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ABSTRACT

The problem of impurity diffusion accompanied with
sggregation phase nucleation on dislocations has been con-
sgdered using the approximation of the local equilibfium
with respaot‘to the impurity distribution between the matrix
solution and the nsar~dislocation regions. 1t has besn
shown that the known experimental data on diffusion and
splubility of interstitial impurities (C,H,... elc.]) in
some metals (a~Fe;, Ni) and alloys (Fe-=3.5% Si, Fe-0.16%C
(steel)) a?e:described in the frame work of the dislocation
trap model, the only case whers some segregat{on phases
withrﬁééligible diffusion conductivity and high capture
ébility for impurities in the near-dislocation regions
are nucleatéd. The characteristics of the segregation
phass regions near-dislocations have been obtained from
the treatment of the diffusion and solubility data. On
the basis of ths érystallographic and thermodynamic con-
-sidarations it has been shown bthat the existence of such

segregation phase regions along dislocation in the systems

~.in question is possible.
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LNTRODUETI0N

Diffusion is the process by which matter is trans-
poried Ffom 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 esguilibrium
of the solubility of impurities (solute) in the matrix
Golvent) considered. The significance of diffusion in
solids is determined, at least, by the following three
‘aspecis.

| Firstly, diffusion is an elementary process which
iszrealized-at the atqmic level, Therefors, the studies

t

of ‘diffusion in many relations is a unigue way of inve-

© stigatiing crystal structure, crystal defect--- etc.

Moreover Sdmerinformation could particularly be obtained
about the structhe.and pfoperties of the near-dislocaticn
regions from such diffusion studies. This possibility
will be,illuétrated in this work.

Secondly, diffusion is one of the most common pro-
_cesses‘in solids. Diffusion proceéds in pure metals and
metal alloys, oxides and intermetallic compounds, dielép
ctrics and semi-conductors in a wide range of real
tampeyaturas and external conditions, such as deformation.
Again the influence of such conditions will be considered

in this papsr.
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Thirdly, diffusion plays a leading role in many
processes used to determine the structure and properties
of materials. Among them are some phase transformations,
such as drystallization and recrystallization,hrocesses
- of precipitation and coagulation, sintering of poweder
materials, corrosion and oxidation processes, some mecha-
nisms in semi-conductors {(p-n Junctions,etc...), and some
technologicaly important processes of deformation and
destruction of metal materials at high temperatures.

The above consideration shows in particular the great
role of.diffusi;n in the processes of the manufacturing,
'e%ploita%ian and destruction of materials.

xE : 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 of small concentration of thermodynamically
active elements (impurities) or alloying components to these
alloys, have a big influence on their technological utility
strengfh'properties. In this work, more emphasis has bean
put on the-interétitial impurities in metals such as C in
Fe, C in Fe-3.5 wt% Si, H2 in Fg—D.lB wt% C and D2 in Ni.
These impurities interact with lattice discontinuities in
the matrix and change the properties of the alloys undar con-
sideration. For instance, C changes Fe to sleel, which
has completely different technological advantage and
strenght properties. Thus from these view points, it‘is

worth to study the solubility and diffusivity of impurities



(interstitial) in metals and alloys for academic and
technological purposes.

With regard to hydrogen embrittlement susceptibility,
the study of the interaction between dissolved hydrogen
atoms and latiice discontinuities such as vacancies, dis-
locations, grain boundaries, voides particle matrix in-
terfaces or {foreign interstitial and substitutional atoms
in iron and other metsls is of great importance from both
téchnological and acadamic points of view. Thus the in-
‘Flueﬁce of hydrogen trapping on hydrogen diffusivity and
solubiiity,has heen studied by a number of investigators
fkwll], Ey assuming that the traps in ths cold-worked
ﬁéfals areimainly attributed to dislocations and their
stpass field with an effective capture radius [13J.
Because hydrogen trapping behavicurs are closely related
to the resistance or susceptibility to hydrogen embrittle-
‘ment of steel and so much remains to be understood, there
has been a continuing intersest in these topics by many
investigateors [l4].

There has been a considerable number of work devoted
to interstitial hardening in body-centered cubic metals,
Bpecially iron, due to the impurity interaction with dis-
locations, and the interpretation in terms of the Cottrell
Maechanisms is generally satisfactory. There remains,
however, certain discripahcies between the predictions
_Df the thsory and experimental results. The effects at

the yeild point do not depend only on the simple lock-



ing of individual dislocations since crystal size and
surface condition play important roles in the phenomenon
715, 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 EDZ, H2} transport to-the reaction
Zohe is accomplished by diffusion.

The known.:attempts to describe the effects of cold-~
deformation on solubility and diffusivity of interstitia’
impuri£ies; based on the influence of dislocations de-
coratad by the Cottrell type segnegations had no uneﬁui~
Vocaliresqlts,- This is mainly due to insufficient capturs
abilify and high diffusion conductivity of the near-
dislocation segregation regions (5, 12, 13j. in the Cottr-""
Cloud Model,

To sum uﬁ, the Cottrell Cloud Model is a qualitative
model and consequently some aspects of the yeild point
phenomena are not explained. Thus for guantitative de-
scription of the phenaomena it will be useful to take into
’accbunt 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 theary, of the
influgnce of the near~dislocation segregation regions,

on impurity diffusionrn and solubility, and the existence



of different types of the segregations on dislocations.

Tha present paper has also taken into account the re-

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

transition impurity diffusion in Al-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 dimpurity diffusion in non-

“deformed crystals (with low dislocation

density) by Zener Model. This gives the
normal- diffusion which will be used as a

standard for compariscn purposes.

Critical analysis of experimental data on

the interstitial impurity diffusion and

so0lubility in cold-worked crystals (with

high dislocation density) and weak aspects
of known interpretions. This gives

anomalous diffusioaon.
Development of the Model.

Thermodynamic and crystallographic

- analysis of the model.



CHAPTER 1

THE CONSIDERATION OF THEORETICAL AND
EXPERIMENTAL DATA ON THE DIFFDSION OF INTERSTITIAL
IMPURITIES IN NON-DEFORMED BCE AND FCC METALS

1.1 The mechanism of diffusion has already been
studied in detail f19-237. As is well known, the pro-
blam can be reduced to that of a small atom moving at
random ﬁﬂ successive interstitial positions.

Quantitative measurements of the rate at which a
diffusion process occurs are usually expressed interms
af the diffusioﬁ’cDeFFicient, the activation energy and
the entrép; or frequency factor, which are known as the
di%fgsion characterstics. Since diffusion occurs as a
result of the random motion of particles which are always
“thermaly activated in solids, the diffusion coefficient
thus becomes a very strong Tunclion of temperature (7T}
and the relation of the type

D = 0, exp [~Q/RTJ (1.1}
is.oFtenffullowed,

Whera:ﬁ is the activation Bnergy;DD is the
frequency factor;R is the gas constant and T is the
temperature in K.

Different attempts have been made to evaluate the
diffusion characteristics, namely [ and DD, of interw.
stitial impurity diffusicn in non-deformed BCC and FCC
metals, In this Chapter the writer has considered the

vélidity of Zener theory (187 and the "Random Walk"



theory [24)] by some experimental results con DD and B
and the "Quantum Nature of Hydrogen lmpurity" (12,25,
267, Here dilute solutions are considered,

1.2 HYPOTHESIS FOR THE EVALUATION GF THE
ACTIVATION ENERGY Q' BY THE ZENER MODEL:

Accofding to [18] the activation energy can be
calculated on the basis of the distortion induced by
the interstitial atom around the positions (300) of
the matrix lattice and from the hypothesis that the
‘activation energy is mainly a strain energy of the
lattice} Which has already been proposed by Zener.

“With reference to Figs. (1) and (2), 718 it can be
seen that, if the height of the interstitial cavity
adjacent to an occupied one 1s increased until it has
Peéched a value equal to the diameter of the interstitial
atom, the potential barrier between the two positions
goes td 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 tc obtein, 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 7187. .



A gualitative schene of the displacements of the
atoms of the matrix around anv cccupied interstitial
cavity is represented in Fig. (2]}, [187. Taking into
account the very .low height of the cavity itéelF, to
enlarge the-same to the size of the interstitial atom,
it is sufficient to pull apart the two atoms A and B along
the Z¥axis,_ The displacement of the centers of thess
two atoms will he 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 between points

A and B will be:

(d=h)

= (1.2)
) & , .

whéfe:d is the diameter of the interstitial-atom;a is
the lattice parameter and h is the height of the inter-
stitial cavity.

To calculate the strain energy in the interior of
the spﬁere as a first approximation one may simply take
thé uniForm-ﬁean strain given by Eqn. (1.2). For the
part external to the sphere in polar coordinates :ir;y,0
and for a typical value of Poisson modulus of 1/3 tﬁe
strain distribution thus deduced as in [1BJ..

€. = :% (0,33 sinzw + 0052 y)
r
€, = :% {0.11 sinzw + 0,28 + 0,11 coszwl (1.3)
r
v =B (0.89 siny cusw)
™y P3 ’

€g E—_3"{[].11 sin2w - 0.28 + 0.78 0052¢]
r



Where: € Ey and £y are the normal camponents of strain
and Yy the shear strain, The two other components of
shear Yfe and Ywe vanish for reasons of symmetry., The

constant B is squal to:

L3
£ d

= B
B = 3 (1.4)

Where, €, is the strain for r = a/2 and ¢ = 0 and

it is simply given by:-

€. = QLQLEl (1.5)
a . a

The gtréih gnergy is calculated as the sum of the
two separate parts:the energy sxternal to the sphererof
radius a/2 and the energy of the sphere having radius

- a/2 with the interstitial position at its center.

Writing the strain energy per unit volume in the

form [31J.
i 2. 2 2 7 L2
W = G(ers e, v ety t ol erl (1.6)
Ed
S A c e e )l

200evnx T
Where:G is the shear modulus; Xis the compressibility and
Q*'is the Poisson ratio, from Eqn.{1,3)and Egn.{1.2} hy
integrating over the volume, the energy W associated with
the enlargement of the interstitial cavity is obtained
[187.

. . 2
- 155211 . .“_ [aG{d“E]J ] (1-7)
W Ui g



With veference to Fig. (2} in Egn. (1.7), the second
termn representing the strain ensrgy of the intgrior of
the sphere of radius a/2 corresponds mainly to the work
done by the attractive force between atoms A and B,
From Egn. (1.7) referring to N atoms per mole, the

activation energy is immediately obtained as 187,

0 = 1.3NGa(d-h)% (1 - B9,
RT
m
2
1. 3NGa (d-|
Q = a( 1) R1[]2-| [1,8]
RT +1.3NGa(d-h)“B

Nhere::G-ié the elastic constant = 1011N/rn2

‘ B o« M (d6) = (0.25 - 0.45)
G MdT
o
Tm :melting lemperature
R :the gas constant.
1.72.2 COMPARISON 0F THE THEORETICAL AND

EXPERIMENTAL VALUES OF ACTIVATION
EMERGIES:

The values of the agtivation energies calculated
according to Eqn.{1.8)(for solid solutions) are givan
in table - I 7187 in comparison with the experimental
~values,
As may be seen, the agresment between the theoretical
- values and the experimental ones may be considered sati~
stfactory. 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 energy of the matrix lattice.



1.3 EVALUATION OF THE FREQUENCY FACTOR 'DD’
HY ZENER MODEL

From the theory of Wert and Zener (19,217 (with-

in the "Random Theory"), Do is given by:

D1y a2 o A8
0 S egp 9 (1.9}

Whera:~ a is fhe lattice parameter;u is the lattice
vibratibn frequency;As is the entropy of activation and
‘R_is the gas_canstant.

In;tHis theory the entropy of activation is simply
reﬂgted to the coefficient B/Tm of decrease of elastic

_ maduli with temperature by the equation:

As =

Arn‘
)

(1.190)

3

B is the activation energy eand Tm is the melting tempera-
ture of the metal.

" The fact that the activation energy can actually be
oélculated as elastic strein enerpgy stored in a thermal
flactuation around an interstitial position confirms
the validity of Zener's model.

| The frequency,v, on which the diffusion process
depends has been evaluated by Zener (19,21} undar the
hypothesis that the interstitial atom nscillates in a
sinusoidal potential of path squal {o the distance between

two interstitial positions. Hsnce we have:
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1

voa o 297 (1.11)

2
a m

Where:m is the mass of the interstitial atom and

(v~Debye frequency = 5x1012 Hrtz}

The theoretical values of Do calculated with Egns.
(1.8) and (1.10) using the lattice frequency are given
in table-~1, togelher with the experimental results.

The agreemént between the two groups of values can be
consideresd Satisfactory, as the experimental results
are in good agreement with the 7Zener model.

In the erk'oF 0. Bergner [24], analogous analysis
of ths e#pe%imental data has been dons, on the diffusion
pap@metera DD and  for the interstitial sclutes such.
as:0, N and C in Ag, Cu, yY-Fe, Ni, Pt, o-Th, and Co
--[nonfdeformed FCC-metals);C, N and O in B-Ti, B-Zr,
B-H¥, V, Nb, Ta, Cr, Mo and W {(non-deformed BCC-
metals}, obtained by using different methods, whioh
are groupéd inté two, consisting of different techni-
quses as‘in table - II.

In [24] it bhas been shown that there is a satis-
%actury agreement of the experimental results with the
Zener modsl. The experimentally obtained values of B,
Eqn. (1.8} :in all BCC-metals (except O in Cr and W
-which is negative), B=0.27+0.07 in all FCC-metals,

B=0.3420.10. These are approximately, -within the limit



Table-I

Theoretical and Experimental Activation Energies {Q)

- 13 =

and Frequency Factors (DD) Values -

i, h, g, (d-h) ¥, KI/mol 0 ,cmzfs References
System 0 0 0 e 0

A A A Theor, Exp. neqr. CXD s
A in o-Fe 0.60 0.38 2.886 0.077 5 13 - - [77-739]
C in o-Fe 1.54 g.38 2.865 0.406 11 84 0.011 0.02% [23]
Nodn a-Fe 1.42 0.33 2.85 C.254 gz 7B 0.0086 G.003 [237
c in Té 1.54 C.44 3.30 0.330 1786 1B56 0.008 0.018 r34,80;
N in Ta 1.42 0.44 3.30 145’ 157 §.C08 0.008 26,34;

- 0.287




Table II.

...14._

Essential Methaods for Measuring

the Diffusicn Parameters. [81,82Z].

GCroup-I

Macroscopic (mass-flow)methods

Group-IT

Relaxaetiorn methods [on an atomic scale)

Tracer sectioning technique

Sendwich - methods

=N
e

Serial secticening and chemical
enalysis

Microprobe analysis on & metallog-

]
[EN
L —

raphic section.
Steady state permeation of gaseous
giffusant under a pressure gradient
Outgassing: Time dependence cf the
amount of material evolved.
Gorsky-Effect: Time dependence of
redictribution of selute in an
inhomogeneocusly stressed bedy

1- Snocek - Effect: Internal fricticn
Z- Elastic After Effsct -
3- (Quasielastic scattering of neutrons

4~ MOsshbouer Effect.

]



of axperimental error, in agreement with the value of
B=0.24 estimated on the hasis of the Gruneisen model of
anharmonicity, Keyes [27].

The diffusion mechanism of the light interstitial
solute, namely hydrogen in non-deformed FCC and BCC
metals, can also be studied satisfactorly by the guantum
nature of the hydragsn impﬁrity which is a more gehneral
approach. Thié ig considsred in the next sectiaon.
| 1.4 THE QUANTUM NATURE OF HYDROGEN IMPURITIES:

Other thanlfhe theory of elasticity the quantum
nature 0? ihpurities is crucial for hydrogsn. Detail
inv?gtigations on localization phenomena and diffusion
mechanismg of the interstitial solutes in non-defeormed
;BDC and. FCC metals are considered [28].

Expsrimentally, the location of hydrogen in BCC
metals is investigated by ion-channeling techniques [28].
The results indicate both tetrahedral and occtahedral
ocdupancy 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 aé in Cr, which has a
ralatively small lattice constant, the octahsdral location
is found to be more probable.

The neutron diffraction studies [66-70] indicate
that hydrogen occupies the tetrahedral sites in BCC

metalts.
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The localized state Tor the ftetrahedral site was
searched for by reguiring that the wave function is localized
in a cube'with its center et the tetrahedral site and it's
-corners at the nearest atoms or Dctahedfal points. With
these boundary conditions ths localization to the
tetrahedral interstice does nol occur for any of the FCC
metals studied, as indicated by the energy of localization
(self-ansrgy trappingl) (2571.°

The'activation enorgy, Q. for hydrogen in naon-deform-
ed BCC mgta}s-[éS]"is {1-2)} K3/mol. which is less than
the experimental value {(4.8-9.68} Ki3/mel. fZ29}]. The
SmaiIHBSS of the calculated value is mainly due tb the
underestimation of the short range orthogonality repulsion
‘experienced“by ﬁydrugun near the host~metal nuclei f£30).

In (29) the measured temperature independent pre-
Factor.o¥ the diffusion constant in BCC wetals does not
show the 1/vYM- dependence an the isctope mass M, as
classicai pscillator model predicts. This 1s an indiction
that the potential for hydrogen is indeed strongly un-
harmonic f257}.

" Diffusion model for hydrogen in FCC metals is totally
diffatent from the one descrihed for BCC metals. First,
it is noted that in the high temperature regian, the di-
Ffusion activation energy in FCC metsls is typically

(19-39) KI/mol (29}, which is much more than the



n the octahedral sites.

=

calculated localization energies
On the other hand, according te the caleculations, 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 Functiﬁn
should he spread over several intersitices. Accord-
ing to the experiments [25], the temperature independent
prafagtor mf,tﬁe diffusion constant For H,D and v
(hydrogeh isotopes) bshaves as the harmonic ouscillator
predicts, ie._tHe ratio of the factors is 1l:v2 /3 [4al17.
Thelkﬁown gxperimental data on the diffusion para-
mat%?s of the interstitial impurities in non-deformed
crystals (FCC and BCC metals) are consistent with the
‘Zeﬁer model. The wmain contribution Lo the diffusion para-
meters is due to the elastic interastion of interstitial
impurities with the matrix atoms. Hence it follows that
'thelinterstitial impurities could interaclt strongly with
lOGél eléstio fields in the near-dislocation regions.
In other words the near-dislccaltion regions could influence
the diffusion and solubility of the interstitial impurities
especially in deformed crystals containing high dis-
location density. Te study this effecl the diffusion
(and solubility]} parameters of non-deformed crystals with
negligible dislocation density will be taken as a standard
level, ie. "normal” diffusion (and normal sclubility) for
comparison. This effect will be considerecd in the next

Chapter,



Fag. 1: Positiqna of $he interstitial atom in BCC
lattlce and scheme of diffusion mechanism.
In the ¥igure on the left the points represent

thoe poasible positlong of the interstitial ztowms.

Fig. 2: Qualitative scheme of the distortion of BLC network
around an  intersititial stom, The lattice is sectioned

on 4 {110} plane: on the left the undestorted lattice i3

sketched for comparisen., Tho dotted lines correspond to

the principal stresses in the equivalent continous soldd.
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Fig.~-3:8elf-trapping of hydrogen impurity into the
Octahedral Site in Nb,

Fig.-4:Self-trapping of Hydvogen into the -
Tetrahedral Site in Nb,



CHAPTER I

ANALYSIS OF EXPERIMENTAL DATA AND KNOWN

INTERPRETATIONS 0OF THE INFLUENCE DF COLD-

DEFORMATION ON DIFFUSEON AND SOLUBILITY OF

INTERSTITIAL IMPURITIES IN METALS

'2.1- "DISLOCATIDNS IN COLD-DEFORMED CRYSTALS:

Dislocations constitute the so~called line of de-
fects of a crystal. The displacement of the lattice
required to produce a dislocation results in an elastic
field created around the dislocation. A dislacation line
is continous. It can never end within an otherwise psr-
fect regiaon of the crystal, but must terminate at a free
éur?ace,vanpther dislocation line, a grain boundary or
some other defect. This is illustrated in Fig. (5).
The?existence.mf tislocation permits metals to ber

plastically deformed with ease, a circumstance updn

which our modern technology is so dependent.

(Fig. 3)

Dislocations have both macroscopic {length) and

microscopic {cross-sectional) properties.
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2.1.1 MACROSCOPTIC ASPECT

Dislocation density (p )} is defined as the total
length of dislocations (&) per unit volume, That is;
P = R/v, nérmally guoted in units of cmuzu It is

ohserved that;

& 1Dllcm/r3m3 = 1[]6 km/cm3

100 [Ear‘th’svdiameter)/cm3

2.1.2 MICROSCOFPIC ASPECT

From the consideration of the local elastic field
near*dislpcdtion region, the cross-sectiognal diameter
D% the dislocation pipe (d;) is estimeted to ber
4, < 100A.

The atomic fraction (lattice atoms and impurity
atomé) in the trap region, namely the dislocation re-
gion'(NL), could be expressed as

| Ny = uaﬁbz (2.1}
Whebe;" b is fhe atomic spacing (“‘3&),& is tha number
of atoms in the cross-section of the dislocatiaon pips.
(@ = d “/b° 510%)

| Thus: Nch_,g;,‘loh‘l
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 dus to dislocation.,

The contribution to the total solubility of interstitial



impurities in The melcrix due to this effect, could be
pstimated as:-

2 (2.2)

N(imp), = C N, s 10
Where:~ (. is the local impurily concentration in the
near-dislocation region (6, < lU“l), which is usually

“much largeyr than the impurity concentration in the

normal lattice (G >>C).

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

The local 'diffusion coefficient of interstitial
impurities' along the near-dislocation regions (0.},
coyld bhe:0= 0,0 being the impurity diffusion cosfficient
in‘fhe normal matrix.

In the case of D¢ >>0, the considerable contribution
in the dimpurity diffusion could be accounted for the so-
Cailed diffuéion-by dislocation effect (the enhancemsnt
of diffusion). In the case of 0, < D, the contribution
could be 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 0OF EXPERIMENTAL DATA ON
ANOMALOUS DIFFUSICON OF THE IMPURITIES
IN COLD-~DEFORMED METALS

Thare arg a large number of experimental works

devoted to the study of the influence of prior cold-

deformation on diffusion and solubility of interstitial



impuritics in metals. Some of them are considered in
(5, 12, 13, 32).

For ;nstanoe, in the works (33-37) it has heen
shown that prior cold-plastic deformation slows down
the diffusion of C in Fe, Ni, Fe-Si (3.4 wt%) and Fe~Cr
(2 wt%) alloys at low temperatures that could be dus to
the defect content, particularly that of dislocation
density in the specimens. As shown in [18,38,397, the
diFFusion‘meility of C, N and H atoms in deformed
metals, éuch as 'Fe diminish as the siructural imper-
~fection increases. According to the dats [40,41]
prior cold plastic deformatian, causes a considepaﬁle
dimihﬁtion in diffusion and increase in solubility of
L hydrogen impurity in Fe and Fe-based alloys. This is
accompanied with the increase in dislocation density in
thelspecimehs; It is also emphasized in [18,33-41}) that
the activation energies of the impurity diffusion in
coideorked specimens are considerably higher than those
in non-deformed ones, The analogues regularities have
been estahliched in [42-447, during studying the in-
£ cold-=plastic deformation on diffusion of
nitrogen . uagn in Nb and Nb- based alloys.

In 726,45-47}), it has been shown that structural
defnets, produced during prior deformation of specimens,
Ciadiia.. . *he diffusion of N and H, and raise the impurity
salubility ., . "1 =nalogous manner, sbructural de-
fects have influence on the diffusion and solubility of

H in deformed Ni [48).
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Some inftormation asbhout the diminishing of hydrogen

diffusion and increasing of its solubility in cold-worked
metals and alloys is contained in works [1,48-62].

In some works [32], it has been Tound out that cold-
deformation causes dissolving of intermetallic particles
of cacbides and nitrides in steels ile. the deformation in-
creases the effective solubility of the impurities,

In a more detailed form, the experimental data

quoted above, could be formulated as Tollows:-

1. .The diffusion of somé interstitial iwpurities
f(ng in cold-deformed metals and alloys at
low temperatures in many cases are less tby
1-2 orders} than the impurity diffusion
cﬁé??iéient (0) irn non-deformed .specimens
ét the same temperature {Table-III). The
magnitude of the ratio, De/0, depends on
the degree of plastic deformation (e), of the
enecimens and on the temperature (T) of the
diffusion annealing which is much lower than
the recrystallization temperature.

- 2. The temperature dependence of Dg and O, in a

satisfactory approximation, can be described

by the Arrhenius type equations. That is:-
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D =0 exp [~§ /RT), (2.3)
£ e o8

D= 0 exp [-Q/RTY, (2.4)

b_ = © + 4H (2.5)

Where:~ Qg i1s the activation energy of the impurity
diffusiaon in deformed specimens;{ is the acltivation
enelpgy of the impurity diffusion in non~deformed
specimens containing negligible concentration of
structural defects; AH is Chaﬁge in enthalpy of a
system, which is about (15-60) Ki/mol. (table~III);
DDE_and Do are the freguency factors of the Impurity
diffusion coefficirnts in deformed and non-deformed
specimﬂné respectively;R 1s the gas constant and T
is femperatureu
53‘ The magnitude of the ratio DDE/DG, is usually
muoh largey than 1. 1In many cases, it decdreasaes
with the increase in the degree of deformation

of spacimens and could be representeu as follows:=

Where : - TO(EJ characterizes Lhe imperfection content

in deformed specimgns at a given value of ¢ (deforma-
tionl), in all cases y (g) <<1., From Egqns. (Z2.3) -
0

(2.6) anit the very fact that D=0 for y =0, it follows:-

E -] x
e e e 7
8] 1+70(E) exp [AH/RT] (2.7)



(D1} = YD[E]exp{AH/RT] ,
DE .
(b . 1) = vyle) (2.8)
D
€
For cold-worked Fe[35};
1l
.p () = (0.54)107° Ve {2.9)
then v (eg)~ g‘(e) , (2.10)

where - is the dislocatien dansity and ¢ is

=1
deforination in %.

The dependenéé of (D _ 1} on g_[e), for € in Fe,

is Shbwnzin Fig. ~(g?, based on the data in table-11I.

From Egn. (2.1) 1~

YD(E) @ Ny , (2.11)
This will be verified by the theoretical considera-

tion in section (2.3).

4. From experimental data [50,51] on the total
content EFE) of the interstitial impurity
(hydrogen) in geformed speciments (steels)
and data [63] on the equilibrium concentration
(C) of the impurity in non-deformed specimens,

the expression in [5] follows:-

EE ¢ 1+ yole)exp[AH/RT] , (2.12)
C -
>> 1
_E
C

Whare:~ AH andy (e) are the same quantities as in

Eqns. (2.5) and (2.6).
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Similar relationships cauld be formulated for the
other interstitial impuritiss [32]. These
empiricial relations are illustrated by the

. analysis of some experimental works, whose results
are represented in table~IIL,

From the experimental results on the diminution

|83}

of impurity diffusion, it +¥ollows that the di-
ffusion by dislocation (0, ) is negligible in
comparison to the impurity diffusion in matrix
and the diffusion ~ with trapping~effect.

The parameﬁéps, o, 5 AH and'DhL are the characteristics
of the néafwdislocation regions. It will be shown that
in the theoretical considerations the parameters o, , AH,
and 0, characterize the near-dislocation segregation'PBQ
-gions. In other words they contaiﬁ some information on
the structure of the segregation regions. 0On the basis
of this information a suitable segregation model will

be discussed in chapters 3 and 4.

2.3 ANALYSIS OF THE KNOWN (INTERPRETATIONS)
MODELS

There have been many works devoted to the study of
the diminution of the interstitial impurity diffusion,
and in particular, the anomalous high values of QE and
Doe’ and the increase of the impurity solubility in
cold-worked metals and alloys.

The nature of traps in metals and alloys (steels)

are classifiaed in [64,065].
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Tableé= III. Results of the Analysis of Semc Known Experimental Data on Ippurity Diffusion and
: i ir e *1als sing E . (2
Solubility ln Deformed Metals by, Using Zqms. {2.1) {2.133 [2,5, 35, 37:&8}
T T . T : roa
Syuten o Q,KJ/mol DE/D AHy, r_r, o, < [C, 1,
_n 2 ;
[C-n atomic T.K B e T 3 At given EJ /o). -em CH5E0) Atomiec Fraction
iractiond Gg,ca /% T
o : 11 T2 . -
e/~ 7o (523773} 75 =10 50 1xz0™? 55¢5 + 10 [1 - 107%)
ot -5 -
10 - 187y § x 1672 523°K
4 -2, ~2 2 — _n
Cr@e=-2.5 wti S [323-102%) 75 =10 74 5x10 25z3 L0 = 10" 1107 - 10 73
rro”to 1075 431073 sazey
11 _% .
-C.1814:C SO L0 5 1.4%107 - 32+ K3 I = 102 [ 2 x 10‘2 J
- wed
= v J 3210 323°K
nooos ‘s " 12 P -4 . Y, a=D -2 -3
B osh (4Lu-502) 9gg =10 40 SxlQ 17+2 Sl =10 ) - 107
(ot . e x1072 218%
- . Yh
#: The valpes of g have been obtatned by: a =g {2,213
Bp
v4: Froo Eqo. (2.2}, Cc . -
Eoo. CJ‘_ E/YO
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Darken and Smith [1] probably first sugpested CLhat
the diffusion of an interstitial impurity (hydrogen) in
a coldeworked steel is impeded by lattice imperfections.
Mc. Nabb and Fester [4] developed a general formula-
tion for the diffusion of interstitial impurity {(hydro-
“gen) in matals and alloys {(steels) with the so-called
reversible traps. Oriani [5] gave a thermodynamic inter~
pretation to Mc Nabb and Fosters theory, again confining:
considerations to reversible impurity traps, based on
the assumption that interstitial atoms upon normal lattice
sites and captursd in traps are in local thermodynamic
equilibriums |
| Reden£1y Sakamoto {13] has carried out an analysis
oFﬁthe apparent diffusivity of impurity (hydrogen) based
on the hypofhesis that states:~
1. Tﬁere“exists a local equilibrihm betweén the
trap regions (the near—dislocation segregation
regions) and the matrix solution.
2, The distribution law for the impurity corresponds
to the linear concentration dependence.
The author has abtained different equations with
regard to different trap_models, These equations are
50 Complicated that they could not be used for describing
éxperimental data, As an illustration, the s{mplest

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

tavel” trap model, is indicated below.



3]
E

« g
Dz exp )
D5 el e (e o (1, )
a Af L8 Lt £
1ef, {Lmexpi- 22
t{ B QT )}
-0 -
Dk Lk"t
x{1 = =g exp (- o) )
UQ R
A bk DS E_E,
+ {t BXpP (- ““f’\.r.rr ) {{ L“ftx] EI'"O*"‘ exXp { e _"ER_T— "“"]
10 G- By %
v P ] exp (= g )] s (2.14)
Dy |

Where:~ &,k,p and d are the impurity jump rates;Dg,Dk,

Dp‘and D, are the .effective diffusivities;E ,E

d %’

Ed are the corraesponding activation energies, with

k,Ep and

regard to the jumping processes of &< &, &+t, L+t and
t+2t dintersites respectively;$% being the lattice sites

is fraction of normal lattice

‘and t the trap Sitesifi

sitesjft is fraction of trapping sites and F£+Ft:1'

¥tx is Fraétion of Ny sites from which impurity can jump
with jump rate d in the individual trap cluster, Ny being
the number of trap sites per unit volume.

In this work the following assumptions have been.

considered.,

1. The fraction of ths trap regions is negligible ie,

Ft<< 1

2. The boundary zaonss between the trap regions and the normal

lattice is of negligible thickness such that:-
¥ =]

1
LX

- . )
ie., {1 ‘tx) |



Then Egn. (2.14) can be reduced to

Di exp[mE?/RT]

8] L0 U U ¥
] . A t, R
1 + '{1 (—Xp [” li‘-;r ]
- t,8 0O° E ~E
: AG Y 1§ d "L .

W, exp(- A2 ) S exp (- ~Eh (2.15)
[ L p R] D? ] L1RT ]

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

Da ) Ueff * ft = M
O = = =
DR Do s EE N
: - t,4
Al y
exp ( : BT J o= K,
D - =
.Dd.d D[lL and Ed {y
0 Ny Ky, Oy
} ;rhen:DE'F“F = I:“NI‘RI[l + D"——‘“"']; (2.16)
Whera:~ the Ffirst term, S , corresponds to
l'{'NJ_ K.L.
diffusion with"tréppingweffect, and the second term,

T corresponds to transport-by-dislocations effect.
D, is tbe diffusion coefficient of an impurity in segre-
gation regions along dislaocations,

jg. wBoTL Uy exp { - Q/RTY , (2.17)

Ky is the equilibrium constant of Impurity distribution

between the trap regions and the normal latlice

b K = exp (- B axp (M

, (2.18)
AH, and As, being the standard enthalpy and -
.« entrapy changes of the system when one mole of the

impurity atoms passes from the trap regions into the

normal lattice.
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Sakamato [133), used a model of saburated trap regions
in order Lo reduce Egqn (2.14) Lo Egn (2.7), which corresponds
to the experimental results (tahle~JII}. In this approxima-
tion, Sakamolo has neglecled the transpori~by-dislocation
8ffect in Eqns. (2,14} and (2.16), (since in saturated
trap regions, VC, = 0) and obtained: |

D

) & o 2.1¢
eff TN Ky , ( 9)

Oriani [5] and Leblond and Dubois [71] have obtained
the same exprassion as Eqn. (2,19} without taking into
account any physical approximation. In other words, they
néglected the impurity transport-by-dislocations, giving
no explaﬁatidn.

 € It is possible to show that within the approximation
. of the saturateq trap regions, the distribution constant
IKL)'is aléo zero besides to VO = O. This could be illustra-~
ted as follows.

Let 02 and 0, be the fracltion of the available sites

in the normal lattice and traep regions respectively,

occupied by impurity atoms such that:

. N 5 C
e.l. F=Y —_..._,._“.QE'_'E',\.__._. 8 F N = . ( 2 . 20)

CL{max] % CR[max] C(max)

]

Where:=- const. and C const. are the

Hlmax] ¢ {max)

maximum possible local concentrations of the impurity

atoms in the trap regions and the normal leltice respectively.



Then the distribution law describing the saturation
property could be expressed as [H].
0, 0
' - L (2.21)
K, & {emmeooe } {oomls 3 2. 21
+- (1-0,) / (1-0,)

For a dilute matrix solution, EQ<<1, ie. @,<<].

L
Thus Egn. (2.21) gives:
0

— .

oy b )
K, 0

0, & o B , (2.22)
L 1+K‘!"'0Q_,

t From Eqn. (2:22), it follows that there are two limiting

‘cases (approximations).
i

1. The non-saturated gase, corresponding to the

linear concentyration dependence, which is reealized
whgn KL0£<<1,

i[?,u' GL’: K, 0

] 10g (2.2301="
_ & sl #
and  Gye Ky Gy o Ky & (2.23(h)
4
where:~ CQ:C and C, are lhe lmpurily concentrations
: G
. . . * t
in the normal lattice and trap regions, and K; = Mrax) JKL
" glmax)
2., The saturated case is realized when
KL6£>>1
ey Og = ) (2.24(a)
. +
and ”é—i'—;r‘ = ‘K.J = 0,

[2121\:“4

2



These two cases are illustrated in Fig. {71},
(0 ,C) 4

Fig. (7)

e e i g e At et e 5 e ._.__._...,__.._,;..,;_.‘,.._gg, (B,Q. 3 CR‘)

The derivation of the differential form of the
distribution law given by Egns. (2.23(h)) and (2,24(b)}
‘will be discussed in chapter-3 section (3.1).

“Within the saturated trap regions approach (K =0J,

Egn. (2.16} reduces to:

Dope =D » (2.25)

Thus, it is impossible to describe the experimental
results, D€<<D, h} such an approach [13}. Moreover, ong
can conclude that, Sakamcto has not used a “proper”
approximation to reduces his complicated egquation (é.l4)

to equation (2.7).
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2.4y THE INSUFFICIENCY OF THE COTTRELL MODEL
FOR THE INTERPRETATION OF THE EXPERIMENTAL
DATA ON THE IMPURITY OIFFUSION IN DEFORMED
. METALS AND ALLOYS

Most of the authors: Sakamoto, Oriani, No Nabb and
Foster, Lab}und,and Dubois... etc, have used the madel
0? the near-dislocation segregation regions with high
lacal diffusivity (B, >>D) of impurity atoms. This has
bean explgined in-terms of an enhanced jump rates dus to
lowsr bacriers af trap sites compared with those of normal
lattice sites [13,73]. This behaviour corresponds to the
cottrell cloud model of impurity segregations in the near-
dislpcation regions possessing distorted matrix like structurs,
i[-72]-. The distribution law that reprassnts this model will

be coqsidered_in_chapter~3, Fig. (9).

For the case, 0y >>D and K N, >>1, Egn.. (2.16) gives:
DBFF =0, >>0 , (2.26)

This is an enhancement impurity diffusion which is in

ﬁontradictipn with the experimental data (DE<<DJ.

In'thé_cottrell cloud model [72] the maximum value
of Gghas to be less than 10, inorder to have the binding
gnergy for the impurity atoms, close to the experimental
values of A4Hy (table-IIT). Thus the sxperimental values of

%ﬂand AﬁLfor C in Fe (table-I1I), could be explained within the



the cottrell cloud model, whereas the experimental data
on o, and AH, for C in Fe-3.5%51, H2 in FE"d.lB%C and UZ
in Ni cannot bs described by this model.

.In table~11I1I, onae can cbserve that Ffor all the
systems, O has a low value. This follows from the
fact that D€<<D. Such low value of [, however, could
'npt-bg expiained.within the frame work of the cottrell
madel. The analysis of this descripancy can be seen
below. |

F£DmrEqn. [f.lB] it follows that the reduction of
DB?F'tD the:form of Eqn. (2.7) (corresponding to the

expeirimental data) is possible if:

Dy <<B and K N > 1

D .

E.F.F & J-"‘Nl K_L » [2:27]

ie. D

In other wbrds, %his analysis proves that the near-
disiocation segregation regions in the systems in
question (table-~I1I) possess negligible impurity di-
fussion, contrary te the cottrell model. One can, there-
'Fura,-qonclude that the cottrell cloud model (for saturatesd
and non-saturated cases) is not sufficient for describing
the axperimental results on o,, AH, and O,.

To resolve such discripancy, it is expedient to

formulate some different ﬁodel agf the near~dislocation



phase segregation regions with compound~like stiructure
such as intermetallic compounds (carbides... etc.).
The relsvance of such a2 model will be discussed in the

next two chapters.

Thé above conclusions have been done based on the
proper reduction of the Sakamoto equation (2,14) to
Eqnn (2.7). In the next chapter a similar equation as
Eqn. (2.7) will be obtained by two independent methods
‘(apprbacheé]m Gne of these approaches contains ths original
dons}dera%ionio% the impurity diffusion accompanying phase

transition in the near~dislocation regions.

} Table. IV: The Techniques for the Observation of Diglocations [92]

L. Burface methodg: in which the polnt of emergence of dislocation

at the -surface of a crystal 1s revealed,

2. Decoration Mothods: for examining dislocations in bulk crystals

transparvent to light.
3. Transmission Electron Microscopy: in which the dislocations are
O
atudied in specimensg 1000-10,000A thick,

4. X-ray Diffraction: which relies on local differences st dislocations

in the wmcattering of X-rays.

5. ¥ield Ion Microscopy: which reveals the position of the indivigdual

atomsa,



CHAPTER 111

THE DEVELOPMENT OF THE MODEL
3.1 THE EFFECTIVE CIFFUSION COEFFICIENY IN
CRYSTALS WITH DISLOCATIONS DECORATED BY
IMPURITY SEGREGATIONS

In view of the preceeding discussions :on experi-
mentél data, some phenomenolagical considerations of the
corresponding diffusion equaltion is expedient to aoblain
_the.@xpression for the effective diffusion cnefficient
of an impurity in crystals with dislocations decorated
“with impurity segrégatimn phases,

Accérding [17]), a one-dimensional diffusion of an
impurity, along two neighbouring parallel regions of the
same 1eng¥h Having different cross-sectional areas (Sl,

1

8?3}'differant impurity concentrations [81,82) and di-

; Ffuéion cogfficiants (Dl’Dz)’ has been considered as

shown in Fig. (8).

(Fig. (B)
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fn the case of local equilibrium with respect to
the process of the impurity distribution between the two
regions. which is adequate to iwpenetrable partition, ths

diffusion equation can be represented as in [17]}

2 2
a°C 3°C 3C 3C
: : 2 1 2 (3.1)
e | e 2 e —— » .
i8, .Dl 3 r Dzhiaxz i + NLat
R 3 3C., aC aC 3C._ aC
D, — '.]‘+D_2N S DU e O Y
- aX® 93X acl ax 8t ac, 8t
A 9C,,
I+ EEQ = K.'= constant, {3.2)
1
LI D.eDNGK 3% C 3C
; 1 7274 1 1 (3,3)
_‘ thBl’l, [ i[ Bxd - Bt F

1;N§F
Eqn. {3.2) gives the differential form of the distri-

bution law, as required.  The term in the bracket of Egn.

fFJ°

The region occupied with dislocations decorated with

{3.3), is the effective diffusion coefficient [Dé

sagfegatibn phases is so small campared to the lattice
undisturbed by dislocations ie. Ny <<l. Subsequently,
the effective diffusion coefficient of aﬁ impurity in
a crystal with dislocations decorated with segregation

phases can ba approximated as:-



Ursy = IV0KS

: D_L N.L.K,l.m
0 = .,_m[_j_._..__ L + -»-D»——— ’ - (3.4)

aff TN K,

which corresponds to Egn. (2,16) in Chapter-2,

3.2:~ THE CONSIDERATION OF SODME SUITABLE
' DISTRIBUTION LAW OF IMPURITIES
BETWEEN THE NEAR~-DISLOCATION REGIONS
AND THE MATRIX

In Chapter~2, it has been shown that the cottrell
cloud modél'is not sufficient for the interpretation
of the experimental data on the impurity diffusion in
~deformed metals, It is essential, thersfore, to consider
a modea 1 of-éegregation phases in the near-dislocation
regions formed as a result of the "condensation” of
the Cottrell clouds,

From Eqn. (3.2) it follows that, the relevant distri-

bution law should.-have a "linear” concentration dependence.

ie. C, = A+ KCp (3.5}

whersrd and K are constants.

- Using Egn. (3.5} the "linear” dependence beghaviour

of the impurity concentration in the segregation phase
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and the Cottrell Cloud on the matrix solution alt constant

temperature is illusltrated in Fig. (8).

Cpr Cclh
| !
Cpo |— —
Cor | — — (Fig. (9)
|
Cop - T o |
‘ p | l
_ ' ‘CL CO
0

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

L o= Cl, DgEgCL
L= 82, CLSBsC

Cq ig the equilibrium solubility of -impurity in the matrix
(at given'TJ wlth respect to the corresponding compound.
C&'is the impurity concentration in the matrix solution

~at the segregation phase-Cottrell Cloud beundary.



“ b4 -
E? is the dmpurity concentration in the matrix.

3.3 THE TMPURITY DIFFUSION ACCOMPANYING
SOME PHASE TRANSITION IN THE NEAR-
DISLOCATION REGIONS

In light of all the discussions of the exper-
imental data and their interpretations bassed on the
concepts [4,5,13,17,71} in the preceding sections, it
is useful to consider detailed analysis of the prablem
of impqpity diffusion accompanying segregation phase
nﬁcleation on diglocation. This problem could be solved
within the épprDXimation of the distribution law consider-
ed ih!sec?iun {3.2).

To formulate a model that describes such a phenomenon,
6ne‘can consider impurity diffusion from a plate surfacs
at X=0, into a sgmi-= finite specimen (matrix) contain-
ing a regular array of dislocations as shown in Fig.(10).
" All dislocations are normal to the surface, gach ropresent-
ed as a'"bipe“ of radius vy where the segregation phases
or the cottrell clouds are nucleated. These regions have
a composition that depends on the impurity concentration
in the matrix solution as illustrated in Fig. (9).

It is conveniegnt to divide the specimen into inde-
pendent diffusion cells. Each cell is a semi=~ finite
cylinder whose axis coincides with a dislocation "pipe”

(Fig. (10). Let the diameter of the cell be 2R which
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is equal to the mean separvation bestween neighbouring
dislocations such that ZRﬁg:% and R>>r8. Assuine a
constant impurity concentration (ED ) in the matrix
solution maintained at the surface X=0 (Fig. (8}, Let
at time t (from the starting of the diffusion annealing)
fhe segregation phase regions along dislocations with
radius Los have some mean length of L (Fig. (10)). The
impufity concentration in the matrix solution, (in the
heighhourhoud of the segregation phase regions) at X=L,

f

squals some constant value C <Ly (Figs. (39) and (10)).

L.
At the same time,  t, for X>L, the impurity concentration
in the matrix solution, C, is less than CL, and in the

'near?dileCation regions of radius r_ the cottrell cloud
is formed. 6

Using the aﬁproximation of the local equilibrium
wi%h faspeét to the impurity disfribution between the
two fegioné in every cell, and the distribution law with
linear cohcentration dependence [5,17,74]), the diffusion
problem can berreduced to unidimensional as follows:-

For the region #¢XLL (Fig. (10)) the distribution

law can be taken as Egn. (3.7).

ig, Ep = CPL ¥ Kz(Cz - CL)
Nt {CP = CPL + K2 [c2 - CLJ}
NP = NPL t Y, (c2 . BLJ , (3.8)
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l:Representsz the segregation phase region,
II:Represents the cottrell cloud region,

IIX:Repregents the Matrix Section,
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Where: Ntﬁ[rs/Rlz, (Fig. mlU);Kz is the squilibrium
constant of the lmpurity distribution bhetween segregation
phase regions along dislocations and the matrix solution;
QPL is the impurity concentration in the segregation phase
regiang. at X=Ls corresponding to the solubility CL, such
that CPL>>BL {Fig. 9);C2 is the impurity concentration

in the matrix solution (C <C,<C ).

L.

In this approximation the diffusion equation for

the region 0<X<L, can be represented as Eqn. (3,1} and
(3.2].

3%cC ac

ed (Opy, ¢ D) =mf e (Ley,) A

» [3.9[8]
2 a2 27 5t

C,€0,t) = €, C,(X,0) = 0, (3,9(b)

Where:- 0 is the impurity diffusion coefficient in the

matrix solution containing no dislocations; D, is the

P
impurity diffusion coefficient in the near-dislocation
segregation phase regions and
Ty =Kol
For the region L<X<e, the distribution law can be
expressed as Eqn., (3.6).

o) K].Cl

i

ie. C

N = chl s (3,10)
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Where © K1 is the constant of equilibrium for the pro-
ceés of the impurity distribution hetween the cottrell

cloud regions along dislocations and the matrix solution
and C. is the impurity concentration in the matrix solu-

1

tion (D<C 5~CL)

1
The diffusion equation for the region L<X<=, can

be written as Eqn. (3.1) and (3.2).

atc
T ) - N + oy .§.Ci
1G. (UGYI"'DJ ¢ (1 '\.l) RE (3.11(a))
C, X,0) = 0, Cyle,t) =0, (3.11(b})

Where: Dc‘is:the impurity diffusion coefficisnt in the

Cottrell cloud regions along dislocations and Yy Kth,

lAs tliustrated in [75], the problem of impurity di=
:fuéSion accompanying segraegation phase nucleation an
dislocation can be reduced to the problem of lingar di-
ffusion éqﬁations'For regions separated by unknown moving
boundaries.

‘In the neighbaurhood of the moving boundary of the
segragation phases and the Cottrell Clouds, ie. X2<KX=L(tH
<le one can assume that the concentration function is
piece«wise smooth, Hence integrating the sum of kgn.

{(3.8{a)) and (3.11(a)) it follows that:-



it o,
Mo Ne) i (Opv, D) 55 I X=l (3.12)**

At X:‘:Lg C]—[l.,u} = [_:2([_"[‘] = [

and N = C

Where:~ N = QLTQ CL LY

PL

To solve the differential equation for a semi=~

~Finite speciman, it is legitimate to consider di-
mensionless variables as:-

3 LXK [ Y SN (3.13)

N C—— = * —
ZJ(DEYlwﬁTL zJTﬁ%y2+DTF

3

and to make things easier, let:

. o= (U B, = U ana L
Cl = Ll/CD, L2 LZ/CD anti FL

= G, /C , (3.14)
Lo

Thus by using Eqns. (3.13), (3.14) and ths known solutions

for the diffusion problem of a semi « finite specimen with

constant impurity concentration at the surface, one can

obtain:

Cé(ﬁ2} = 1 f fln@BEPF (52¢1+Y2T)
| ﬂI??;T)

(3.15)

erf[EDz

Gy ( 1) - ) w;in o
erfc(g01/1+Y1)

H)
—

=

Tk T

AR
. The derdvaiion of Equn. (3.12) (s given in Appendix-A.
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where: T
2V U,y +0)

{3.17)

and L.(t} = g/ & s ‘ (3.18)*%

Equations (3.15) and (3.16) are the desired solutions
of the diffusion problem, since they satisfy, all the
initial and boundsry conditions given by Eqns. (3.9(b))

and (3.11(b)).
From Eqn. (3,17} it follows that:

< (YYD g g

E 3 |
02 N 01, (3.19)
DP724D

ie, there is only one parameter § orr B to be a determined.

“D1

Usiné.Eqns. (3.12) -— (3.19) one can obtain the transcénﬁ

"dental equation by which {B), ars determined (by

Enye

graphical methad) .

, e x | 2
ie, VD2/01(1+Y2} (l-C_J exp [- ﬁ;(l+yz) ng]

Fon— [ETS——— p—

erf [Jﬁ??ﬁ;TT:?ET £y

e 2z
- \/T "‘Yl] CL exp [H (1“’]4} ED]. ] 4 aLE[]l

erfe (5., JTT??TT)

Where: D1 = (D+DCYl) ) D2 = (D+DPYZJ
and a, = (N

L PL

N U
RIS
T A e Yt m

The deivaiion of Equ, (3.18) is given in appendix-8,



But the objeetive of this paper is to obtain an
expression for the gffecltive diffusion coefficient in

the usual treatment of the experimental data on penetra-

£

tion profiles. Thus if: v,>>1. L <<l and &g, J?E 22,

then Egn. (3.15) reduces itself to the generally accepted

gxpression that describss the concentration profile in

the region 0<X<k,

18.; Cz(X,tJ = CD {1~erf [X/2 #Defft 1} (3.21)
D+D_y
&l LR = —----—A-—E)N—g- Y
where D, e T, i (3.22)

- Which is the same as Eqn. (2.16).
This coincidence shows that the application of Egn.

(3.22) is yélid for the fellowing two cases.

i, ‘The case where the near-dislocation
pegidns are decorated by some segregation
phases before the impurity di+fusion.

2, The case where the impurity diffusion is
accompanied by ths nucleation of the
'ségregation phases in the near~dislocation

/
ragions, provided the phase transition is

not dominant.



CHAPTER 1V

4.1 THERMODYMAMIC AND CRYSTALLOGRAPHID
ANALYSTS OF THE APRLICADILITY OF THE

MODEL

As it has been shown in the preceding chapters, the
treatment of the experimental data on the impuprity diffu-
aiun and solubility in cold-worked metals and alloys
r(tablewIIIi, hased on the disiocation trap model, allows
one to determine same characteristics of the near-dis-
1QGatiDn frap ragions. The cottrell segregation model,
however, pannut éive a satisfactory explanation of these

characterstics, namely:

*1, High values of o, , AH, and €, (tablewIIIi
corresponding to the distribution law with
1inear coﬁmentration dependence.

2. Anomalously low values of the impurity

diffusion coefficient (0 ) in the near~
dislocation ﬁrap regions (D, <<0).

There are some experimental data showing the possibi-
lity of the existence of the segregation phase regions
along dislocations in the systems in question.

As noted by J. Fridel [83], a number of measurements
indicate that at low temperatures, dislocations {in Fe=-
crystals) can attract considerable amount of impurity
atoms (C;NJ}, possibily wmore than 40 atoms per dig-

Jocation line per atomic plane (ny, ).
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According Lo Cheistian [84], at low temperatures in
metals (Fe), a large number of inlerstitial impurity atoms
gather per atomic plang crossing a dislocation line {ﬂigs
For instance the experimental data [85] on the sold-worked
specimansloF:

i) Nb -— 0.9 wt% 0, at 413°K, gives n,  about

30 (for oxygen atoms).,
ii) Nb ~- 0.9 wts N at 473°K, n, is about 70
(for nitrogen atoms).
These values.DF niLQﬁSHSS are greater hy (1-2}
orders than the theoretical and experimental values of
i ﬁi$correspdndihg to the cottrell model [72]. Thase
Ualqes afe réther suitable for the segregation phase
i
model’ [17).

In this work, the number of captured impurity atoms

ﬁer dislocation line per atomic plans can be estimated as:
@y, ' (4.1)
Thus the range for the values of n,, , from the data on

ik
o, ‘and Cy in table~IIT, will bu.

1. 10 - 1 , (L in g=Fe)
2. 10 « 1, (C in Fe-3.5 wt% Si)
3. 20 « 2, (H2 in Fa-0,16 wt% C)
4. 1~ 0.1, (D, in Ni).

One can describe all the characterstics (o, -, AH, ,

Gy » Dy and ni‘} sallisfaclorly by the developed model based

on the analysis of the results in table-11I, using thermo-
dynamic and crystallographic methods.

Firstly, the results on diffusion and sclubility of



C in a~¥Fe can be described within the mwodel of impurity
diffusion accompanying the formabion of carbide-like
structure in the near-dislocation regions. This model
has hbeen considered in chapter-3 section (3.3). The
solubility of the FB3C compound in Fe crystal can he
described by the formula [8&].

ASd AH
C, = axp { -~=—)
<

Ei]

d
exp { ST ), (4.2}

. Wherei~ is the atomic fraction of the impurity atoms

i)
in the matrix solution saturated with respect to the
cgmpound phase_afla given temperature T, AHd and ASd are
the enthaipy:and entropy of dissolution of the compound
in.fﬁe matfix respectively.

Within the frame work of the theory of thermodynamics

of dilute solutions [86G] it Follows that:

Y . Q :
AHd = AH[i] AHF ; (4.3)
. o " 0
ASy = ASpyy v A5 (4.4)
Where: - Aﬁ[i] and Ag{i] are relative partial molar enthalpy ad

entropy of impurity atoms in the malrix solution, respective-~

a] 0 .
P and ASF are the standard enthalpy and enlropy of

lys AH
the formation of one mole of Lthe compound from the chemical
slements.

Saome resulls of literature data on the thermodynamic
charactepistics of compounds ars represented in table~ V.

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

C in o-Fe the experimental value of AH is larger than &ﬂj



by 185 K3/mol. This differsnce could be accounted for
the influence of the dislocetion stress field, on the
dissolution process of the compound. According to the
moael , thé compound like-structurs [FBBC) is localized
in the near-dislocation rogions with cross-sectional
diameter of about V&b = lUg. For edge dislocations, the
“local pfessure (due to the normal stress camponents) in

these ragions could be estimated as [/2].

*

o~ ._]_'.:}U - A,.&j;l,_le. ’

] ey (4:5
B l-v"™  3ar )
and . v = yab , (4.6)
: Z

Nherﬁ;vis modulua-constants B.BxlDloN/m2 (for &“FE)}U*
: is Pﬁisson ratio = 0.281,

By substituting the given values, one can have:

B = ixlUlDN/mz. Then the contributien to AHd could he

estimated as [72].

S AH o AH B AV (4.7)
and AH = 3V -~ UFBBC’ (4.8)
» . [ - £ i
Whers: VFBQ 23 om® /mcl [87]
7 3
VFE &~ Bom” /mol {87}

Thus, B AV = 10KJ/mol, which is the desired result.
In this approximation, the surface tension (o)
affect has been negleclted for the following crystallographic

assumptions.



According to [17,88,89) one of the main factors of
nuclegation of the segregation phase regions nsar-dislocations
is the ﬁegligible low value of the surface tension (g), at
the interﬁace of the sepgregation phase and the ﬁatrix.

The low value of o, in the case of compounds: Fe,C

3
(Ni AlaJ, Fe..C and fe., C [PdA13] could arise frem the

2 2079

amorphiiation of the near-dislocation segregation phases
'resulting ?rdm the existence of empty trigonal bipyramids
of the Bernal type in the structure of these compounds.
Fig. ilu'Accordiqg to Bernal’'s model [80] which has been
interpreted;bszinskﬂer [81), the amorphous packing with
Suffiﬁien%ly high density of filling is formed by trigonal
hipy;amids éharing the faces. |

Obviously, in these structures (Fig. 11) some amorphous
iones'ha&iﬁg noAlong%range order may occur, located near
the edge dislocation regions. I£ could be suggested that
the higher the amorphization degree of the near~dislocation
segragation phases in matrix (metals} is, the lower the
surface tension at the interface of the segregation phase
and the matrix wiil be.

Such structures could possess low values of the impurity
diffusiyitg in comparison with the matrix (Fs) structure
ie; 0, <<D. Thus all the near~dislocation characterstics
(o, ,AH, and D0,) of C in o-Fe can be interpreted within this
model. The linsar character of the impurity distribution

law, for such a case, can be explained as follows: The



atomic fraction of the carbon atoms in the matrix solution
in equilibriuwn with the segregation phases_pf FeBCvlike
structure in the near-dislocation regions, can be represent~
.Bd as:

C = exp (~AH/RT) , .{4'9)
Where: &H = AHd + Py AV
-when most of the impurity is located in the near-dislocation
A'éegreéation regions (ie. K Ny >>1), the impurity distribution

law can be described as:-

- Gy Ny C_~C C

S ~ . _E (4.10)
- A A -
C_L : . .
T~ =A exp (AH/RT) , (4.11)
‘where: A = ;CE/NL

Hance; it-Follows fhat the impurity distribution may corres-
pond to Egn. (3.2) which was employed to obtain Egqn. (3.4)
and (3.22),

" Secondly, for the systems:C in Fe~3.5 wt% Si, H, in
Fe-0.16 wt% C and O, in Ni (table-III), however, different
situations are realized., That is the values of C, in
tablewlll, indicate that the local impurity concentration
ofAtha syétams do not correspond to the carbide~like

structure (C in Fe)} or hydride~like structures (H, in Fe,

2
D, in Ni). But at the same time large values of o and



low values of [ show the possibility of the Tformation of
the compound~like structure in the near~dislocation regions,
5 in Ni it could be assumped that the

impurity diffusion was accompanied by the phase transition

For the system D

éuch as: Ni<FCC to Ni~HCP (Hexagonal Closed Packed structura)-
or to Ni-«FCT (Face~Centered Tetragonal structureyin the
_near~diélmcation regions. This follows from the axperiment=
al daﬁa [87] in which the presence of hydrogen atoms with
qqﬁcentrafion, 10“1 - 10"3, the stable structure of Ni-
léttice'ié HCP o FCT instead of FCC., This could be de-
scribed by using Eqn. (3.22).

| “iFor fhe system C in Fe-3.,5 wt%51i one can assume'that
in'fﬁé_near~dislocatiun regions, the segregation phases
qu Fe Si-like> structure were existing bhefore the impurity
(C) di?%usion. Thié assumpltion is consistent with the

large negative value of the heat of formation, AH?, of the
Fe Si compound {table- V). DBuring the impurity diffusion,
the Gompoaitich of the near-dislocation segregation regions
could changs particularly dusg to the strong interaction

of carbon atoms with silicon. (see AH. of Si C table- V},

= 0

For the case of H, in Fe~0,186 wt% [ (stesl) it could

2
be assumed that, in the near-dislocation regions, segrega+-
tion phases of the Féaﬂ compound-like structure were exist~

ing before the impurity diffusion. The laslt two systems,

therefore, can be described by using Eqn. (3.4).
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Summing up, the analysis made in this chapler shows
the applicability of the develeoped model, for the inter-
pretation of the known experimental data on impurity.

diFFusivit& and solubility in deformed metals and alloys.

Table~ V: Thermadynamic characteristics of -

gome intermetallic compounds and

substances
Substance . H AS /R AHY ASS/R Al A5 14
1ce Hyo d Hes £ [’
KJ/mol ; KJ/mol KJ/mol
C,Fegiin ' .
a-Fe 394 -2 2344 1.4 6246 . «0.6
[72] . [72] [e7] [e7]
Fesi . - - ~80¢15
[o7]

SiC . «-63+13 =21
‘ [e7] [av]




Th9 qtruoture DF Lhe FeBC 1nter8L1t1al

compound contalns trlgonal blpyramldes

zones of p0551b1e amorp

4

hlzatlon near-dlslocatlon&.
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CONCLUSIONS

1. Developmant of the theory of dislocation influence

on impurity ditfusivity and solubility has been done.

The proélem of impurity diffusion accompanied with
sagragation phase nucleation on dislocations has been
solved. The diffusion-with-trapping-~effect and diffusion~
bymdiélocation effect have been considered.

2. It hés_been shown that in the known theoretical models
_oF impurity diffusion in deformed metals, the diffusion-~
*by~dislocationreffect has been neglected. This assumption
was based:.on a wrong approximation of the "trap-saturations’
model” ;ndveven_without any phisical reason.

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 Gﬁaracteristics of
“the nesar-dislocation segregation regions have been obtained
in

for four systemsinamely C in a-Fe, C in Fe-3.5% Si, H2

Fe~0.16%C and D, in Ni.
In parficular, it has been shown that the impurity

segregaltion regions near-dislocations possess negligible

diffusion.conductivity and high capture abiliﬁy for inter~

stitial impurities at low temperatures.

4. DBn the basis of thermodynamic and crystallographic

analysis, the acceptability of the model of the segregation

" phases in the near-dislocation regions (with compound-liks

structure) for systewms considered has hsen shown.,



PECOMMENDATTIONS

1. By uwsing Lthe model of the impurity diffusion
accompanying some phase transition in the nesr-
dislocation regions, all known literature data.on
impurity diffusivity and solubility in deformed

-+

'~ and alloys (such as N and 0) could be

mes e A

interpreted.

2« Thz compound=iike structure of the near~dislocation
searegetion regions for systems considered could be

1

coing en electron-microscopy technique
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APPENDLIX

A. THE DERIVATIDN OF EQN. (3.12)

In the neighbourhood of the moving boundary of the

segregation phases and the cottrell cloud ié.Ax?<(x=L(t)J

ﬁXi;ﬁéne:caﬂ'aseume that the concentration fumction.
is piece~wise smooth. Hence integrating the sum of

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

X aC oC

1. , 2 !
IX {flTYZ) &t + (1+Y1J ﬁt} dx
2 ’
Xy . 3282 32C1
s VDY, D) —52 + (0_y,*D) —a }dX
X, pYz o2 ¢V W
-d?%xl‘{[1+y )C.+[1+y o, } dX
at Iy 2’5o 1’51
2
X 3202 ¥cl
= f - {(D vt + (Day#0) —=1 dX
X, P12 sax Chl ax
2
d ..l d. %1 C.dX
ey g 77 Cuadetinyg) s & 1%
2
L 52c2 X, azcl
w7 (DL Yo D) oemtdX S (0 +D) s dX
X, ; 2_ X’ LA ix2

ey d 4
(1+y,) gr L, IL=X 0 v (lay ) o (C [X L]}
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BCZ X=L aC

= OpYp*D) 5y LTS v

As AX z[L"X?] = [X1~L) approaches zero, (L~X2)
and [Xle) will approach zero. Thus the above expression

will reduce to:!

(1+y,31c, [L=X,1}+(1+y){C, d [X ~L]}
| o at
: (DP_2+D) 3, ’ « (D,7,*D) 9t [
B x=L 3% X=X,
| Lac 30
+ (oyr0) 20 I - Dy 201
- ax  Ix=x, ax | ox=L

From thB continuity equation the flux is continous

is. (DPYE«DJ 2 = (o oty :
K | X=L X | XsL

and X, and X2 are time independent.

Thus:{lzy,) C, dL _ (l+y. ) €. dL
2’ 2 3 IR
= = (D y,+D) aty + (0.v,+0) 201
R ixe=X C'l T | X=X
2 1
~{(1+72)C£ - (1+Yl) C } dl. = «~ (DPY?+D] aCZ |
, dat ; 3 X=X
2
v (0gy,+0) 20
: X X=X{

At X = L: Cl(L,t) = CZ[L,t] = C



al
(Cy, < Coyqy) dl = = (D y,+0) 772
+ (Dpy D) EE;
’ Ix X= L
ie. ENP; “ Nppd L= - (Y 00) 202
. - dt ax X
{

+ (DEY]+D) 9Ly

- 3X X = L

as required.

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

~C

h

it erfe [X/2(D £)7)

Where: D = {PPY2+D)’ (Dpy,+0)

then C

- = erfo [X/Z(D*t)%],
D . .

C/Co being constant

1

is. erfc [X/2(0 t)*] = const.
. % 1

or X = const (0 t)?

% L
and X = | = ponst (D t)°

CL/CD const.

i

Cie. L(E) = (const /O¥ ) /E , as required

where @ = {const vOF )
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