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LBSTRAGY

The Ferrs approoch »f the elaseic Zener wedel bas been correcied and
developed For the evaluatlion of (he clastic coutribution to the thermodynamic
charactervisiics of diffusion and soaduifon of some intevstlcial dwpurities
(1, N,C) in bee wmetals {(0-Fe)., The Cripui approach and the Sakamoto general
equalion have been critically annlyrzed and developed. A theovetical descrlp-
tlon of the gases permeability incleding both the diffusivity and solubility
with trapping effect and transpori-hy-dislocations effeact hos been done. This
theoreticatl deseription has been used wirh respect ﬁo the known experimental
data on 1hwe inlluence of pricr cold-delormatlion on the ygases (H?,D?} permeabilis
diffusivity and solubility in some metals (R, @-Fe-0,1064C), A model has
been developed and implemented for @iading fruve Jdiffusion coebiicients of
impurities in the near-dislocation gegrvepation repgions (NDSR) in which there

are some suitable experimental data.

Some information ou the chavactevistbics of the NISR has been obtained
which shows that the ¥DSR ave notr "ecasy path' for impurities diffusion, 4

rejevant medel of the MDSR structure hos been discussed.




LNURODIHIT G
Whent a wall of soiid a=ierial such gn nen PrCain e o aidoy

separates two vegions contaialn,g, atodl et pressuces, bilvh pressuce

{Pl) 4and low pressure {i”?‘), thece will generally be o digsoleing of mas

into the material (metal ov alloy) on the high progssuie (Vl} side, transport
of the pae species across the wall and passege oul by desolultlon in the

ilow pressure (?2) repion.  This process 5 called "Vorueaiion™.  Wieh the
pressures  widdntalned constant theve is o build up wich time to a constant

"steady state permeation rate’ Chrough the wall.

Cases permeation through solid materials (mevals or atloys), of
fundamental Intevest as an aspace of <alid sfate ditffosion, 15 of considerable

+

lmportance in very wide vavioly of rechnetogical apolicacions,

Hader many commonly occuring condictons of Cempparature and pressure,
permeation behaviour 2an ke fulily vesesibed in torms of il fusion coelficinnts
and equilibriom gases selubilicies. 10 othor words, permearion can be defined

i Y

interms of both thevaodynawics and kinetics precesses which bring about
.

the thermodynamic aguilibvivie o1 Cie solubilit ies of pines (lapuvities)

in the solid materials. Thiw aspoct will be considered dn this wock,
i

Toe permeation of gases in solid waterials fawrals or altloys) may

e
i~
-
=

occur by means of latcice diffust praln boundary dilfusion or {n the
case of specimens undergoing plastic deformat ion by diglocatons Lransport

(1.

The significance of pases peraeal ion in solid marerisis (metals or

alloys) can be analyzed by the Following aespects:




1) Permeation is a process which is realized by both cheomodynamics
and kinetics processes In the atomic tevel,  Tlog, the studics of permeation
of gases In solide provide & unfaue way of dnvestigating opysial sUructures,
crystal defects, crystal properties, oic, From such siudies of gases
permeation in metals or alloys, some iaformacion aboul the characteristlics

of the near-dislocation segregalicn regions (MDSRY could be extracted.  1his

possibility will be investigaited in this paper.

2) Perneation plays an important role in many processes used to deterwine
the structure, property, utility and strengih of the solld materials; such
as seme phase transformations notably creystallizatinon and recrystallization,
corrosion, some mechanisms in semi-conductors and technologically Important
processes of defermation and destruction of wmetalll materiabg ar hipgh temp-

erature and pressure.

"

Permeation of gases can take place fn wetals or slloys, osides, intey-

metallic compounds, semi-conductors, ste; in 2 wide vange sf tempevature,
pressure and other .external conditions such as detoimation.  The Inbluence

of such external conditions (deformation) on gases permeabiiiny, diffucivity

and solubility will be considered in this work,

Some of the wost imporiant amd useful materials for Lhe technological
development achieved in this century are steels and some zlloys based ou
Ni, Mo, Nb, Cr, Si, Al, ete.. The addition of sowme concentvations which
are themodynamically active elements (iwpurities) to these solid materials
(alloys) will bring sbout a preac iniluence on theiv technological properties,
gtrength and utility.

For instance,; the effect of hydrogen gas on the wechanical properties

of metals, the rate ol hydvogen wmotion in the meisxis and the themodvnamics




of hydrogen intevaction wiih fhe wetals have heen fnteusively studled over
MARY Years {2,311, I the pragent work wwoie detaiiad considecatdon bas bhees
doas o Lhe pecueabllicy, difiasivity sad solusility of Hié A, U oand B
in the mebals = w~Fe, N oand 9~ Fe - 00167 € (stecl).  These fnpurities
interact with the lattice jwpervfections in £he matricd and chavgs the pro-
perty, styucture, strengih and utility of the metals or alloys under considera-
tion, Thus, frow these view points, it is woerth studying the permeability,
diffusivicy and solubility of gases in solld waterials (metals or alloys)

for both academic and technological purposes.

Since hydrogen trapplng behavionrs are clogely related to the resistance
or suceptibility to hydorvgen embrivtlement of webals and allovs, theve has
been a continulng intevest in these topics by many invesilgators 4], Moreover,
nickel is found out to be a suitsble waterial o siwly the trapping of hydrogen
at lattlice jmpeviections such a3s dwpurities, dizlocations, grain boundarics,
ete,, and the eifect of oxide barviers on abscorpeion, desorption and permeat-
ion under well defined surface condltions. This Lo dve to the fact that
the iutluence of surface contomination is reasonably amail (2}, The permeability,

diffusivity and solubility of H? in non-deformed nickel has been measured

by surface sensitive mebhods sueh as perveestion, eleetrochemical method,

etc, [tables 2 = 4).

Thetre has been a considerable number ol work devoted to the interstitial
ftardening of bee wmetals and alloys due to che tmpuritics (N,0) interacrion
with dislocat%unsg The corresion process s also a sevlous problem nowadays,
lts procesg 1g limitted by permeacion, diffusion and solution; this ig duce
io the fact that the transport of the Lmpurity (02) ko the reaction zone

is accomplished by these processes -~ permeation. diffusfon and solution.




: cer me e e b e bod
Yo suw up, the Ferro approach of ihe zenee woiel bas heen corrected,
fne evalanrion of vhe elasric coniviburflons for

daveloped  and  used For

some Jatevstitial impurities

the diffusion und solution characier iokies o

in non-deformed beoe wetals (o - Fe). The fnf luence of prior cold-deformation

[ {- i R 5 TP eI 1 3 als
on the permeabiifity, diffusivity and solubitity of gases {hg,nz} in metal
(Ni, ¢ -Fe-0.1620) and (he chardctecistics of the RDSR on thease systems

(B 0 wd H? in Ni and H? noasWe-001020) have been considered and treated
2700 ; 4

indetailiy.

The major components of this work are:

1) Collection ond analysis of experviwmental data on the 0aBES (HE’NZ)
permesbility, diffusivity and sotubility fu non-deformed metals
(N, & ~Fe) with respect to rinding the accuracy of the characiteristics
of temperature dependence of permeabitity, diffusivity and solubility,
these guautities will be vsed as a srandard [or comparison with

the data for deformed specinens,

2} Correction and developuent of the Feryo approach of the elascic
Zener model for the evaluation of elastic contributions ro the thermo-
dynamic chavacteristics of diifusion and solurion of luterscinial

"

impuricies (H,N,€) in non-deformed maecals (G-fo),

3) Collection of experimeital data ou pases (H?,U?) permeabilicy,

diffusivity and solubliilty in cold-worked metals (N1, %-Fe--0,1670)

and eritical abalysis of their known interpretatian.

4) Deveiopment of the model For the description of the experimental
data on the influcnce of cold~deformation on permaabilicy, diffusivicy

and solubliiey,




5) fyaluatiown of oo characierigirices of the nesvodisiueat ion sepragation
vegtong for asoluiion i wnd B dn NP oaad By odeow P, LHZ0
(stecl? uy usioy the Foaow. cuper nenval data on permaabiliiy.,

diffusivivy and selubility in defarmed and non—-defonned specimens

and the developed modal.




PUE PRRMEATTON, DLEPHSTIN ARD SOLUTI0X OF CASES 1R

NOM--DEFGRMEL SHETALS

1.1 The wechanisw of permeation ot gases lu soltid mpber Laln (non-

porous metals or alloys) has been obudied intensively by usipng vacious

techniques (tables 2 and /.

The =~ permeation behaviour of gases in metals or alloys can be fuliy

described Jnterms of the difiusion coeflicients and enuiiibrive casaes

selubilities. Hence, permeation Lls defined by the product of solubilbity

and diftuslivity as:

= h (1.

whera: 4, v, D sre the perweabiiity. sotubility and diffusivity

LY LS

, G oheing the solublliby at pressure P,

coefficients respectiveily and vy =

'

Thus, premeabiliiy of gases ln solid waterials hng a tricd gense apt can

be expressed by both thermedynimics and kiretiacs precesses.

The basic surface processes that are cesential fer peymaal lon o occur

i. the adsorprion of mo:iecules or atams outo the surface from kthe
gas phas2 and thelr desorption Lyom the surlsce;

ii, molecular dissoclation on the surisce O alowns and thelr ve-
combination tn moleculas;

111, the absorpilou of the adsorbed atoms inio sojution in the guvrface

layer of the solid and their veverse passape out of solution.




In some cases dissceclatdow may cocur simultaneocusly wi

s0 that processes (1) and (i1) become a single process

‘h adsorpltion

g4y Lhere 35 then no

Ldentiilable molecular phase on the snrtace,

This &5 Ydirvecr

dicsnciarive

chemisorption' and is believed wo ocour for instance. for hydrogen adsocptlon

on wany transition meial surfaces.

The net effect of gases permpeatlon through solid materd

or alleys) is that gases at higher pressure (Pé) on the inlet
mebals ig trapsported through the metals ov allovas to appear

at a lower pressure (P7) on the outlet =zide of the metals or

this case at a steady state the tolbal amount £flux (J) of gase

which perweates through a plane sheet of specimen ov surface areax § and

b is expreased as (fiz. ).
i

e

AT e ey

H e

Permeatjon mechanism of gas in meral

provided I} ig indepardent of concearration (C

H

: X de : ;
For a steady state case 4y can be found by solving Fielk!
- (194 :

Lie D 5= = 0 {for sceady state)

1

Usding

o

als (metals
side of the

as atomic pases

alloys. In

g per anil time

{(i.72a)

3

{(1.2%)

thicko




&

CJ 0y = v ‘/51 =B and
Cy(b) = “r’s/i"",) = Ab b Y;’T’; SO ¥ O X3} S LORE R ¢ N
£ A L <
Elie dabegratdlon conainnrs A and B oenn he determined.  Hence, ogn, (1.2h)

becomes:

W+ oy /T
0 - !
b
and thus
o e
defx) f”fiil (1.2¢)
dx b e
substituting ().2c) inte (l.2a):
3 /75
PR (Efm) (1.24)
b
where : & = Y9 apd 3 = J/s, 4 being the flux density,

Thevefore, the permeability of gases 1n merals can he equal to the [Lux

density (9 ) provided that the prossure gpradient (VP/D) is equal to one.

The temperature dependence of enses ermeability, solubility and diffug—
F i & P X

ivity are expressed by ithe Arrhenius type velations of the form:

IR exp ("Up/RT) (1.3)
D= 0, exp/wm) (1.4)
Y o= %oexpCYy/rT) (1.5)

For 4o = yoii, (1.6)

and

Qg = Qy + Qy (1.7)

where ! %,;H),ﬁ},Qg,QD and QY are the charvacteristles ~f the Arr'aring tope

temperature dependence of permeability, diffusivicy and solubfility vespectively,

Rods the pas constant and 1 is the temperature in Kelvin,




By ssing eqos. (1,3 - )

i chigraceeristios, Che abuolute

o

and solunility

vity and solublliey of hydropgen arsd ndbropen

Al ditferent temperatures can be evalunled (table 1),

L.2 COMPARISON TO LITERATURL

The literature af hydrogen permeabilicy, diffus
in ron-delorned merals (Ni,,{)Fe) is quite extensive.
sumerayy of e vesulis of direct mMEASUTEmNenl §

diffusiviicy aud sofubility chavacteriatics in

(NI, y-Fe),

Becauvse of the

and since theve is no wiuiversally preferved set of units, qearly every
has presented his vesnlte with a different set of units

compare the works of vartons auvthouvs, L bas boen HeCeRsary

Factor io @early every case o obtain the desitred common

process has been dons in this work and the data of the

tisted in tables (2-7) aficy the gonversion process is

AS can be zsen

the invertigators is good.

values

7} oand for givenu valuves of peracabi iy, diffusi-

of permeabilitvy, diffusi-

3 i1 the non-deforued metals (Md,o—Fe)

stvity and solubility
Tableg (2-7) plve a
that have been nade for pevmeaiility,

the nou-deformed metalsy

lavge vumbey o variavions on iho different unlts possible,

author

(5-8]1.  Thus, inorder Lo
to drive a conversiomn
unite Tiis conversion
diffevent aurhors ar-

accomnpi ished,

frow cablze (2-7), the agreewent of the results HNong
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TABLE I

Characievisiion of the Arvhenios Type lTewparature

Bependence of Hydvopen Difiusivity v dov-deformed Nickel

Pomperatnes (X0
i3

Range K w /s

653 12549 AL

[
I
el
o

.2
Pal
ek

~ 973 7.
-~ 784 LG,
967 4,

15493 5

'

- 623 6.
- 093 5.

873 4

+

- 343 0.

- 573 &

~623 )

- 873 4,
- 923 3.

- 879 N
~ 1669 b, 7
- 1273 1.0
- 847 CoH
- 370 3.
~ 773 4,0

%

i

~ 32

o
S

Al
s}
e

4

- 923 5

- 923 5,

- Q67 4,

504 7.
707 5.

b !

35.4

Technique

Permeation disk
Fvolution
Permeation & ele,chem.

Permeation disk

b

n

Fvolution
Absocnrion
Evolution

n

Permeation disk

Permention disk
Time lag and avslubion
Permearion
Desorprion

References

1201
(2]
[22]
f23]
[24]
(25
[14]
26
(27)
116
£y

i

129
[30}]
[17]
(31]
[6]

{7}

{5]

1317
{32]
{33}
{34]
(351




Temperature ak.

Range

1067

576

658

479 -~

-

TABLE 4,

Coefiicient

1494

967

893

874

1123

1300

i720 j

300

°K difba

Characieristics of

1) i)

kt/mal

15,4

EAL8

Ah.b

2.0

il

v

f

Temperatuse Hopeadencs 0f

Technique

Absorption
Evolation

1
Abzorpticvn and Evo,

Absarption

P
B 5

of Hydrogen Solubiliiy fo Nua-defouvied Nickel

leferences




TABLE 5:

FTamperarure

Range “¥

SErYY

7731173
623-973
399-966
473~913
623-1073
H33-833
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DFRPUS 00 OF LHTERETIT

The diffusion beltaviours of iuterscitial fwpurities (B,M.C..) iIn bee
metais rewsins the subject of considerable Jaterest dn the areas of wmetal

physics and materials sclence with respect to fundamental, expecimental and

technological aspecte [672,03].

The mechanism of diffusion has been studied intensively [GA-08). As

is well kpown, the problem can be reduced o that of & small atom moving at

randow In sucecessive dntersiltial DLJiiiO .

Quantitative measuyeoments i eha rate ar which a diffusion process occurs
re usvally expressed Interms of the diffusion coeliflfciont, the activabion

energy and the enivopy ur Lrequency Bactor, which are known as the diffusion

chavacteriustics,  Since A4 Ffunioa ovcurs as o resulc of the random moiien

of particles which are nluays chermelly activated in sollds, the diffusion

coeflicient thus berowss A vely ong function of temperature as given by

eqa. (1.4,

i [63] it has beew shown that wosit of the lmown experimental data on

the basic Jdiffusion parameters ~ aciivation energy (Q}and trequency {or entropy)

by

facrors of the dirnfusion coeificients (Q_) of the impurities IL,N,C, and O in

i

fer, hep and bee mevalis are compaiible wils the elasele veney model [67,68]

with respect to the deseviprtion of the relatloaship petween D and Q.
i ! i y}

Diffevent attempbs have been made Lo evaluate Che diffusion chararter-

istices - Q and N of interstitial iwpurities of prfanion in non devornnad Too
53 i &N

metals {i-fe). For instance, in [HY] an attempl has been made to ovaluate

the diffusion paramecters (U and Q)} of the Iotevetitial dupurities (HLN,C,

,0,) in the nou-delorwed hoo metals {ri--Fe, Ta,Vo,ib, o) on the basis of Lhe




clastic Zever model G700}, 1o shiw

2, D opeems axpedlient to EEVE gome
verificatlons af the resntoa o J80] with vesnect to ihetr applicabllity
€5

to the evaluatlion a7 b A Panlog aad sotut on chovacieriyoies of the Tipurfi-

ies (B.M,C.. L),

Hithin the wodel {69), the diftusion process of the iutevseiclial
impurity 1n bec metals (a-Fe} s considered ag Lhe ‘transpori {or jump) of

an dmpurity atom form cctahedral position (5450}% which is the origin state

N -
Lo the nearvest octahedral possition (400 wuhich 1. assumed to be the actlvared
state atb the coustancy in temperaiure and voluwe (or preassure) of the matrix
(Fig. 2).  Bot both thene posttions - (450) and (500) are crystalographic
equivalent sites in the scnse that they all have identical environmants.
Faor both positious only two of the 8ix nearest watris gefghbours should bae
displaced in the same mauner fnorder te obratn the covity slwe corregponding
to the dwpurity aroms. That ig why the =lasiic disror:fon mevglens arve the

same o)1 bolh types of the octabedeal positions. In other words, the two

Eypes of ocialedral ¥

ositlons cannol be dividad inro origin aud activated

states of the bmpurivies 44 Cfuuing as wag done iv (69,

a NG

o o N——y
LIS

;
-

Lo 5

Fiu. 7. Getahedral (ta) -~ (50), (o) - 00y apg tetvahedral {({b) - (%%0))

5

=5

tes of an dnterspiciasl lwparity (s} In non-deformed hee
metals,  The shaded civeles (2) ape iLhe nearest matrix aton
neighbours wldeh ahould he displaced o obtoin the cavity

eize of the fmperiey acom




LH
. . . e omh N , "
For the heavy lwpurities {C,N,0,B) the tetvaheodral pesiticn {%0) co-
y i s 2 3 3 p 4
cvesponds to hizher elascic destorvidon cnergy in comparisen with the octahadral
pogitions fn 169), sioce all ithe four nesrest mabvix nelighbours should be
digplaced inorder to invm Lhe dwmpuriiy size cavity (Fig. 1L). Fhus, for the
} F 3 ] 5

heavy impurites both types of octahedral positions can be considered ag origin

or fimal states of the impurity diifusion process, and the tetrahedral position

(3:50) as the actlvated state of the tmpurity diffusion process.
4 I ¢

In the case of hydrogen fmpurivy, the situation is entirely opposite.
The tetrabedral cavity size is lavger than the bydrogen impurity atom size,

hence there is no elastic distortion energy f{or this site.

Ty

e

[
-
jtsl
o
.
.
o
R
iy
.
=
s
“y
ol
S

? n 7,86 . Lo R
(37 v (35502751 assh

B [
v ¢ = 0,304
whare: v is the tefrahedrval caviiy size, a ig the latinice parvameter of o-Fe

and LI i the radius of 4-¥e atom.

The value (¢ = 03365) is larger than the radius of hydrogen (?H = 0.303) atom
tmpurity. Hencs, the tetrzhedral position can be considered as 6rigin or
final states of the iwmpurity diffusion and the getabedral positions can be
considerad a5 the activated states of hydrogen flwmpurity diffusion. Thus the
elagitie contribuitions to the actlvarion [ree enerpy (AG) of hydrogen impurity
diffusion cau be conmected.with the external elastic work (W<0) necessary

to enlarge an octahedral cavity (5%0) or (300) adjacent to an occupled tetra-

hedral cavity %é@) to the ujre of the interstitial dmpurity (U):

4

AG = (), AE - TAS (1.8)

LT
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where: AR snd AS are the elasiie centelbufions o the activatioo anervgy

and the aciivarion entrapy of Fthe procsss respect lvely.

Within the elasticiiy theory. Lt has heen shown {09] that

. P el T} 2. g
(D Qs =83 Ny, uld-h)%a (1.9)
where: %bis the ghear wodulus of the non-~deformed bee metal (0-¥Fe) arb T “K,
NAV is the Avogadrn wumber, d ig the diaweier of the isiersultial lmpurity atom,

a is the lattice parameter of the non-deformed hce metal (0-Fz2) and b is the
hedght of the fgtahedral cavivy (5450) or G00) in the non-deformed bee metal
(ti~-Fe).

I

The evaluation of AL wihin the wmodel [87,68] cap be doune as follows:

- ?ﬁﬁﬁ/ﬂl. - i -t Q% 9
AF, = [—at}ﬁm }V = M(U)V,T ] 1(5T}V (1,209

By aslug eqn. (1.9) ir follows that:
TRV T . o o . e r J}J \ .
FAY DRI hBV ald-h)” (o ”!(ﬁf’ (1.21)

Thus the temperature dependence of i can be vepresented as:

REY
ST T T VL 1.22
H i " Lo G T) ( )

whete:lio iz the sheatr modulus of the non-deformed bee metal at 0 °K and

(9 3T) i constant.
Hence we have;

= o= 1, ; ; v 2 =iy i"“r
Q= AR = L3N al@w)? o= 0 (1.23)

where: @ {s the elastle contribution vo the astivatlon diffusion energy nnd

WO is the elasiic work at 0 °"K.




el
Lo

Ban. (1.23) for the evaluation of (¢ i3 wueh more reasonable fo the model
[67,668] thun the corresponding agu. () ia [69], which was obtained {or the

adiabatlc process In the vepion couniaiaing about 10 atoms.

T.e dE = &g ~ P4V - 4
= Tds - PdV - d¥

(AE) = ~d¥

a T

: (AE)SSV = =W o= 1,3 N, a{d-h)”? ;%(1 - i) {1.24)

AV
. ARJ
for 1 = ‘/II)R

~particularly, 1t should be noted that iy eqn, (9) in [&9] the factor {(which

is about 153} before the gas constant was omitisd without which the ¢ifectlive

W

shear modulus at the local tewperature (T 2 Q/H [691) will be unegative which

hae no physical meaning.

VoA PHE EVALDATION OF THE FREQUERCY FAUTOR {i_);)}

BY THE ZENER HODEL

Withiln the model [67.68], the svaluation »f the evtropy factor {AS)

can be done as follows:

246

e '
E A L S N £ A0S (1.25)
d 1 o 4

P T

vhere Tm iz the melting temperature of tha meial and
3= MG x (=Y
Q o ( O)
éGO being the change dn iree energy at U “K.

&

Taking into account egns. (1.8 and 1.9) one can obtain {67.68].

bs = pR/T (1.26)
i




I

o

where

{(1.27)

Thevefore, the cvaluationof the Prequoncy foctov {H}) Ly using fhe Hnown eqns.
) (

In [67-69) can ke givewn as:

Ry .
i) (1.28)

i
D= ciatex
g exn

where ¥ is the ovder of the Debye rroquency alonp the 100> direction In the

nou-deformed bec wetal, or

1
W= ‘[Q/a;"m)’§

m being the molar mass of the impuriiy.

The results of the evaluations of § and D) hy using egna. (1.9 and L.77-
L
1.29) for hydrogen in .~Fe are phvew in table 8. The values of B, Vg ,h.a,d

and v have been used fvom [69],

Fhe cvaluated values of § and B for hydropen diffusien inu -Fe (able
8) are of the same order as the expevinentel ones {(42,61,70), 1t shows that
the elastic concributions vo the choavacteristics § and 48 is considerable,
Nevertheless, it id4 necessscy to ewphasize that pmch wore complete considerat-
lon [672}) of bydvopmi diifuuson in non-deformed bee wetals teaking dnto account
the elactronile, latvice velazation and zero voint contributicns glve values
of the activation energy {1-2) kJ/wol which js less than the expevimental ones
(4,.8-9.3) kS/mol [73) by about oae order. The smallness of the caleulated
value {i-2) ki/fwol is mainiy due to the underestimation of the short-range

oxthogonality repulsion experienced by hydrogen near the hogi-metal vuclie.

With respect to the beavy impurities O aund N in von-deformed bee metals
{(¢t-Fe), simiiar considerations can be made assuming the cctahedral gices (J550)
- L0 - B B 3 E iJ
or (500) as origin or final seaies and the tetvahedral site (410) as the

activared state, since the radius of thasa heavy impurities ia larger than

the tetrahedral cavity slue of the diffusion process, - The acitivation free




Y {AGY can be conazciad with the differencs in the olastie destaoyiton

) . s . ; . .o I,
enargy due o the foterscitial aion fu Lhe aciivabed position (%HU) and ihe

ovigin posinlon (3%0) ov (400).

By using the evaluaidon in [69), one can find that, within this mode 1

the elasitic woirk at O°k(~wa) can be expressed as:

BQFX)
R L U 3
QeXp Kn(l ISRTH ) (1.30
H

where Qoxj is the experinental value of the activaition cancergy.
29

Using 207 of the experimeotal value [69] for the activatlon energy
(Qexp) and Tm 1808 °K for a-Fe, we gel the vaiwas of C iu ¢ ~Fe and N inu-—le
to be equal to L7 ki/mui and 16 kifwol sjespectively. Heoce, by using the
values for € and N in 0-TFe {evaluated using eqon. :.30); the activation energies

{0) and frequency factors (Do) can be cvaluated (nable B},

The results of the evaluations of § and D for the systems € and N
G
diffusion in “-Fe show that the elastic contyiburicns ave significant, but

it is necessary to’ take into account the osiher conivibutions,

fn principle, the total intevaction free energy chaunge can be asgessed
from a knowledge of the electrowic and fonie reavvangements which occur in
a solid when a solute atom wigrates [row some far-removed position In the
Jactice to position r. However, since the present state of ithe theory does
not allow such & gophisticated analysis, rhe total free emevrgy change ls
divided artificially into & number of pscudocontributions such as strain
energy, electrostatic energy, electwochemical energy and vibrational entropy.
For dilute solntions, the contributions are assumed to be mmiually indepandent.
Heuce, the various components of (AG(r)) are analysed individually and then

Fe

alpebrically suvmed to yleld ihe tofal intevacticus of bindiog fres energy.
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the electronic struciure of the trausition mztals 1s so imperfs

updersiood and so lierle ls known abovet the form of dfatersioitial soluates o

thege mevalg phat as vel ne aittempt has been made to caleulaie the activation
energy and actlvatlon entropy from the fundamental principles. lHowever, an
emperical approach due to Zener and Wert [67] has proved very succesgfﬁlly

in accounting for cthe experlmental valueg of the activation entropy and the
froguency factot(D0) The activation free cnevgy (AG) iz the dsothermal work
done in woving an atom from an cquilibrium position to the top of the adjacent
potential barrier. A local dlslation of the lattice has been induced (by
rhermal fluctwation) te create & void i1n thé solvent lattlce suifficlent to
permit the passage of the interstitial solute atoms. The work done is largely
associated with the clastic strain energy of rfhis distoriion, its magnitude
depends upoun the relsitive size of the solute and the matrix {eolvent) atoms

and the elastic constants of the matrin.

1.5 DIFPUSION OF THPERSTLTTAL IMPURITIES IN

HON-DEFCRMED FCC HETALS

o

piffuaion model for hydrogen in non-deformed fee meials is totally differen®

from the one described for non-deformed bee mefals. Lt is noted fhat dn the
high—temperacure regilon the diffusion activation energy io the non-deformed
fee metala is typleally (19.3-38.5)kd/mok {73}, which is wmuch nore than the
calevlated sal£~trﬂpﬁiﬁg energies in the octahedral sites. On the other hand.
Qccording to the ealeuwlations, self-trapping in the tetrvahedral site is unprobable,
and thus hydrogen would HD% be localized at the teifrahedral site during the
activation procesgs.

Neutron-diffracition data {75] {or hydrogen diffusion i g -NI1 shows un-

amblgously that the hydrogen atoms are locallzed io cetahedral sites unlike

to bhydrogen atoms 1u bee metale @ ~Fe) which have tetvahedral sites.




The diffusion of hydrogeo in non-deformed § 14 has a potentlal energy

; | . - S ) e \ W o= =i
barrier appronimately equal o 35,550 /mol {fig. 1), The widih (7.5210 m)

baothe digionce between cobahedral sites. The curvatnre of the porential

well at the ectohedral site ig drawn o coryespoud fo a frequency of

Vo= KOM = 2.8 x 1017 g7

ot
C

where: K isthe Bolezman constant, 0 ig ihe Dobye cemperature in °K and b

b

Planci's eonstant.

YL .
I§m= - ARG FA oo

Fig. 3. The voergy barrier of iiydvogen diffuslon in Nickel
Lt may be saen that for any 1lkely shape of the poteutial enavgy baryler,
the curvature at the top of the barrier will ba less than in the well at the
octabiedral sfte. The implicstion of this observation is that tunmeling effects
are unimportast,

.6 CALCULATION OF SOLUTION PARAMETERS OF TWIRRSTTITLAL

i

ISPURITIES N NON~PEFORMED BCC METALS

The Fervo approach [69] of the Zener model [67,68) can be vsed for the
evalustion of the elastic contribution to the thermodynamic characteviaticy
of the impurities (NPSC) solutions in non-dzformed bep metals {u--Fe). Similar

considerations have been dona by some inveatipators [J6,717}). Navertheloss,

& detailed thermodynamic anelysis fa awpadions,




;’(,
1.6.1 Sotugton of Nitsogen in o-Fe

The selovion process of 1, L beo metnis (-F2) can be described as
i

followa g

L3 i [ Lom (P s A

1) A, (P ) s N, ) Aoy
Z 2

. [N 2 PO, ] 3@ ‘,‘:\ ¢

23 )r.z(PN?) > l](}z\!) ; \ G,

+ nilel

1) N(P") + nFelerys.) —> [N
) a(iN) n¥elerys.) > [ N] solvent

solute
The net process of reactions (1-3) is:

4) %No(?ﬂ } 4 nFelcrys.) —> [h]solute + nlrel
2N, v

b

soplvent

. AG, = A, 4 4G, + M, =
and 4 t ¢ 9 { 3 4]

where P is a given pressure of the molecular gas (N0 Pg s P; are the standaud
2 . 1

_ 2
pressures of the molecular and atomic gases respectively, AGI' ﬂ92,£563; AGQ
are the free energy changes of veactions {1-4) veupectively.
The free energy change assoclated with rhe net process is Zero since
veaction {&) is an equilibrium one. a >2 1, since the gas solubility in the
bee mebals {-Fe) 1s small, i.e., diiute solutions axe consldered, Hence we

can haved

A = RT In(ps, /!
Gy Y] ln(EN’/!?N ) (1.31)
2 2
Act AR TAS"
AG. dis | dds(M) . Als (1) (1.32)
2 2 2 2 T
AG, = RT v bt
AGy RT In tm} ( (N)/”) (1.33
m’{‘*
Fod = Ay m ; P 17
. chp(ﬂﬁ[ﬁ]/Rl) exp( A 3 {1.34)




i

whore: -~ 0%, L HT, Lost o ave rhe free energy, cathalpy and sutropy
disn disiN) disdd) :
changes of disscciation ol 5 roapoct fve e w oo b ig The atomic Fraction of the

fwpuricy (X)) In the melai sef L 0 =30 s Uhe number oo octahoedral aites
per the matrix (sulvenk} atow, |} Sy dnothe activity coeblicient ol the iwpurity
atom in the dilute solution, Hi. o and

enlhalpy and excess entropy of the Lepuricy in dilute solutions with respect

".] are the relative pactitial molay

to che ntomic gas (N} at Che standard pressure (#2).

As was done for fostance by Oates [78], some standard state for Che
intersticinl impuiities could be chosen and diffevent definition of the
fmpur ity activity can be nsed, where the finite nunber of the octabedral sites

iv Utoaben loto account. from the eqgoilibriom candition ol reaction (4), onc

Gl dnave s

R 2
SXC (1.35)
o
whora, "H‘;i\‘f = {i.30)
f TN (1,17
= - NP i
!r) A‘."I')'r: oR R
As ,
. _ g owEs dis (N}

TGy B P38
By DI R

The quantities LH{"] and A8,., are calted the relative partial molar
3 oy

eothadpy and entropy of the impurity in the wetal {n—-Fe) solution with respect

Lo the wolecular pas (¥,) at the standard pressure (P ) [79].
it -}

i
~

From the expertmental data [80], on N, solubility in Che wmetat (u-¥e),

one can obtaio the vitlues ol ."'-il,y,r[ and KH/R as:
LN

7.5 ki mod and .Y respectively.
| Y

by vaking ’“ii o = YA kJdSmol 8] and L'Tlii,N = A7.h kM/mol, ane can ohtain
(SRS LA N

H

using equ. (il i) the vatue ol :Eli\Ei = =AY i/ med.




The edast e conbribucion to o o the wmeial s -te) within the Ferro

approdiiat boe DY o the Jeaes woded (07,600 cun e evaduated by ousing

egns. L0 3 and U030 with respect to the selurdion process of AG., pae

2
Lol SULIATE » .
Hony 7 by T Yo th.39)

vhere W de degeribed by ogn, (107 4

is the elastic contribution to
£r

rhe celative partial enthalpy (58 )

By using tae values of ©,p L hod and o foar -Pe and N From [691, one can Find

se b . : . , \ c L re
Che valoe ol :H(¥l Pl kd/wmoi. Thus, all the rest contributions Gzﬂr

)

can be cvaluated hy using the reiation:

re - - :
S & 051 kd/uwol,
1) o) (N}
- . Ca PN woa . .
Phe eqastic oontributiog to bgpi lor N dn'i~Fe withio the Ferro approach

fo O ihe cener wmede! 107,081 can be evalvated usiong equs, (.18, 1,19,

LU, e and pihowifh respect to the solutjon process A6, . This excess

3
entropy ped Twpuriny is called Lhe dnvrinsic entropy ol ithe impurity {77].

. - -
Mhe eiasidie strain iree envryy oer solute atom ﬂhs (exclussive of mixing

drnicapv; can he expressed das

- ST HE el :
SR £ B N (1.4
Nl N f
L H . . 1
Jherve ,vJ oo miven by equ, (LL1Y), Hence, we have:!
i
- ‘,\:
. = s LA
: ¥ ' ( )
i
i - s 3.4, and is the elastic contribution to the quantity.
[ -




g

FoBL2 “ntuning af a

Ihe solupitity oif cavbow o

with respect to vhe carblae comp

manier as For N, in. =P

by Feo {solid) -2 ire (
2y U e Upas, PY2
£y o e’

1) (atDrelerys.) + {{gas,

4 o8
i anlute

The net process of reactions ([-
4y te ;(I(sulid} 4+ nlelorys.
s

NG, = “u] + AU

i.e the tree energy change

yeaction (4) i+ an equlibrium re

The ivee cunevey changes of
a5
RN A0S o= A
" Cepe. o)
A6, = ARY -
P {uub.gr.)
LG, = RT In £7 , (X
3 fed V¢
it
. fc]
i L= aXT ,____,_,,,_.‘,,,___)9:,.
[c exp RT “p
where:  A07. AT, L and
) ’ (rekL)’ {¥Fe ) “
3 H

rion of vide campound (Fe

24

rhon 1ir a-Fe

oy in Lhe metal do-lFe} oatoa given Cewparalore

cund (?v&ﬁ} ean e counsidered in the same
croen.) v L AG
A i
A

ey -y (nkd) {Fe
c) ' SLE ;gulvent

3) is: ’

VoI

< dair e

aolvent sojute

ansociabed with he net process is zero since
Goetion,

fhe above resctions {(1-~3) can be expressad

(1.47)
(1.43)

(1.44)

—
o,
o

' (E.45)
R
A5° 0 are the standard quapntities ol forma-
(bejt)

¢ FHY and 8% are the
3)3 .(S e \(

sub.gr,)




30
sublimation quantities of graphive, foE(x(()aqj) 1w the atomic fraction of the
L) :
tmpurity (C) In the wmelal (o-fo), {0 =3) is the ociahedeal sites pergetal

: TLRY ) ; e
atomy GiL Loand o :‘)l Loaee Lhe velative paridiial aolar enthalpy aod excess
[ (‘,3

entropy ot the impurity {c); fo Ihe dilure sodution with respect to the atomic

pas (c) at the standard presaure (E"'i).

From the equilibrium condition of reaction (4) we have:

ey r‘\ ”[(li .
X Lo ] R t‘-‘ii)’\"*i\);j':“ ) {1.46)
vhere: = = AW, L+ AHO A 43
where: “[ci H[{.:j ! ”(suh.;_;r.) - “(Fe.}(lj \ (1.47)
“‘_; f‘; ‘:‘._-""';j{‘,, - :“:% I i . o g-‘.r (i ,,'{ fj)
[t Tl T(sub.gr)) e (Fe_gf_!) ' ‘
o= o exp ] (1.49

I Hi, o and 7 ia‘i” Are the velative partial molar enthalpy and entropy of
.ll - : kl )
the tmpurity {¢) in the meta!  Gi-Fe) solucion wikh respect to graphite and

carbide cowpand {Fe, (),

3

Frosm the experimentat data [80) of varblde compound (I"e,3 €) solubility

o or—-Fe, it follows

o [L]

SHe o= 4006 kJ/mol and - = 3,3,
£ i[(li 1.6 kI/mol and i 3
By taking AHY = 72,6 kifmol [B0 AHS = 7 . :
v raking lH(FGQC) 20 ki /mol [BO], AHE 10 kl/mol and

AH (] " 40.6 kd/moly using eqn. (1.47) we have!

AT = 647 kdfuwol.

lc |
i o ) : - . el ot
Furthermore, iLhe elastic contrlbutions to x,\H[ ]zmd .f_\,.':{ | can hbe evaluated
C C

by using eqns. (1,39 and 1.41) and give values of 147 kl/nol and 4.2 respectively.

flence the rest contribution (f":H;-Ei) =0l - :"‘,}—l'?l
[ [

.} ~794 kJ/mol.

The solubtlity of hyvdiogen in wmetals f.o-Fe) can be analyzed by followin
¥ 3 & ¥ Y

the same procedurs and has been considered in [76],




CHAPTER 11

THE INFLUENCE OF COLD-DERURMATION ON THE PERMEABILITY,

DIFFUSTVITY AN SOLEBILLTY OF GASES IN METALS

2.1 [NTRODUCTLON

In this chapter the influence of prior cold deformation on the
gases permeability, diffusivity and solubility is discussed. The difference
between prior cold-deformation and amealed (on-deformed)specimens is
mainly connected with the dislocation density (52) and other deféct con-

centrations.

The dislocation density (which is defined as the total length of

dislocation (1) per unit valume (V) i.e @

i
-2
b 16 m , f.e by several orders higher than

:—Té) in cold~worked specimens
is of the order of 10 i0
the dislocation density in the annealed specimen [82,83], Such high

dislocation density (106~ }0? ka/cm”) corresponds to very large length

6

of the diglgecation networks {i.e about 10)—107 km 0of the dislocation lines

per cu® of the speclumen).

8y taking tChe dfameter of the near-dislocation segregation region

i

~1} — o a
{NDSR) about [0x10 'Om - 100%10 Om(iOA - 100AY [82,83] and the dislocatdion

density about 1015n JOlbmﬁ?f one can obtain the maximum possible value

of the volume {(or atomic fractcion) of the NDSR to be about lOaI. This

shows that the NDSR can considerably influence the impurity solubility

of the gases in the wmetalg and binding energy of the gases lmpurities

in the NDSR; i.e the local equilibrium concentration of the gases impurities

In the NDSR can be higher by several! orders than the equilibrium concentration
of tihe dmpurities in the matrix, This Is the so called the trap effect

of the NDSR on the gas solubiligy [84,85].

i




The NDSR can influence the gas ifmpurity diffustvity by ithe following
two ways.
LY by punping the difiusant impurity in the HDSR In accordance with
the distriburion itaw; it results in some diminishwent in the 5
gas diffusivity, this is the so called the trap effect of the
NDSR on the impurity diffusivity (or the diffusion — with ~trapping

eifect) [84,85}).

2. The NDSR can influence the lmpurity diffusivity since the local
diffusivity in the NDSR can differe so much from the impurity
diffusivity in the metal (matrix}; this is what is koown as
the transport -~ by - dlslocalions effect according to the nomenclature
of Leblend and Dubois [85]. The later effeck can result in
both enhancement and diminishment in the net impurity diffusivity
if the local impurity diffusivity in the NDSR is much highet

or lower 1w comparison with the metal {maktrin).

In most of the works {B84-86], the transport-by-dislocations effect hag
not been taken iato account without any satisgflactory physical reasons.
In this work it will be shown that ia [87] this effect (i.e the Erangport-

by-dislocations effect) was neglected inadequately,

One of the main objectives of the present work is to take into
account the two above mencioned effects on both gases permeability and
diffusivity in the cold-detormed specimens (Ni, o -Fe-0.162C). It wil) be
shown that the treatment of the experimental data within the model, taking
inte account the twé effects can give some information on both the?modynamic
and kinetlc, characteristics of the NDSR which are weakly studied t111 ﬁow

[82]. This aspect 1s also one of the objectives of this work.




The known experimencal data on the intlnence of cold-deformation
an the permeability dlffusivicy and solubility loc some systems, namely

DZ in Ni, H. in'Hi and v-Fe-(.1620C are consddered i sectlion 2.2,

2

2.7 EXPERIMENTA] DATA ON THE THFLUENCE OF COLD~UEFORMATION
ON HYDROGEN AND DEUTERIUM PERMEABILLITY, DIVFUSIVITY

AND SOLUBILITY IN METALS (NI, o -Fe)

In the work [7), the solubility, diffusivity and permeability of
hydrogen, deuterium and tritium gases were measured in polyerystailine
99,98 and 99.995% Ni foils aud rods at 300-500°K, VYarious techulques for
all three hydrogen isotopes af pressures beiween U U4 and 0.4 MPa were
used for the measuremenis, and both annealed (nen—deformed) and cold-worked

specimens were studied.

The specimens were vacumeamnealed at 1123 “% and furnance-cooled
before testing. The foils were cold-rolled to 987 reduction in rhickness
than the annealed foils preparsd From the same stock materials. told-work

17 T
wl® 2,

{ncreases the dislocation dsnsity from approximately 10

greatly dincreasing the potential trap density.

’

A summary and critiecal analysis of earlier permeation data (6]
done by the authors [7} enabled thew to conclode that the best equation

for gasesc permeation (H2 in N1} is:

B

-9 ~55300, at.te(d)m?

5.2 1 10 exp(~Wﬁ¥u~ e (2.1}
' s ¢YMPa

The data for the permeability of non-delormed nickel (¢ protium
obtained in the work [/7] from the curreat study agree closely with

eqn, (Z2.1) as do the deuterium and oritium daca whea noymalized by
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wulbdplyting by the square root of the mass nuvaber (M) [88]. Thuos
according to the expevimentol data (7] for the now-deformed speclnen the

gages permeability

= i 2.2
] 2.2)
G
wherat ¢ = 2:2x10 {at, ix (M) sviiPa Qéf.‘) = 55,3 kifeol
Vil

and M = 1,2,3 for hydrogen {(protium), deunerlum and tyitium respectively.

According to the vesults in {7}, cold work increases the permeability
of hydrogen and its lsotopes in a similar manper. This increase 1s attributed
to dislocation natworks effect providing short-circuit diffusion paths.
No detailed analysis has been done about this effect by the authors [7].
In the work {7}, two techniques have bean used to calculate diffusivities:
a time lag analysis [89] of permestion data and evolutjon of the time
dependence of the rate of evolutiun frowm initially saturated speclimens.
Values ealculated From the two sets of data werve nearly identical for
permeation or evolution rates near steady state. fn [30] diffusivity
values were saleéted by the authoers [7] as the hest estimate of true hydrogen
diffusivicy ln non-daeformed nickel. The tritium date obtained in 7]
by offgassing techniques support this conclugsion and indicate that the
temperature dependence of hydrogen diffusivity in the annealed {noni~deform~ "’

specimen {nlckel) can be deseribed by:

=7 - 2
b, = 7.0x10 exp ( ;}g;gg y B (2.3
/PE RT 4}

The effect of cold-work, temperature and flux ratio on deuterium
diffusivity was calculated in the work {7] fvom rise to steady state
permeation measurements. socme of the values for the flux ratlo 0.8 are

listed in table 9,
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TABLE 9: Uffect of Cold Work, Temperatnre and Fluw Ratio
ot Deuierium Dilfusivity in MNickel Calculated

from Rise o Steady State Permeation Measurements | 7]

i i

D}(x1011) D(Xioii) fg(Xla‘l) Dy b,
T °X - ‘ L "1%

mfs wt /5 mZ/s !
475 0.6913 0.630U8 G.3716 0.9125 0.5375
494 3,278 2,991 2.418 G.G125 G.7376
500 3.697 2,361 7,588 ,9125 0. 700
525

3.813 4. 841 5.305 0.9825 8.9125
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sue in che onpacent diffueivicy (L) (7 being the
o T M. B -

Tt vas euphasine

oy

i

wions were stunificatly prestor with foils col

rolled to 987 reduccion in ithickwness than fov aencoled folls prepared from

the same atock material. As was meniioned before, cold-work locreases the
. 12 16 -2 .
diglocation density from approximately 10 - g7 w greably increasing

the potential trap density and lowering the values of 1. /D for cold-worked

foils with respect to annualed {obils tested at the same Lemperature (table 9.

Trapping at dislocations has a negative binding energy, and thus the
amount of hydrogen trapped at dislocarions should decrease and Dgfﬂ should
increase with increasing temperature. The authore {7} have vot made any
quanticative discfiption or evaluation of the characteristics of the NDSR.

In this work this aspect will be analyzed.

-

The solubiliity coefficient (Yé) and the heat aof zolution (Q?) for
hydrogen solubilicy in non-deformed nickel were determined in [7] by using
the relatlonships:
/g = Yo {(2.4a)
and _Qy = QQ - Gy (Z2.4b)
hence for the annealed specimen (nickel), the following expression was obtained,

Y = 7.2 % 10j' ex (2.4¢)

The analysis of hydrogen transporit in uickel }7] has shown that both
trapping and shorvt-circuit diffusion are present and have smsll but signi--
ficant effects on permeation, evolution and absorption. Both effecis appear
to be associated primarily with the dislocation substructure of the specimen
(nickel). It was noted that this behaviour was consistent with the predictions
of the McHabb-Foster model of reveraible trapping hy dislocations {86]. 1In

the terminology used in the work [83], these rwo effectrs are the diffusion~




with--Lrasping s2ffect and ihe travsporvi~by-dislocarious effeci. In the presant

ork, the oxveriwmancsl dats in tabla 10 o dogs

syaum cogmenpliiny, diffosivicy
and solubilicy in both eonld-worksed and snnealad nichke)l will he guantligatively
treated with respect to the fTwo etiects umentioned sbove inurdey to obiaia

the characteristics of tha NDSR,

Similay expecimental data on hydvogern permeabllity, diffusivity and
golubilicy In both annealed and cold-worked nicke] were obtalned in the work

[51.

The material used In this work {53! was 2 nominally 99,.9% pure nickel

sheet of thicknegs 110w, The spacimen was cold rollad te a thickness of
f1 1 - H e ed ‘ 1 "2 : . :
0100, and cuif inte disk-shaped specimons 4x10 "w fn diameter.

The permeabilities and ditfusivities of bydrogen for both specimens
(annealed ond cold-worked) were measured by the pevmeziiaon techlinique, in which

hydrogen gas was applled undar pressure §o one side of the membrane and the

hydorgen transport.tbhrough the merbrane was measured as o Fancilon of

In this work {5}, a series cf permeaticu mesasurements was carvied out

for the two spacimens. A series of measuvemenis was [lrse made f[or the annealed
specimen during stepwise cooling from 392 "K to 433 "X, and furthey measure-
ments were continued between 453 "K and 703 “K. Similarly, a series of measure-
ments was wade for the cold-worked speedmen during step wise heailng from

room femperature to 473 K. Iu aach sevics of measurements, the system wag
first evacuated by holding the specimen at fhe wmeasurement Lemperature until

ne further change in the background hydrogen paytizl pressure was chuserved,
Hydrogen was then intvoducaed ince the raservior, and the transport wes measured
as & functlon of time. The hydisgen pressure adopted was 0.01 HPa for the

agnnealed speeimen and 0.1 HPs lor the cold-woiked one.




Lyt

I

4

MRy
o %,

[

i~

[

()]

L%

Tt

“y

s

(93

s

ot

(93]

2

L

Ll
i

na

Y

o T
ol

%

w

by

FECR
/

P

7

(3
i

<>

"

<

w0
(&5

anTog Pl

L

S

i

A0

(98]
[




19

Yhe cesults for the bydrogen permeability fn the anneasled specimen obtalned
by the authors [5] agvee well with the "best Eie' values deduced by Robertson
(6] from wany datia feporbod previoogly,  The caveripenial daba for the pegwes
ability in anpealed nickel obtained in this work [%] agree closely wirh the
expression:

§ (32039

. 2
G o= 7,.3%10 exp (-5 e (Mu’

s ¥ MPa

(2.9

Furthermore, 1t is noted that the permeability for Lhe cold-worked specilmen
ig iarper Cthan that of the permeability in the annealed specimen (table 1),
Thiz increase in-permeability is attributed to hydrogen Lrapping etfecl at

lattice fmperfections introduced by cold-deformarion.

The hydrogen diffusivity was also measuced in the same work Fn] from
the time-lay for the absorption run for the cold-worked and annealed {non-
derormed) specimens. The diffusivity for the annealed specimen extracted

[rom the time-lag experiment was gxpressed by:
ful

) - 14992 ; YL .
D o= 5, 18x10 ! exp(méglw a /s / (2.0)

in pood agreement with the diffusivicy values in [6] and {90].

The solubility of hydrogen in the annealed specimen (nickel) which s
3 % 1

derived irom the experimental data for permeabllity and diffusivicy in the
f
annealed specimen by using edus. (1.1), (2.4a) and (2.4b) is given by:

3y (12046,
PAYTRT

at. £y, (1),
/MpPa

¢ o= 5.38x107 (2.7)

The hydrogen solubility in cold-worked nickel 9] wos discussed by taking
into mecount the hydrogen trapping efiect.

In this work {5}, no quaniitative analysis haus been done on the charaecr
stics of the NDSR for the systew (H, In Ni) undev wonsideration.  In the present

work, this aspect will be assessed in the featwent of Uhe data in rabie tt,




TABLE 11 The Experimental Data [5] on Hydrogen Permeability, Diffusivity and Solubility in Nickel
2 -2 16 =2
e =0 o < 1'% c = 0.2 5 = 10%%
- i
el ALl el Lo 1 L ALD
. v (210%) p(xioth o (x10%7) v_xioty . (x10™h) ¢_x10t%)
T, 7% £ £
at.fr{d m? /8 at.fr. (Dn* at,fr.{&) n/8 ¢ fr. () o°
¥ MPa Sy MPa ¥ MPy 8y MPa
334 1.29 £.065 0.05 £,63 £.0i7 G.07
392 1.80 0.258 G.3 5.40 0.144 .38
430 2.18 0.77 L.08 4.25 0.562 1.29
468 2.57 2.01 3.8% 4.83 1.420 4,81
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ie obthey systen where there ave necessary experimental data on perme-
T thay systen whoeve there 1 erimental data ot perme
ability, diffusivicy aad solubilicy 48 the hydrogep-u-FPe 001640 sysiem which

is much wore iImpovtant in technology than the hydrogen-nickel and deutevium

nickel systewms considered above.

Hill and Johmson {39} exposed small cylinders of o-Fe-0.164C (steel)
ta 0,101 HPa H2 gas at 503 K to achieve uniform hydrogen cemtents in che
specineus. Some specimens bad been swaged at room tewmperature Lo 60X
reduction in area. The evolutfon of the hydrugeﬁ from the metal with the
origin hydrogen coutent Cé into vacuum was followed at varlous tempervatuves
and the appavent diffusivity (Ds) wits calenlated as per an earlier analysis
from the time in which the bydroyen content of the specimen decreased to 0,1
of the initial value after the log rate-time curves become linear. Iu [39]
the hydrogen solubility (CE) in the deformed specimen (0-Fe~{.164C) at
0,10} MPa of pressure was also measured as a function of clharging temperature,
Thus, the permeabiiity in the ﬁefotmed specimen (¢t) ta evaluated by the
product of the diffusivity in the deformed specimen (DL) and solubillty coef-

ficient in the deformed specimen (Y{) i,e ¢I= Yin'whero Y? = Cé!fﬁ} provided

that D{ ts closged to the steady state values for different temperafures,

The =zolubility of hydrogen 1n annealed gpecimen {(&--Fe-D.16IC) can be
described by the equation established by Gonzaler [45]:

“2?119) at.fr. (i)

Y o= 6.6x107° exp( W

A (2.8)
v MPa

The values of ¥ which have heen obtained are listed In table 12.

\

The results of hydrogen diffusivity in avnealed specimen (D) are cal-
culated from Gonzatez's [45] evaluation of the steady state permeability and

from egn. {2.8) vyielding the expyrossion [84):
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B L YA 0
D= 7.8 x 107 axpl ié%% %; {(27.9)

v

The steady state permoablliey values In che avncalad apecimen [45] have
been obtained by the product of selubility and diffusivicy values in the
annealed specimen (table 17). Thus, by looking at table ~ 12, one can‘easily
observe that; the permeability in the deforwmed specimen {(-¥e-0.167C) s much
lavgey bthan the permeability iﬁ the annealed specimen by about two tiﬁes,
ithe solubility in the deforped specimen is highey than the solubility in the
annealed specimen by about twe orders and the diffusivity in the deformed
specimen is swaller than the diffusivity in the amealed one by abont ¢wo orders

in the glven temperature.

Ags in the previous cases (H? i Hi and D, in RBi), this effect can be

2
connected with the influence of the NDRSR.  According to tha experimental data
[91,92), the dislocation density in che deformed specimen can be taken as

15 i , 13 -2 .
10t - 10 b m  and in the annealod specimens < 10i3m ‘ {table 12},

Similar resuvlts with respect to hydrogen permeabiilty and diffusivity
in deformed and annealed ¢--Fe wera also obtained [8]. 1n the present work,
we shall make analysis only on the experimental data aftev CGonzalez [45],

HiXl {39} and Orilani [84) which are wuch moxe defail.

2.3 CRITICAL ANALYSTS OF THE XROWH THRORETLCAL IRTRRPRETATION
OF THE BFFECT OF PRIOR COLD-DEFORMATION ON HYDROGEN PER--

MEABILLTY, DIFFUSIVITY AND SOLUBILITY IN METALS

The anomalous behsvior of hydrogan both to its solubility and diffusivity
in cold-worked metals and atloys (steala) is well known and has been the subjec.
of repeated lovestlgations 132, 93-96]. At the present time theve seems o
be fair agreement that these phenomens are due o atirvaciive interactions
between the dissolved hydrégon atoms and structural laperfectlons developed

by deformation.
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The study of the intecocifons beiween dissoived hydrogen afoms and latiicee
discontinuitleg sach as vacancies, disiccatioons, graln boundaries, volds, particle-

]

ix dnterfaces ar forvelgn iuterseltia! and cubsiitutional obomg 1o irvon

and other wetsls ia of great lwportance fvyom both technological and zcadewmic

view points aad in particular in pard fo bhydrogen cmbrittlement suceptibility,

Thevefore, the influence of hydrosen brapping on hydrogen diffwsivity and

solubilicy has been studied by 2 auwber of dovestigators 139, 84, 86, 93,

94, 96-101}.

Darken and Siwith (93] were rhe first to suggesi that dissolved hydrogen
is impeded in ite diffusion by Imperfectiouns in the lattice of a cold-worked
steel and applied the theory of subseale kinetlcs, as wodified by the assumption
of local cquilibefum, Co the problam. A simdlar peint of view has since been
adeptad by other workers [39,86,95],  #Hellaboy and Foster %86]‘developed a more
geneval modelistic foomulation for the phepomenon of diffusion with accompanying
trapping at cns kind of trap; but the derlved non-linear partial differential
equations did oot have ¢ general snalvtle soiucion,  Orlani [84] has reformylated

their werk [86] g the contexs ol fhe assumption of local equilibrium for

& rvestyvicted domainy oF degree of btrap coverags.

Urlaul [54% has Ziven wove specilic treatment baged on the local equi-

Pdbrivm hypothesis, vo show how the relevant pavameteis may be evaluated from
experimental, and fo apply the vtheory o existing experimental data. lost

of the modern works ave compared and reduced to the Medabb-TFosrer [86] and
Uriani [841 ¢ssults. Because of this, it is expedient o consider the

Oriapl's [B4] devivation in deteil and to give mome criltical remarks,

Ocioni [84] econsldered a lattice consisting of twe kinds of sites fov
pecupancy by hydrogen.  The vast majeority of sites are the ovdinary or sormal
[E

aites ehavacterized by the novwal eathalpy of solution AHY, with vespect to

an . abwsospheve of gassous hydrogon with which the latiice may ha brought into




45
contact: The aminor ivaction of the sites, to be callad the sxtraovdiaavy
gy brapplog sites provide ap enevgitically favoured euvviveonnenl. for occupancy
by hy—di*@géﬂ; go that ¢he angrgy of biading «"’sl_ih 5 A pouicive guantity, A 11'b

being the change of enthaipy to trvansfer hydregen frowm an extraordinary site

to a normal sita.

For the deseripiion of the experimental data the simpiest discribution

law of hydrogen atoms betweentthe axtraordinavy and normal sites was assumed:

9]
X
K o= g . : (2.10a)
wheve: K fs the equilibrium constant given by
A%
- exp(“??l) (Z2.10b)

O and Uare the fracedonsl occupancies of the extrsordinary or trapping sires
and the normsl lattice sites vaspectively which ara sssumed Lo be much less
than one (i.e ©_, O << 1),

The hydrogen concepiratdons upon normal lattice sites (£) and upon the

extraordinary «ites (CK) can be exprassed as:

e NO (2.11a)
and C = N O (2. 11B)

whera: H and NY represent, rvespectively; the number of normal and extrva-

ordinary sites per pnit volsme of the specimen.

The author [84] considered only the case when the rvaiio of extrasordinary
. NX
fo normal sites (-N €< 1) 4s small. Hence, he. assumed that trap population

does not appreciahly reduce the cross—section for diffusion in cthe aormal
lattice, and he expressed Fick's first law for the flux J interms of the

occupied noimal site only, as!

. §§ . 3
Jo= D (7,12a)
N
ac Ve ,
- R T 2,12
o : dCa dx (2.12b)

where CE = 06, D is hydrogen diffusivicy in the normal lattice and

i
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dC .
b = Dd"CE (2.13)

DE being the apparent or phenowenologlical diffusivity in the deformed specimen.

By using eqns. (2.10a, 2.1la and 2,11b), the apparent solubllity

(Ce) in the deformed specimen can be expressed as:

I

C€ = (14 Kﬂx) (2.14)
and

n

f

\| \ F:
N I\x/I\ 7 (2.15)
ﬂx(ﬂx<<l) belng the volume fraction of the extraordinary sites.

From equns. (2.13) and (2.14) one can obtain:

D )
Pt MR (2.16)

Eqns. (2.14) and (2.16) correspond to egquns. (16} and (13) in {84} respectively.
The apparent solubility coefficient (Yﬁ) in the deformed specimen can be

represented as:
.CF‘
fe = == = y(+n) (2.17)
VP
wvhere v Is the solubility in the annealed specimen and p 1s pressue in MPa,

The apparent permeability (@E) in the deformed specimen is thus expressed

by using equs. (2.16) and (2.17) as:

f.e b= 0 ' (2.18)

¢ peing the permeability in the annealed specimen,
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-

Phis, within the frame work of Orficui®s wodel [£4], che resulis of

R N R T T T S L RS T SR
sevieaniliity i fhe deformed and avaealed s

avis ave equal (squ.

2,18} his reeule i in contradition wiih the suporfmental Jata described

in the provigus secilong i.e ®C> ¢{rables 10-172).

.

This contradiblon can be comnected with the tranzsperst- locations

effect which was oewmitted in the Oriani's wodel {84]. Such assvaption was

Spalon
ot

Tithitn the wmodel [84), only diffusion

[N

formulared, for instance in the work [77.

-

with trapping effect was taken inte account. & similar wmoedel was also developeao

in {102-106} and ovrhers,

As wan poluted out in the przeeding pavagraphs the reason fory noglece-

¥

ing the transport-by-diagliocarions effact by Oriani (841 was  connecied with
small volume fraciion of the extracvdinary {or trappyiig) sites {(l.en
and hence 1t was assuped that the lwpurlty diiidasion cedavg prefecaply through
the normal sites. As will be shown for Che systsm considered, the impuricy
concentration s ;0 small thai ai ressonable dislocation densliy iu cold-worked
specimens, reasonsble values of hinding energy snd cross—- gectlonal gize of

the NDOR, the majoriiy of the lmpurity aitoms can be localized ia the HDSR.

Lt should be emphacized that in the case ol localizacion of the majority of

the hydrogen stoms iu the MLSR, the appavent diffusivity can depeid strongly

on the leecal diffusivity of the dwpurity atowg in the HDSR. Tw other wovds,

in thig case the transport-by-dislocacions effect should be takan into account.
Thus, it is clear chat Oriani‘s {84] wotivations of oeglocting the travspori-

by-dislocations effact are . inadeauate.

ing duteo aceount both the diff

The necessity of g Frusion~wich-trapping-

affect aad the transport~bv-digiccations effech w

(]
o

: nointed cut by Leblon




*
i
i

auvthore {851 have developed a general matnematical discrip-

diffusiony in ytesis in the fransmworck fa which the xanspori-

et
~
-5

wig ooe bncledaed.  Qepzeal diffusion acuatlons from
Boltzaman - pvps trangpor® equabions wara obtained on thae baeis of st&tistical
Ereatment of the rvandom movemenis of hydrogen ntoms. These aquations‘included
both the diffugi0n~witﬁ“trapping affact and ithe non-uniform solubilivy effect
which is fmportant for the case of concentrated selutions; the transpori~by-—

¢

diglocatingg effect could not be inciuded within the model {85]. From this

i

wodel [85), the well-known McBabb-Foster [88] and Oviani [84] nodals were

racovered by suitable approximations.

In vhe work of Sakemsto [87], o genaralized appyosch bag bean used dn

which the wmatrix is coasidered Lo contain a muititude of “lateice dofects”

]

auch as the tensile stress fields associaied with dislocations, coherent and

gewicohevent graln bowndariss, preciplitate parvicles cvack-tilps, high angle
graip bﬂundaries;_iﬂ egherenﬁ pariicias ~ mabvin interfacss, voids, ete. The
gyatematology of Park {107] basg baen followed inorder o deduce corresponding
diffusion flux eguations, In this work [87] an analysis of the apparent
diffusivity of hydrogen in the so ecalled mired trapand multiple physiaal

trap models was cerrvied cut basad on the classical diffagion theory and ou

the asgumption of adgéétém of Iow cccupation solubility of hydrogen in a normal
lattdee and tvapping sites and by é%kiﬁg into -account thab rhe trapping aites
have net only the cﬁazacﬁézistias trap deosity and depth, but also a trap
‘width’ and thst the ‘nmovrmal' lattice zites and individual traps have chara-
cteristics trapping and velsase rvate. It ghould be emphagized that i this

consideration [87] boeh &he diflfuslon-wlib-trapping effect and the transpore-

by-disiocationn effect were taken iInfo accouni in the propev way.

Ganeyalizad ezpressions

tite vempavatuve dependencs of the apparent

diffusivity of hydvogen Jn mixed trap and muliipie physical trap wodels were




(e

I

Buwever, the resuliiug sguatlons contal

it

a compaciaon fo be made of the experimental

irta with each wmodel. it io penevally diffdeuit o distdomivish between the

= k &
trapping chavacieristics of different Lraps, because ol the complexity inherent
in the problew snd the large numsber of assoclated pavameters.

Thus, the model bas been wvecusted by the author [87] interwms of a "twe-ener;,

Tevel™ problem in ovder to faciiitate comparison with experimental data In

ek

the work {871, tyaps wers represented by an "avevaged” and Hoffective" trap

t 28 a sultable for individoal #yaps. Hence, the associlated pavamaters in

this case are rvegavded as the sffective quantity sveraped over the vegion

tized appacenl d!ffuslvity of hydrogen

i . s - . - i s a - ' s A s . :
tvo—snergy-lavel” boch for the mixed trap model and

in the trap model of

[

the multinie physical trap wodsl {fig.4) is miven by

w

Di exp(?

S —— [1-f -5 (I,
i e 3 X
G oxple
i li: exn
w | b= e = }
Y
b N i
NI _':_ &

: RO I AP S T B . SE
A y {« 'tx) Q; exp(

Dy By - By ’

[

__ﬁ_,ﬁ.lr:u,,ﬁi“) I {2.19)

in
e
1
1
~
v
~
&=
—~~
b

where: Dy  B7, D; and B are the frequency factors of

the effective diffu-

£ and I, are
p -

rhe corresponding activation srergies with

regard Lo bhe juvaping proacess ol Ll U fee £, S leem— ¢oand b
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intersicas respectively {fig, LI baing the latpies gifen and b orhe Ty ap

sitaesy §f, 1is the volune fvaction of noima i gt ice Biteg; Si 1e the velune
¥,

Eraceion of Crapping gites, (g f{ = 1) fr“ ie the trap wideh §.a Eraction
of tvapplog siies Lrowm which tmpurigy qap Jump wieh cliaracterisrics By and

hy

B: In rra ap ragions.
Fa

HHHOF}‘ [,

{7

N T K !
? o oan bt o

z ] [" Lf\. \_; abd g

¢ ¢ 5 N f

iy h
;_:,:. | Fp > Ee : £
A ‘ et I o
W} Gy <3 vama{\raﬁ
1. e e e e e - e

”

Filg. 4 Phyaicea) traps of twae

energy-loveia,

Sakamoto [87] made Home inadeyusnte reducilon of eqgn, (2.19) to ihe

MeNabb-Fograe (861 and Oriung {847

modaly by taking the asgumption, ftw" 0,

for the case if all the trapplag asiltes ara alveady satursced aad donot influance

the diffusion fiux, ff sueh assumption .. {tv = 0 ware torrect, then we

could obtatn From g (2,19) the foll

' , N ne
wheve the followling aosumpfjoﬁﬂ are made, fr << ftv =0, Tk )
' 1? BE




i

S v e e i PRV ‘ e oy
B e By VLR - o b ﬁbﬁ Y oaceovding to fig, 4

_ 3
I T & T I i I ' ~ g L. 4 I = I}
£2.20G) i identical with aan. {2.16) sines! Dlexpl - AT i,

g ] . f“
AGT

3 i . H , o
L s and explen 3 = K for AG

rl;

£

8 &
B Law,

i )

The asgumption ¥__ = O, for the case of the saturvated trapping site
LS9

should be exvanded te the physically clear conclusion fhat in this case not
only Etx = (} but also ft = (0, This seans that in the case of the saturated
traps, there is neither the diffusion-with-trapping efiect nor the transport-
by-dislocatons effect. This aspect will be thoroughly discussed in this work.

Heve, it is relevant to add that ghyalcally, fﬁy should be the same order
aor leas than the gquantliy (iuftq}g the gum of which covvesponds to Et’ Thus,

if fty = { then £ = 0 a5 wvell., This immediately yields the following proper
( i

result for agn. (2.19) saturated Lraps !

(2.21)

i.e. the apparent diffusiviiy (ng) iz cless o the true diffusivicy (D) of

the impurity of hydrogen stows in normal lattice. The same yesult will be

obtained in a different way in chapter - IXL.

Lo thia seciieny-1it is expedient fo give some proper veduction of egn.
(2.19) for the cage of nou-saturated trop vegions with linear distribution

inw correspowding to low gccupation probabiliiy of hydrogen in a normal

latfice and trapping sites.

The followlng sgsusniions can be considered to raduce egqn, (2.19).

1} The voluse fraction of the frap veglons is negligible f.e O < f <<,
L

2} The boundary zones beiwesn Ehe tvap reglons and norywal latilce reglow

s of negiigible thickness such thats
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A

ir.
(S

E“} - i
anp (- -ﬁ1)ui}j (2.22)

Letvingd £, = n
) L

=i g
4.(4-(!' 4

fa v
?xp(*sz }= B, B s B oand B = Qy

aqu. (2.22) can be expressed za:

The same vesult as equ,. {7 771 4111 be abtained indapendently in
g P ¥

Chapter ~ ITYL, .

the conciuvsion of thia chapter, it is expedient to emphasize once
more that in the kaown Lheu ‘etical congiderations of the phenomenon the
dliLﬂSlDﬂ“by”ﬁlaiﬁuﬂbieﬂ effect is not taken into aceount without any
satisfactory reasonsg as was done in the works [84-86, 107=107] or was onitted
ia the final expressione by doing inadequate reduciions ne in [871. That
why, ik is iﬂﬁig?%ﬁ%ébi& to glve some propey considerations snalogous to
G?iﬁﬁiis- {84] appraoch but with a very important difference from {84 in
the senge thatv it h&ﬁ takan into account not only the diffusion~with=srapping
effect but also the tvauspori-by-dislocations sifect., This agpect ia analyza

in Chap, TIT,




Theoratlical ¢

golution and pernsa

INTRODUCTLON

onsidaraton of dislocabion danfluence on gases diffusion,
tion in cold-worked meials hos been done in wiany of the

worke cited Iw ehap. I5; for dngiance [84-87, 108, 102}, In wmest of chese
vorks the so-aalled syap sffect {B5] of dislocation of impurity diffuelsion

and soiution hog haen discussed. At the zame time ihe so~calles vranspore—by-
dislocations ofiect [85) 48 usually neplecioed In mosi of the works without

any satlasfactoyy axplanotiovs,  In {his chapier, spaelal atvenitfon has been
patd o the larger eliccr,

Baged on the wmodel wihlsoh will be daveloped in this chaprer, the analysis
and dnterprecatdon of the koown cxperimsntal data on gasey ( 9 ,) permeability
diffusivigy and solabllivy ln both deformed and won-deforied wmetsls (Wi,%-Fe)
are discugsed,

3,2 DESCRIPTION OF (MPURITY PRRMEATION, DIVFUSION
éﬁﬂrdOLﬁTIGN iy METALS WITH DISLOCATION

Ingorder o extyact the main features of the inflosuce of dislocation
on gases permsabiliiiy, diffusiviiy sud solubilicy the phenomsnolopical consi-
deration of the difiusion equation for an iwpuriiy in a crysial with disloectlan
decornved by impurity sag to considey,




Consider

one dimensional difiusion of an Ilmpurity along two nelghbour-

ing parallel reglons of the same lenpth having different cross-sectlonal

areas (SI,S,)}j Tmpurity concentrabions (Clscj} and diffusion coefflcients

(ﬁj,Dz). In the case of local equilibrium with respect to the impurity

distribution baiween the two regions {which i{s adequate in the case of

impenstrable partition) the total flux density can be described as:

acl 3{32
J y = ‘-DEUL T DZ HE 3% (3.1)
S1 S?
vhere: ﬂl = g;;ﬂg; and TE2 = §?;4§;ﬁ are the volume {ractions of

the reglons.

The total

Thug, the total

impurity concentration (Ci) can be repregented as follows:

= 11O I
Cx 1161 + fbcz (3.2)

flux densicy (J?) of the impurity 1s exprassed as:

BC?
JE = -‘D}: v (3.3
where DY ls the total apparent diffusivity of the jwpurity in the deformed
apecimen, .
For the case ny = I and n, << 1, one can obitain from eqn. (3.2) the expressio

(:1' "BCE 3{:2 .

= e 4 . f" )
e ye (erZaCl) Ty

By expressing eqn. {(3.1) as:

aC ac

= i - 2‘ . _)I‘ “
35-“ = ‘“(D}. + HQDZ ﬁ*é‘*l) 5o (3.5)
and by suing eqns. (3.3 - 3.5), it follows that
ac.
D, 4D, ()
i 272 BCl
by = - 5E (3.8)
i+ (-£5
) ac,
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In the approximarion of the distribution law correspouding to a Iinear
conicantration dependence one can taked

¢ )
5wy {3.7)

where K can be called the effeciive distribution coefficlent of the impurity.

302

The quantity Fr Constant can
I3

differe considerably from the true equilibrium constant of the process

(when one approximates a won-linear distribution law te a linear form within
some concenfration vange). Hence the apparent diffusion ceefficient of

an impurity ia a crystal (metal) with dislocatlons decorated with impurity

segregation can be expressed as:

n DL

- = — 4 P,
L £ 1+nK 1'FQLK

n, K

(3.8)
where D is the volume diffusion coefficient of impurity in a metal (crystal)
containing no diélocation (nou-deformed), Dy is the diffusion coefflcient

of an impurity in the NDSR, K can be the equilibrium constant of the impurity
distribution process, Mg is the atomlc (volume) fraction of the NPSR such

that n, << 1 and

0 (3.9)

 is the dislocation density in the crystal, b 1s the Burgers Vector

and o is the number of atows in a cross—sectlon of tche NDSR.

Eqn. (3.8) coincides with egn. (2.23) which was obtained in this work by

means of the proper reduction of eqn. (Z2.19),

The temperature dependence of D, Dy and X can be represented as:




% .
i = D() exp( E‘,i;) (3.10)
) ' QL
Dy = Do&exi}( W) (3.1))
‘ ‘ ASb Al
Ko = expl—) expyy) (3.12)

where: Do is the frequency factor of the diffusion coefficient in the
d,
NDSR, Q, is the activation energy of the ND3SR; ASb and AHb can be the

apparent binding entropy and enthalpy resp&ﬁjﬁély.

Eqn. (3.8) 1s obtained under the following approximations.

1} There exisis a local equilibrium between the XDSR and the volume

solution,

2) The distribution law for the inpurity corresponds to a linear

concentration dependence {(egn. 3.7).

According ko [109], the local equilibrium approximation can be used
if Dtg > 10 holdh, where t 18 the diffusion atmealing time. For wmost

of the experimental works quoted in this paper the inequality 1s valid.

The first term in the right hand side of eqn. (3.8) corresponds to
the so-called diffusion-with-trapping effect and the second term to the

transport: ~by-the dislocations effect according te the nomenclature of

Leblond and Dubots £85].

.

First of all let us vonsider the limiting cases. When QLK <<},
i.e most of the diffusant atoms are located in the volume solution. ‘Here,

eqn. (3.8) corresponds to the Hart-Martlock equation [110] given by:

= - ' 3
b, B+ n,RD (3.13)
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Eqr. ¢3.13) is used ©o describe the effect of segregation on the impurity
diffueion enhancement due to the presence of dislocations [85]. In this
Jimiting case the diffusion-wich-irvapping effecr is negligible (i.e, the

first term in eqm. (3.13) is close to ) and the transport-by-dislocations
effect {(i.e, the second term in equn. {3.13})) can cause a considerable enhancement
of the impurity diffusion 1f QL >> B, so that rthL > 0. This is a typical

situation for the NDSR of the Cottrell cloud type [82].

In the other limitting case when QLk >> I, 1.e most of the diffusant

1s located in the NDSR, eqn. (3.8) can be written ag:

b .
, D s e + 3.14
£ ab?q K Dy (3.14

From this expression {eqn. 3.14}, 1t follows that considerable diminishment

of Impurity diffusion (i.e DE < D) can occur if D << B. Such a situwation

is not realized in the Cottrel cloud model where B; >> D [82,107}. At

the same time the desirved result can occur for example when the structure

of the NDSEK is close to some compound struckture possessing comparatively

fow impurity diffusivity.  ¥From eqn. (3.14) it Follows that the tramsport~
by-dislocations effect {(in the case of nLK >> 1) can be neglected if

i << ﬁ?ﬁ » f1.e. dif the NDSR possess some structures with negligible impurity
dlffusivity., These aspects were not taken into account in many theoretical

works [84 - B&].

in the work [87] the transport-by-dislocations effect was neglected
by using the approximation of the saturated trap regions. In this case,

3C
however, the quantity 2 = Constant in eqn. (3.8) has to be equal to
i

3C

zero, according to fig. 5. Then from eqn. (3.8), it follows that q: ENH
i.e there is neither the transport~by-dislocations effect nor the diffusion-

with-trapping effect as it was discussed in Chap. IT,
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One of the possible dependences of focal lmpurity
ctoncentration in the NDSR (Cy) on the volume concentratian
of the impurity (C). Region (a) {g the non-saturated
"case corresponding to the distribution law with the linear
concentration dependence (K = € /Cyy region (b) 1is the
saturated case corresponding to 2§£ = 0

3C

The apparent solubility of an interstitial lmpurity in cold worked

specimens can be described ag:

Ce = {1l - qL) + QLHL ‘ (3.15)
where C and Cy are the 1%purity solubility {n the apnealed specimen and

the mean local concentration of the Impurity in the

NDSKR respectively,
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in the approximatin of the impurity distribution law corresponding
to the linear conceniration dependence (eqn. 3.7), which is valid for dilute

or ideal solutionsz, it could be agsumed that:

C.L = KC {3.16)

where K is described by eqn. (3.12).

Hence the solubility ceoefficient for a deformed specimen can be expressed
agt

Y, = Y(1 + nyK) (3.1

where Y = CE/JE_and Y = C/ngfrom eqns, (3.8) and (3.17) we get:

IS
@8 -} b ('YEH ) (3.18a)

or ¢€/¢ = 1 + QLK QL/D (3.180)

= “ ==
vhere Qg YE DE, , O Y.

q$n$
and Y€ o B ' {3.19)
VP

Eqn. (3.184) shows that the difference in gases permeability in deformed

and anrmaled specimens is connected with the local diffusion (DL) and solubilic
(Cy) of impurity atoms in the NDSR and with the atomic Fraction of the
NDSR(?&)& Eqn. (3.18a) gives the unique opportunity of finding Dy, from

the experimental data.on ¢€~“§and Yo = ¥

By using equns. (3.8 - 3.18) for the treatment of the experimzontax

data on the temperature dependence of ¢€, ¢,YE and v {or Des D, C_, )

e?
for specimens with known dislocation density (%,) some parameters of the

NDSR such as: the slze factory (a), the local concentration (Cy), the
tharmodynamic and Kinetic characteristics of Anb, DO-L and'Qi‘ can be obtained.
Hence: a suitable model of the NDSR structure can be developed. It can

be emphasized that the NDSR structure is weakly studied till nowadays for

the majority of the systems [82].
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The illustration of such a trestment of Ilterature (experimental) data
for some aystems (B, in Ni, #, in Ni and H? in g-Fe-0.164C) ig given in

section 3.3,

3.3 ARALYSIS OF THE EXPERIMENTAL DATA BY USING THE

DEVELOPED MODEL

‘In tables (i0 - 12} the known experimental data on deuterium and hydrogen
permeability; diffusivity and solubility in both cold-worked and annealed nickel
[5,7] and hydrogen permeability, diffugivity and solubiliey in both cold-worked
and annealed Q-¥Fe-0,10ZC {39,45,84} have been represented and discussed 1n
Chapter il. This is rather a complete set of necessary experimental data for

dpplication of the model developed in section 3.2,

The results of the breatment of the experimental data of tables (10-12)

are pglven-in tables (13-15) respectively. The values of iy exp(nﬂsb/R),
AHb and o {vables 13-15) have been obtained from the experimental data on

Y and Yh(tables 10<12), by using eqns. (3.15, 3.12 and 3.9). The values of
C; have been obtained from the expression given by; Cﬁjﬁé or Yé/FV Ny (at

P = 0,101 MPa), it follows from eqns. (3.16) and (3.17) in the approximation

af ﬂSb = 0. The same approximatblon has been used to evaluate ¢, . It could

be noted that the approximation (hS /R = 0) is valld with the known accuracy

AS
tor the solid state “reactions" (i.e. mﬁh =0, 1) {11i]., 1t wmeans that the

evaluated values of the quantifies (0 and QL) could be changed by several times.

The vaiues of D (tables 13-15) have been obtained by using egn., {(3.18a)
and the data from tables (10-12). The temperature dependence of Ds  corresponds
to the Arrhenius type equation described by ean. (3.11), with the characteristics

(Do; and Q) given iun tables (13-15).
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"TABLE 13: The Results of the Treatment oif the Zxperimencsal Data of Deuterium

in Wickel [7] by Using eqns.(2.29-2.39)

] N rvrpkl 5 Wt va 7
iﬁb (ﬁym»Z) ¢y (X107) Dy (X1077) DOL(KIO )] D{Xic™ ™) Do(klO )
ar 0.101MP2 /3 m®/ 8 m*/s Q
Ki/mol d 5X1010 m)
Eivs 1p AAL 30 T, QK} (T, OK) Q., (T, OK) KI/mol
~ KJ/mol
.21 0.63
(425) (425)
106%-10 1.6 3.0
e - 15 ,.16 . + 2,20 TR .+ 3.5 7.0
L2557 (.IC‘ -10 ) 0,70 _ C‘.SG (;94_} 1,0 - 1.5 (‘-Fgw}
25-3 (42857243 2.3 55.8%4.6 3.6 30,5
{560 (500)
A 5.4
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~i

he Results of the Treatment of the Experimentzl Data of

Hydrogen in Nickel

[5] by Using eqns. {2.29-2.39)
- A
"5 “ C (R107) 1 5 _ 11 7
-2 1 B, (X10’ (X107 D(x10" D (%107
ne R S © »u ™ at 0.101MPa ), (X1077) Dqtktlu g D(X10°7) D (XD
10 2?/5 w2 /8 n®/5 m*/S
]:xJJ.E‘.LOl d\. (XIO ;m) (T :K} Sy
- A (T, "K) Q. (T, °%} g
KJ/mol I/ mol
C.0406 0.065
10%~10 L.0+1.3 {354) {354) 5.18
-0.6
+0.019  15.422.8 (10-°-10'%) 0.02 0.2
D O’l“.\ » - e L) L, & - Vaud L..:_Sé
-G, 000 {354-448) e 40.0
U.28
25-8 (392 o~ L0 0 (382}
gLl 52,7254 0.77
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3.4 INTERPRETATION OF THE RXPEBTMENTAL RESULTS

The treatment of the experimental data considered in section 3.3
gives the following ithrec types of the characteristics of the NPSR in the

systems under consideration,

Firstly; the quantity o is a geometrical parameter; i.e it gives

the diameter of the crossssction of rhe NDSR.

For the three systeus( Dz in Ni, szn Ni and Hz inu ~Fe~16%C), the
obtained values of ¢ are about iOQ—iO; Such a large ervor in the definftion
of the parameter ¢ is connected with the fact that the dislocation density
(%.) in the specimens is known with accuracy of one or two orders of magnitude.
Hence, the diameter of ithe NDSR can be evaluated by using the expression,

‘o b,

dy = This yields the value of d; to be about (8-25) R for the three

systems considered (tables 13-15),

The obtalned values of d; are rather reasonable since they correspond
to the near core dislocalion regions whose styuctural, thermoedynamics
and Kinetice characteristics can differ considerably from the characterlstics

of the matrix.

Secondly; the parameter €; gives the local concentracion (in at.fr.)
of the impurity atoms in the NDSR., For the three systems considered, the
obtained values of €y is within the range of 0,029-0.002 at the pressure
of §.181 HMPa and a given temperature range (tables 13-15). Such a large
error in the definiton of the local concentration (C;) is commected with

the paramecter from the temperature dependence of ¢ /C. The errors of

2
the deflinitlon of the n,and ¢y paraneters can be minimized f{{ the number
T

of the experimental points for CP/C as a function of temperature (T) is

increased,
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Mevertheless, the obtalfosod valuos of

. orve by several orders ofb
aitude higher than the equilibrium concentrarion of the lopurity atowns
the wmatrix at the glven temperature and 0.101 MPa ol pressure. Forv

1

system D, in Hi, the solubility of deuterium in the temperature range

K- 525 °K and 0G.101 »

o

. A . a3
Pa presuure lies within tise range of 4.8x10- 7~
T T . - P - , Cek ) -
Axil (table 10}, Yor H? in Ni the solubility of hydrogew in the tenperature

P . oo . -5 -5
se 354 UK - 468 K and pressorve 00101 MPa lies in the Interval 4xi0 "~ §x10

hle i1) and bydrogen solubility in -Fe-U.}040 in the temperature range

D, - - - - B . s -6 . =6 S c.
K~ 673 °K and pressure of 0,101 MPa is 4.ix10 "~ 16,5210 = (cable 12).
i . . . -5 ~b
can be emphasized ¢hid boceh the matrix solutions (C - 10 "~ 10 )
g e . o o s -4 -3
the NDSR solution of the bmparities (O 10 "~ [0 ") can be considered

1in the thermodynamic approximation of dilute solutions. This aspect

be used below.

Thivdly; the wuantity ;\Ht is a thermodynamics parameter i.e it
; s 3
s the bindiap enthalpy of the impuvity atoms with the NDSR,  For the

Lens i)2 in Ni and 4, In Ki, ,-‘";Hh Ia about 15,2 £ 5.7) kJ/wmol {rable

and {154 £ 2.8) kd/mol  (vable 14) respectively. For i, in u—-Fe—16%C

is about (39.2 ¢+ 0.7) kdfmol (table 15).

These values of ﬂﬂh can be explained by taking into account one

the main contributions namely, B AV where ¢ is the local pressure
phie NDBR and AV can be taken as the partial melar volume of the impurity.
edge dislocations the local pressure {due to normal stress components)

the NDSK can be evaloated within the framework of the elasticity theary

follows:

pooow LEvE 2 (3.21)
A1 T yw 5ﬂti§ Tt




hf

. . 1O 2 , .
where: 3 ia the wodulus constant - 8.6x10 "N/wm™ and % is Poisson ratio @ 0,291

for the matrix -Fe),

. v ~i0 .
For the system i, ina ~rFe-0.1620, dg > 8x10 " “m and for the values
of y1oand V¥ glven above, the local pressure (1, ) can be caleulated by using

eqn. £3.21) to be
po= l.leOiUN/m2

Accocding to [112}, the parvial molar volume of hydrogen in G-—Fe

ig, Ay = 2.66x10w6m3]m91. Thuas,
BAy = 27,0 &i/mol.

This value is the same order as the experimental value of AHE' The
H

detafled consideration of this aspect 1s given in [113}.

Similar treatment can be also done for the systems DZ and H2 in Hi.

Thus, on the basils of the results ol the three parameters (o, C$ and
ﬁHh}, the possibility of a linear distribution law of the fmpurity atoms
bertween the NDSR and the matrix within the approximation of the dilute
solutions and A”b T AV can be explained. 1t should be noted that the

assumption on a linear distribution law has been used in the derivation

-of the main equations {eqos. 3.8 and 3.10) of the model,

The characteristics of QL, DOL ane Ql_can be considered as Kinetics,
i.e., they can give some information on the local diffugsivity characteristics
of the ifmpurity atoms in the HDSK. It is clear that these three diffusivity
characteristics give some clue on the struciture of the NBSR. In other
words, by comparing the diffuslon characteristics of the iwpurity atoms

in the §BSR and th¢ wmatrix, some information on the difference in their
structure can be obtained, This Information cawn be consldered in connection

with the previous parameters (0, ¢; and ﬂl%} 5
ki )]




Y.

The vary new and Ippovtant veselis obiained in the present wovk are that
the Jocal diffusivity (D} 18 less than the watrix diffusiviey (D} by several
times, the ilocal actlivation ensrgy (Qi) is larger than the wateix activation

1o N4 327%, b, in Mi 417 and 1Y, in a-Fe-{), 16%2C 4407 and

epergy (Q) l.e for I12 5 5

the local diffusivity characteristics (DQL) is larger than the matvix diffusivity
charvacteristics (DG} by 1-2 order {tables 13-15). This means that the NDSR

in the systems under consideration cannot be censidered as "easy path" of
impurity diffusion as it is usuwally done by many luvestigators. For instance
Louthan {7], Sakawmoto [87], Yoshio [5] and others supposed that in the NDSR the
inpurity diffuslen coeificient should be much higher than in the matrix and

the impurity diffusion activation energy in the NDSR should be much ieas than

in the matrix. Due to these assumptions the NDSR is usually considered as

Yeasy path” for the impurity diffusgion {7,87,87]).

The very lavge value of Qg for i, ina-Fe-0,1028 (steel) can be explained
on the basis of [114]; that is, in this sysien, the HDSR structure can be
close ©o the Fegﬁ compound-1ike strueture, This structure can posgess much

less values of hydrogen diffasivity with high activaition energy.

For the systenms D2 in N{i and H2 in Ni, the low values of the local
impurity diffusivity and relatively high values of the local activatlion

energy are explalned by different crystal structure of nickel in the NNSR,
i.e it can be face-centerved~tetragonal (FCT) structure or hexagonal closed

packed {(HCP) structure instead of face-centered-cubic (FCC) structure in

the matrix, This follows from the experimental data [115] in which the
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presence of hydrogen atond with coucenliation 0 - 10 leads to the stability

of the 0P or PFOT strnciurves of d inatead of FCU strucrurne.

Thus, the analysis done in this work shows that all the experimental
data on the influence of cold-deformation on H2 and H2 permeabilities,
diffusivities and solubilities in Hi and o-Fe-0.16ZC can be interpreted
within the [rame work of the model developed in the present work. The
main result is counecied with the possibility of the structure of the NDSR

with low impurity diffusivity and high activation enevgy which 1s din contradic-

tion with the widely used concept.
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SUMMARY AND CONCLUSLON

The known experimsntal data on hydrogen and pitrogen permeabilievy, diffusi
t
and solubiliny 1n non-deforimed wmetals (Ni, & -Fe) have been collected.

It has been shown that the accuvacy of Qﬁ’ Q. and QY is € 1% and iw the

D

case of ¥, D and y_ 1t is < 10%.
o’ "o o -

1t has been shown also that, the known theoretical evaluation of HO,

QD’ Vo and Q_ for hydrogen ta metals (-Fe) have low accuracy in comparis
i

wirh the experimental values. For instance in one of the detailed and

recent conslderations [621, QD for H., in non-deformed metals is by one

2

oreder less than the experimental ones.

The Ferro approach of the Zener model for the theovetical evaluation

of QD and 1)(_l for intersvicial impurities (H,N,0) in non—-deformed bec
metals (u-Fe) is not proper with respect Lo the choice of the activated
aod origin s?ates and -the thermodynawic description of the diffusion pro~
Cess (QD), The satisfactory agrveement of the evaluared values of QD
and Do with the experimental values within the Ferro - approach (Tabile
8) seems accidental., The proper application of the Zener model to the
evaluatlion of QD and Do shows that the elagtic contributcion of QD for
H2 in @-%¥e is close to the exparimental value of QD snd for N, and ¢
in a-Fe it gives about 207 of Qﬂ experimental (table 8). The elastlc
contribution of the entropy factor (Do) for the impurities (N,C) din

:

a—Fe is about 10% of the experimental vaiuve of DO (table 8).

The Ferro approach of the Zener wodel has been used for a vrough evaluatic
of the elastic contribution to the relative parcial molar euthalpy (AH)
and excess entropy (Agxs) of the interstinial fmpurity (N,C) in dilute
bee metal solutions (U-Fe). Iz gives the values which differ from the

experimental oneg in sign and by several times in magnicoede. The
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experimental values of AH and AS have bean obtained on the basis

of detalled thermodyunamic analysls of the known experimental data.

The analysis of the known experimental data on the influence of prior
cold-deformation on hydrogep and deuterium permeability, diffusivity
and solubility in nickel and ¢ -~Fe-0.16%C crystals at temperature lower
than the recrystalization cnes show the existance of considerable effect

lying out of the range of the experimental errors of the methods.

For instance; for ﬂz in N1 at T = 425 °K: ﬁg/ﬁ = 1,7, DF/DE?O.é and
YF/Y = 2.9 {Table 10). For H?IB N oar T = 354 °K: ﬁy/ﬁ = 1,3,
DF!D = (3.3 and Yr/Y = 3.8 (table 11},

Slaflarly for H, {no-Fe-0.16%C at T = 523°K §-/¢ = 2,_D€/D:z 14107

and ii/Y 5 lgéx10£ (cable 12},

In the trame work of the kunown theories which are usually reduced to

the Oriani mo&ei {841 with linear distribution law the diminishment

of the Impurity diffucivity (Dg/D < 1) and the increase of the impurity
solublilcy (YE/}’> 1} in deformed specimens as compared to the annealed
specimens are explained by the so-called trap~effect of the imperfections
such as dislocations, cracks, etc. in the deformed specimens. According
to Orlani's model with linear distribution law it follows that Q /%=1,
i.e, the model [84] cannot explaine the experimental result ﬁg/ﬁ >
{Tables 1U~12). Some authors pointed out that for the explanation of

the experimental data on Qc/@ > 1, both the trap effect and the Eransport-
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in one of the recent works [87}, this effect {(the transport-by-dislocations
effect) has been inadequately nepglecvad when the general expression

was veduced to the applicable form.

The expression for Dﬁ/D tor the lmpurity diffusivity which includéél
both the £rap~éffect and the Eransport-by-dislocations effect has been
obtained {(egn. 3.8), This g¥pression has been derived directly fyrom

the Fick's first law. 1t has been obtained also by the proper reduction

of the general equation (egn. 2.19),

For the description of the relation Yng, the Oriani model [84] has

been used. The combination of DE/E and YC/Y allows to describe the

intrease in ¢€/¢ (egn, 3.18b), Thus, the three main equations which
gan‘describe the experimental data on DE/D, yt/y and @E/ﬁ can be

sumsparized as:

I+ QLK D;

D
J 4K

2

i1

i. G?/D

ii. YE/Y = l,-%!h‘K

TR W }-H},)KE)%T
B

From the temperature dependence of any pair of q:/ﬁ, q;/D and YE/Y

and by using the theovetiecal descriptions of the ratios of eqns, (i-iii)

the characteristics of the near-dislocation trap regions which can be

called as the nearwdislacati0u~segregation'ragions {NDSK) have been

obtained (Tables 13-15),

These characteristics of the NDSR are:
a) The average diameter (d.) of the NMPSR
b} The effective binding énmmlg;(ﬂﬂb) oft the impurity with the NDSR

corrvesponding to the linear distribution law,
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c) The local coancentration {Cg) of bie dmpurity atoms i the NDSR,
d) The local diffusivity (9.) of the lwpurity atems In the NDSR, the
local activation energy (Qi} and the freguency factor (Do;) of the
i 1,

diffusion coefflcient of the impurity atoms-in the NDSR.

All rhese characteristics of the NDBSE have been evaluated for the three
sysitonms (D2 in Ni, H2 in N4 and O-Fe-{0.16%ZC) by using the.experimental
data for the systems under consideration {tables 13-15). The values
obtained for the first thrce characreristics are consistent with the
krown theoretical descriptions of the near-core dislocation regions

in metals, With vespect to the fourth charvacterlsities, the situation
Is rather &ifferente 1t has been found out that the Iimpurities diffusivities
{Ny,) 1lun the NDSR are considerably less than the impurities diffusivites
(D) in the matrix and the local activation energy (QL) in the NBSR is
much greater than the activation energies {Q) in the matrix in the given
temperature vange (tables 13-15)., Hence, it has been shown thal the

r

NSDR cannot be consldeved as "easy path" for the impurities diffusion

uniike to the widely used aspect. [17, 82, 87].

The characteristics of the NDSR in the systems considered show that

the crystallographic structure of the NUSR can differ so much from the

ametrix. fFor H? in G-Fe-0,16ZC (steel), Jt could be close fo the carbide-

like structure and the rest two systems could be close to the HCP or

FCT styuctures than the FCC stvucture in the matrix.

Finally, it can be concluded that;

i) The Ferro approach of the Zener model has been corrvected and used
for the evaluation of the elastic contributions for both the diffusion
and solution chavacteristics of some Intersticlal fmpurities (H,N,0C)

in pnon~deformed bee metals (G-Fe),
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11) Yor the first time a description of gases permeability including .
both the diffusivity and solubilivy with trapping effect and the
pransport-by-dislocationy efiect has been done., This theoretical
description has been successfully used with respect to the known
experimental data on the influence of the prior cold-deformation
on the gases (DZ’HZ) permeability{ diffusivity and solubility

ip some metals (Ni, o~Fe-0.167C).

iii) A new metnod has been developed and used for finding true diffusion
coefficient of impurities in the NDSR by using eqns. (3.8-3.18).
This method (model} has been applied in this work with respect to

the three systems (D, im Ni, H, in Ni and u-Fe-0.16ZC) for which

7
tlwere are suitable experimental data. Some new information on the

NDSR for the systems has been obtained (tables 13-15) a relevant

model has been discussed.

Thus, the present work contains some aspects which could be ugeful for
the further studies of the peculiarities of the NPSR and development

of the subject.
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