear" concentration dependence. 

ie. (3.5) 

whers:A alld K are constants. 

Using Eqn. (3.5) the "J,inear" dependence behaviour 

of ths impurity concentration in the segregation phase 
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and tho Cottrell Cloud on the matrix solution at constant 

temperature is illusb'ated in Fig. (9). 

C 
PI:. 

0 

1 I 
,L,_ 
C 

L 

2 

Cz 
C 

a 

(Fig. (9) 

-- C 

C is the impurity concentration in the matrix, such that:-

Co is the equilibrium solubility of impurity in the matrix 

(at given T) with respect to the corresponding compound. 

C& is th~ impurity concentration in the matrix solution 

at the segregation phase--Cottrell Cloud boundary. 
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Cz is the impurity concBntration in tlw mclcrix. 

3.3 THE IMPIJRITY DIFFUSION ACCOMPANYING 
SOME PHASE TRANSITION IN THE NEAR­

DISLOCATION REGIONS 

In light of all the discussions of the exper-

imental data and their interpretations based on the 

concepts [4,5,13,17,71] in the preceding sections, it 

is Useful to consider detailed analysis of the problem 

of impurity diffusion accompanying segregation phas8 

nucleation on di~location. This problem could be solved 

within thB approximation of the distribution law consid8r-

ed ih section (3.2). 

To formulate a model that descl'ibes sllch a phenomenon, 

one can consider impurity diffusion from a plate surface 

at X~O, into a semi'<'-- fillih3 specimen (matrix) contain-

ing a r8gular array of dislocations as shown in Fig.(IO). 

All dislocati.ons are normal to the surfac8, each ropresent-

ed as a ·pipe" of radius l' , wh8re the segregation phases 
s 

or the cottrell clouds are nucl8ated. Th8se regions have 

a composition that depends on the impurity concentration 

in the matrix solution as illustrated in Fig. (9), 

It is conveni8nt to divide the specimen into inde-

pendent diffusion cells. Each cell is a semi-- finite 

cylind8r whose axis coincides with a dislocation ·pipe" 

(Fig. (J.O). Let thE) diameter of the cell be ZR which 
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is oquaJ. to the mean separation bBhlBlln neighbour'ing 
.~ .! 

dinlociJtionB [Juoh thcrt. 2R"p, ' and R»r. AssumB a 
... S 

constallt impurity oOlloentration (C ) in the matrix 
o 

solution maintained at the surface X~O (Fig. (9). I_et 

at time t (from the starting of thB diffusion annealing) 

the segregation phaso regions along dislocations with 

padius r , have some mean length of l (Fig. (10]'). The 
s 

impurity concentration in the matrix solution, (in the 

neighbouphood of the segregation phase regions) at X=l, 

equals some constant value CI <C (Figs. (9) and (10)). _ 0 

At the same time,' t, for X>l, the impurity concentration 

in the matri~ solution, C, is less than C
l

, and in tho 

n8ar~dislocation regions of radius r the cottrell. cloud 
l s 

is formed. 

Using the approximation of the local equilibrium 
\ 

with respeot to the impurity distribution between the 

two region~ in every cell, and the distribution law with 

linear concentpation dependence [5,17,74], the diffusion 

problem can be reduced to unidimensional as follows:-

Fot' the l'egion O<X<L (Fig. (10)) the distdbution 

18\" can be taken as Eqn. (3.7). 

ie. Cp = CpL ~ KZ(C Z Cl ) 

Nt{C p = Cpl + KZ (C Z - Cl)} 

Np ~ NpL + Yz (C 2 .- Cl ) , (3. B) 



llJlPlU:ity d::1..J:fnsjon from a plato SUl'faeo at X~:::O, into 

a 00m.:t,,·f:in:l tc specimen containing a regtt·lar HITny of 

dislocatiollH. 

> •••• ~ 

~-.--'- .. ---~' .. ~'.~~.~-'''""''''~~.-~---------~-~.-~-,-~-.--.----~.-~~---

,I 21.. I i II,I 
__ . ___ ",, ___ .~'L_. __ ._ .. _._._ '-'---r-'--"--~-

, I 

-.---.-~--_L_ .... __ ... _ .......... __ . ___ ._ .. L .. _. __ ._._._---' 

III 

III 3il 

= __ .~_-,_,~c~"_~_.~u".J_~_,, .... _~_-... ~~!"f f,!~on_~ -2 _l 

III 

T 
.... 1 21' . I: II ,I 1"8 

---.-"' .... -.--£-_.--- -_ .. ----·-1---------,-
. I I 

_. ___ . ___ ...... K_ .• __ .. ____ ._ ... _ .... __ L _______ _ 

.~~~~ •• -" .......... ~ .... -~-.. « ....... ---•• - .. --.--~---~~~--.- • 

o X 

I:H:eprosouts the segrogation phase region. 

II: Hopresents tho cottrell cloud region, 

III:Represents the Matrix Sectiol1. 



\1hcH'B' NI;'"(rs /n)2, (fig. ·'J.Ol)K 2 i~3 the B'lLd.:ti.bd.um 

constant of tho impudty distr'ibution betVleen segregation 

phase regions along dislocations and the matrix aolution; 

~PL is the impurity concentration in the segregation phase 

regions at XnL. corresponding to the solubility CL, SUCII 

that CpL»C
L 

(Fig. 9),C 2 is the impurity concentration 

in the Illatdx solution ([L:':C 2:':Co )' 

In this approximation the diffusion equation for 

the region O<X<L, can b8 repl'esented as E'ln. (3.11 and 

(3.2) • 

j ie t . (OpYz + D) ax2 
aC 2 -. (l+y ) -­

z at 
(3.9(a) 

(3.9(b) 

Wh8re:- 0 is the impurity diffusion coefficient in the 

matrix solution containing no dislocations) Dp is the 

impurity diffusion coefficient in the near-dislocation 

segregatio·n phase regions and 

For the region L<X<oo, the distribution laVi can be 

expressed as '''In. (3,6). 

(3.10) 



cess of the impurity distributioll between the cottrell 

cloud regions alorlg dislocations Qnd the matrix solution 

and C1 is the impurity concentratiun in the matrix solu­

tion (O'~'C1S.CL) 

Ths diffusion equation for the r8gion L<X<~, can 

be l~l'itten as Eqn. (3.11 and (3,2). 

iG. (0 yl+D) c 
(3.11(a)) 

(J.ll(b)) 

I WheTe: Dis:the impurity diffusion coefficient in ths 
c 

Cott~ell cloud rsgions along dislocations and TIm KIN t , 

As illustratsd in [75], the problom of impurity di-

fuss ion accompanying ssgr8gation phase nucleation on 

dislocation can be r8duced to the problem of linear di-

ffusion equations for regions separated by unknown nloving 

boundarios. 

In thee neighbourhood of the rnoving boundary of the 

segregation phaG8s and the Cottrell. Clouds, ie. X2<:(X~L (t)) 

<Xl' one can assume that the cOllcentration function is 

piece-wise ~rnooth. Hence integrating the sum of Eqn. 

(3.S(a)) and (3.11(a)) it follows that:-



(3.12)** 

del 
+(UL,:yJ.+O) , 'aX' X= I. 

To solve the differential equation for a somi-

,finite specimon. it is legitimatB to consider di-

mension18~s variables a8:-

I; 1. 
x (3.13) 

and to make things easier', let: 

* • C1 -- C/Co ' ' L'" ~ C2iC o 
{'Ind CL 

-- CLiC o ' 2 
(3,14) 

Thus by usi,ng Eqns. (3.1:3), (3.14) and the knm'in solutions 

for the diffusion problsm of a semi _. finite specimen with 

cons~ant impurity concentration at the surface, one can 

obtain: 

* c/ 1;2) -- 1 ,. (l.,c'11° rf (£;2 vil +Y 2'n 
(3.15) 

(3.16) 

,,~'-'--~-.. ' 
The dCVU-VMA.OIl 06 Eql!. (3.12) ,il, g,ivell,tn AppeIlMx-A. 
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whoro: s(ll (3.1n 

(3.18)** 

Equations (3.15) and (3.16) arB tha dBsired solutions 

of the diffusion problem, since they satisfy, all tha 

initial and boundary conditions givan by Eqns. 13.9(b)) 

and (3.11(b))' 

From Eqn. (3.17) it follOloJS that: 

1;02 ., 

, 
2 

) 1;01 (3.19) 

ie. thBr~ is only one parameter tOl or S to be a determined. 
i 

Using Eqns. (3,12) "- (3.19) one can obtain the transcen~ 

. dental equation by \oJhich 1;[J.l' (S), al'8 determined (by 

graphical method). 

iSf; *' (l .. C ) 8XP I" 
I.. 

• 2 - ITT"'Y-1T CL exp [ .. (l+y 1) 1;01 1 " liT a L 1;01 
--~--~~-"-'--'---------~-'-~----' 

,f},!;fe (1; 0 1 m;-r.;-r) 

VII-~-O"-'-'-

The dvu.va:Uon 06 Eqn. (3.18) -<-6 g,i.ven -<-n append,(x-B. 

(3.20) 
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Bllt the objective of this paper is to obtain an 

expression fOI' ths offective cli"ffusion coefficiont in 

th8 usual treatment of the experimental data on p8netra-

*" tion profiles. Thus if, Y2»1. Ci_ «1 and slJ2 1'1-; .?2, 

then Eqn. (3.15) reciUCGfJ itsel.f to the g8nerally accepted 

expression that d8scl'ibBS ti1[, conc8ntratiun profil8 in 

the region o<x<l. 

whel~e : '" IJ off 

Which is the sam8 as Eqn. (2.16) • 

(3.21l 

(3.22) 

. This rioincidencB shows that the applicatiort of Eqn. 

(3.22) is valid for the following two cases. 

I.ThB case whers the near-dislocation 

regions ar8 decorated by some segr8gation 

pilases befure the impurity diffusion. 

2. Th8 case \oJh81'e th8 impurity diffusion is 

accompanied by the nucleation of the 

segregation phases in the near-dislocation 
I 

r8gion8, provid8d th8 phas8 transition is 

not dominant. 



CHiIPTU, IV 

/).1 THEH~1IlUYNl\f'nr.: l\i~1I r:I,YSTAILDGIUlf'IIIC 
i\NALYSIS CJF TilE I~IJF'L.ICAOIUTY OF nlE 

~lm)[:: I. 

As it has beBl1 shown in thB precBding chapters, tho 

treatment of tile expeI'imelltal datB on thB impurity dlffu-

sion and solubility in cold-workBd matals and alloys 

(tablB-III), basBd on tile dislocation trap modBl, allows 

one to detBrmine some characteristics of the nBBr-dis-

location trap regions. ThB cottrBll sBgrBgation modal, 

however, cannot give a satisfactory explanation of tllBBB 

charact8r~tics, namely: 

. 1. High vBl,ues of ()'.l ' Mil. and C.1 Ctable··I1Il 

oorresponding to the distribution law with 

linear concentration dBpendBncB. 

2~ Anomalously low values of tho impurity 

(Hffusion cosfficiclilt (DL ) in thB nBar-

dislocation tl'i'JP r8gions (OJ- «0). 

Thers arB soms 8xperimental data showing the possibi·· 

lity of thB sxistencs of the segrBgation phas8 regions 

along dislocations in the systenls in question. 

As noted by J. fCriciel [5]], a l1umber of msasurements 

indicate that at 101·/ tmnpflratul's", dislocations (ill Fs-

crystals) Gan attr'ilCt c0l1sirJ8rable amount of impurity 

atoms (CiN), possibi1y mars than 40 atoms par rJis-

location li l1e PSI" atomic plane (nil.)' 
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gdthor' P8X" atomic pL:Jn~:, Cl'Ot3Sing i::l dislocation line (nJ ~ 

For instance thr~ 8xpeI'imBntcd delta [as] on t.he cold'"\'iorked 

spBcim81lS of~ 

1) Nb o.g Vlt% 0, at 413
0

K, gIves n, about 
IJ_ 

30 (for oxygen eltoms). 

iiJ 

(for nitrogen atoms). 

n, i" about 70 
L\_ 

These values of n, {83 .. SS} an, greater by (1~2) 
1.1_ ' 

orders than the theoretical and experimental valuos of 

rii'4 correspol')ding to the cottrell model [72], These 

values are rather suitable for the segregation phase 

mode'l [17], 

In this ClOrI, , the number' of captured imp uri ty atoms 

per disloca-tion line pop atomic plane can be estimated as, 

'n, "o;C u (4.1) u_ ,. 

Thus the pange fOl' th8 values of n, ,from the data on 
l,~ 

L 10 1 , ( c in o;'"Fe) 

2. 10 .. I, ( C in 1"8,,,3. " wt% siJ 

3, 20 .. Z, (HZ in ICo'-O .16 wt?;; C) 

4. 1 0, 1, ([)Z in Ni 1. 

On8 can describe aU the chal'acterstics (u'-'-' LlHJ. ' 

C)." 0J_ and Ii. ) satisfaci.:o)cly by the dovoloped model based 
1.1-

on the ailalysis of tho rosults in tab18"II1, using thermo'· 

dynamic and crystallogcaphic m8tchods. 

Firstly, tile results on diffusion and solubility of 



diffusion flccornpc1nying Lhl'l fl)Cflklcion of carbid8"'likB 

structure in the neal'" cJi ~slocat i Oil reg ions. This mode 1 

has belm c'onsidtH'eci ill Chilpt81"<J section (3.3). The 

solubility of the Fe
3

C compound in Fe ccys'cal can he 

described by the fonnula [B6]. 

~ 8'xP ( 
6S d ----. ) 
R 

( 4 .2) 

Where:- C[i] is the atomic fraction of tI,e impurity atoms 

in the matrix solution saturated ,'lith respect to the 

compound phase. at a given temperature T, 6!'ld and 6S d a['8 

the enthalpy and entropy of dissolution of the compound 

in t~e matrix respectively. 

l1i thin the frame "ork of the theory of thel'modynBmics 

of dilute solutions [OG] it Follol"s that: 

AHd a 6R[i] - 6/i~ 

o .. 6S c 
Of , 

(4,3) 

( 4 • 4 ) 

Where:'· MJ[i] and 6S[i] are relat.ive partie]l molar enthalpymd 

entropy of impurity atoms in the matrix solution, rsspective-

1 A/.JO d A ,,0 L[ t j .j th 1 't c y, U f an u~f aI'8 ~18 s alllarQ erl' B_py ana en "ropy OT 

the formation of on('. P101(" of the compound from the chemical 

elements. 

Some results of Ii tepatun, data un the thermodynamic 

characteristics of compounds are represented in table- V. 

From tables-III, and V, it follows that for the case of 

C in a-Fe the experimental valu8 of AH is larger than t:.~ 



by IB±G KJ/mol. lhlu [Iiffercucs could be aoooulltad for 

the influence of tho dislocatilJn str~ss fi~ld, on the 

,d;1;;sbllit,i'on procoss of tho compound. I\ccol'oing, to the 

model, tho compound Ilks-structure (Fe 3C) is localized 

in the near-dislocation regions with cross-sectional 
o 

diameter of about 1Ci1J ,. lOA. For edge dislocations, the 

'local pressure (due to the norrnal stress components) in 

these regions could be estirnated as [72]. 

~ 

I-i. 
1+u -~ (4.5) " i:7- :01Tr 

and l' '" lab (4.6) 
2-

I~he= r11 is modulus constant" [J. GxlO lON/m
2 

(for a-Fe)' u' <"" ) ' 

is Poisson ratio" 0.291. 

By substituting tha givBn values, one can have: 

10 2 
lxlO N/m. Then the contributicn to ~Hd could be 

estimated as [72], 

and MI ,,3V •. 
Fe 

~Jhere : "' 23 

V,_ ,'J 
- 8 L, 

3 
cl1l,'/mo 1 [ 1l7] 

3 V ~ Bcm Imol [87) 
Fu 

( 4 • 7J 

Thus, Ii ~V" lOKJ/mol, \.;hlcl1 is the desi1'ed result. 

In this approximation, ths surface tension (0) 

effect 'las been neglsct:ed for tho following crystallographic 

assumptions. 

,i-_I.-
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Aooording to [17,BB,89] ana of the main faotors of 

nucleation of ths 8sgrBga-ciun phas8 regiuns !l8ar-dislocations 

is the negligible low value of the surface tension (0), at 

the interface of the segregation phase and the matrix. 

Th~ low value of 0, in the case of compounds~ Fe 3C 

(Ni A1 3), Fe 2C and Fe ZO Cg (PdA1 3 ) could arise from the 

amorphization of the near-dislooation segregation phases 

resulting from the existence of empty trigonal bipyramids 

of the Bernal type in the struoture of these compounds. 

Fig. 11. Accordi~g to Bernal's model [90] which has been 

interpretlld ;by Pinskner [91], the amorphous packing with 

sufficiently high density of filling is formed by trigonal 
i 

bip~ramids sharing the faces. 

Obviously, in these structures (Fig. 11) some amorphous 

zone6 having no long-range order may occur, located near 

the edge dislocation regions. It could be suggested that 

the higher the.amorpilization degree of the near-dislocation 

segregation phases in matrix (metals) is, the lower the 

surface tension at the interface of the segregation phase 

and the matrix will be, 

Such structures could possess low values of the impurity 

diffusivity in comparison with the matrix (Fe) structure 

ie. OJ. «D. Thus all the near-dislocation characterstics 

(aJ. ,lilt.. and D.L ) of C in C/.-Fe can be interpreted within this 

model. The linear character of the impurity distribution 

law, for such a case, can be explained as follows: The 
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atomic fraction of the carbon atoms in the matrix solution 

in equilibrium with the segregation phasssof Fs 3C-liks 

structure in the near-dislocation regions. can be represent N 

ecl as: 

C " exp (-lll-liRT) • (4.9) 

Where: .6H ~ lIH ... P llV d .L 

when most of the impurity is located in the near-dislocation 

. segregation regions (ie. K.L~»ll. the impurity distribution 

law can be described as:-

C -C 
E 

= -C- '" 
C 

E 

C 

CJ. 
C "A exp (lIH/RTl , 

, where: A = .. CEi.NJ. 

(4.10) 

(4.11) 

Hence, it· follows that the impurity distribution may corres-

pond to Eqn. (3.Z) ~Ihich was employee! to obtain Eqn. (3.4) 

and (3.22). 

Secondly, for the systems:C in Fe-3.5 wt% Si, HZ in 

Fe-O.16 wt% C and Oz in Ni (table-III). however, different 

!3ituations are realized. That is the values of CJ.. in 

table-III. indicate that the local impurity concentration 

of the systems do not correspond to the carbide-like 

structure (C in Fe) or hydride-like structures (HZ in Fe, 

0z in Nil. But at the saine time large values of u.L ane! 
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low values of ~. show the p()ssibllity of the Formation of 

the compound-like structure in the near-dislocation regions. 

For t~e system O2 in Ni it could be assumped that the 

impurity diffusion was accompanied by the phase transition 

such as: Ni-FCC to Ni-HCP (Hexagonal Closed Packed structure) 

or to Ni-FCT (Face-Centered Tetragonal structure)in the 

.near-dislocation regions. This follows from the experiment-

al data [87] in which the presence of hydrogen atoms with 

conceritration, 10-2 - 10- 3 , the stable structure of Ni­

l~ttlce is HCP oP'FCT instead of FCC. This could be de-

scribed by ubing Eqn. (3.221. 

iFor the system C in Fe-3.5 wt%Si one can assu~e that 

int~e near-dislocation regions, the segregation phases 

'of Fe Si-like'structure Were existing before the impurity 

ICI diffusion. This assumption is consistent with the 

large negative value of the heat of formation, 6H~, of the 
T 

Fe SI compound (table- VI. During the impurity diffusion, 

the composition of the near-dislocation segregation regions 

could change particularly due to the strong interaction 

of carbon atoms with silicon. (see 6H~ of Si C table- VI. 

For the case of H2 in Fe-0.16 wt% C (steell it could 

be.assu~ed that, in the near-dislocation regions, segrega-

tion phases of the F~3C compound-like structure were exist­

ing before the impurity diffusion. The last two systems, 

therefore, can be described by using Eqn. (3.41. 
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(', , h ... )Urnrnl ng up I t; G onalysi:'-J made 

the applicability of the developed model,for the inter-

pretation of the known experimental data on impurity 

diffusivit'y and solubility in deformed metals and alloys. 

Table-V: Thermodynamic characteristics of 

some intennetallic compounds and 

sUbstanoes 

--~----"---~'~'-------------" 

Substance,. H d' !JS c/R 
0 

t\Hf' !JS~/R "'fi[i] , 
K.J/mol KJ/mol KJ/mo1 

c,Fefill 

a-Fe 39±4 -2 23±4 1,4 62±6 

b2] [ 72] [871 [87] 

Fe Si 

SiC 

----.--~--.----

!J1'i 
til 

R" 

~O<>,6 
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CDl~CLUSIONS 

10 lJovolopme<nt of the thBory of dislocatioll influence 

on impurity diffusivity and solubility has been done. 

The problem of impurity diffusion accompanied with 

segregation phase nucleation on dislocations has been 

solved. The diffusion-with-trapping-effect and diffusion-

by-dislocation effect have been considered. 

Z. It has been shown that in the known theoretical models 

of impurity diffusion in deformed metals, the diffusion-

'by-dislocation~effect has boen neglected. This assumption 

was based:on a wrong approximation of the "tpap-saturation-

model" and even without any phisical reason. 
i 

3." On the basis of the analysis of the known experimental 

data on impurity solubility, and diffusivity in deformed 

metals using the developed model, the characteristics of 

. the near-dislocation segregation regions have been obtained 

for four systems/namely C in a-Fe, C in Fe-3.5% Si, HZ in 

Fs-0.15%C and Oz in Ni. 

In particular, it has been shown that the impurity 

segregation regions near-dislocations possess negligible 

diffusion,conductivity and high capture ability for inter-

stitial impurities at low temperatures. 

4. On the basis of thermodynamic and cpystallographic 

analysis, the acceptability of the model of the segragation 

pilasas'in the near'-dislocation regions (Vii th compound-like 

structure) for systems considered has b8en shmm. 
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!.'~ C[l"'~:E NDAT IONS 

1. By Llsinf, the model of the impurity diffusion 

accompanyillf, Game phase transition in the near-

dislocation regions. all known literature data on 

impurity diffusivi ty and solubil.ity in defol'med 

m0~~'~ Bnd alloys (such as Nand 0) could be 

i ntel'p re ted. 

,2. Th3 cOinpcJlll1d»,:Llkc structure of the near··dislocation 

regions for systems considered could be 

":~~Ig an electron-microscopy technique 
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APPENDIX 

Ao li-IE DUHVATIDN DI' [QN. (3.12) 

In the neighbourhood of the moving boundary of the 
, 

segregation phases and the cottrell cloud ie, XZ«X=L (t)) 

~Xl-' -·;one 'caf) ·assume that the concen.tration fw,mct.i.on_ 

is piece-wise smooth. Hence integrating the sum of 

Eqns. (3.9(a)) and (3.11(a)), gives: 

* r:l{[l+Yz)CZ+(l+Yl)CI} dX 

2 

.Fc 

d Xl ._-{/ 
dt L 

CldX} 

2 
-, ZdX 

Xl 
+/ (D Y +0) 

L C 1 
~X 

dX ) 

dX) 
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X~X 
1 

As />,x "'(L-XZ) ~ (XI-Ll approaches zero, (L-Xz) 

and (XI-L) will approach zero. Thus the above expression 

will reduce to:' 

i+ (OCYl+O) aC l - (OCYl+O) aC l 

ax X~Xl ax X=L 

From the .continuity equation the flux is continous 

is. (0 y +0) 
p z 

and Xl and Xz are time independent. 

ac 
= - (0 YZ+O) -~ I 

P ax X=X . z 

1 

. {(l+yz)C
z 

- (l+y
l

) C } dL ~ - (0 Y +0) aC 2 
1 dt P Z ax 

ac +(Oy+O) 1 
C 1 35(" X=X 1 
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+ (OeYl+ O) ~el 
~ ax X~ L 

ie. 

+ (0 Y] +0) ae l c.. ax-
as roquiJ:'ed. 

B. THE DERIVATION OF EON (3.18): 
As ·illustrated in [76]: 

;. 
\'Jh8l'e: 0 .~ (Opy 2+O), (OCY1+O) 

then C * ! 
.- = erfc [X/2(O t)'], 
Co . 

C/C being constant o 

* , 
ie. edc [X/2(O t)'] = const. 

* , 
or X ~ canst (0 t)2 

::. I 

and X • L • const (O·t)' 

CL/C • const. 
o 

x ~ L 

ie. L( t) • (canst 10"- ) It" , as required 

wl18re 13" (const lOT ) 
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