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'I'll,; Ferr;-.l nvpru[lr.:i, ·'f rhe ('_!,:l.sc-ic /(~ner lilUdEi bas been cot'rec-ted and 

develop(~d for tlie ev,Llu.:~tlUd \)f tlH~ !..'l,_l:,t"ji: ("oulributiofl to the thermodYllamlr' 

chart:lctl~t"j--'-~tic:~ uf diffusion nnd ;-~nJqi:ton (li ~;U1l\f' intct":'3titial iHlpnritles 

(11,N.C) in bee metals (~--Fe). 

equatioH have. been cl-ltic':1.J ty .nn;11y?cd .c1.nd QP_veloped. A thcoLt"!tic31 det..crip--

t.lon of tll(:-~ gaHes pen.1H.:abLltt.y J.!lclltdfng both the diffus"lvity and solllhility 

Th:U-; 

theon~tic£l t dpSCJ~ipttOll h:l:;; h::~cn u.':.;ed I·.d::h respec.t to the KnO\oJl\ experilllental 

datil on I he in_rlu~~Hcl~ of pr-iur cold--d,-d!.)rmatlon on the gaBt!.8 (ll},D?) pCflIleahllit 

t\ model has 

been developed and i.n1pJr~ment~d lor ;"fudlng truc dJrru:-;ion c-oeftic.-ient1:: of 

.1.iflPU1-iti.es .tn the ne2f--rJ(slol'at:i.on -se,t;fegdtioH rl~Kloo:-;; (NDSR) in \'ihich tlH~rc 

ll:re 80[11(-' sU:lCnble eyper.:l.nwiltdl dZlt.a. 

Some infortnat.Jon OIl l:I'H? charach-,::_-i;~t tcs of tllP NlJSR has be(,;u obtained 

\·]hlch ShOHS that the NDSH. are not I!(~asy path H 
fOt: tmpurit.ie.s diffusion. A 

relev<1nL model of thr: >mSK structure hpr..; been disCllS:.;C'd. 



( p \ and I) t(::.~,.' ~)r(~SHtlr{;, 

1.1"11:0 the IlVJteriaJ. (uletaJ ;)1: dLJCIY) un til,', hig!j Pj·;:f.,mJj·c (1'1) nidE'j t-ransport 

prer-it .. arces majnc.::dned con~)tant there' is d huiJd Up \·.rl,:jj Limt'. to a con;,~liJnl 

fundamental LiltL'l~e~;t ;3:;-; <-HI '-i~,pt~.l;C 01 ';,nJi.d :-:ttite dJfrus:Lofl) L'~ 01' considerable 

Under lilCl!)\' cor:HnO'11\' d(:':-(ir~ i f1£i .. .. - - .' ::nd pres:::ure, 

and equiJ iL)riull! t,dSP;:; s01ubU.j'.:Je~~. 

Jnt8rlHfi of both tjwr;;lod~ .. n;jn,i.c~~ :-IJ1d k-Lneti,.'S pr'-\~~.~;·;"'~:-~ \',Ijl\(:h brLng :Jbout 

til the t30lid !ilal.ertals. 

occur by Il\eall~; of latc.LCt~ d.Ufusi.on, ;~raln hound;-n-y di.! rU~;i_(!Il Of in {'he 

c;}:-;e of specjmenl::'i undergoing plastic defurIllatiun :)y dlr:l<.'cnton~3 CrnIlsporL 

[ 1 J • 



\) Perm(~dtiOll is a ploce~_;s , .... 11L,·}) i:-~ rc.-ll_i,',('(l ;;'," b(ltil_ ,:heL'rno(i,/nami('.s 

ilnd ki.ncttcs pt·OCC[;SC;; Ln tLe ;tuJ!!1ic le'J;-:L. 

of the near·-dislocation segregal"i.oll regi{HLC; (.l':D~;t~) I'.ould b~~ exlract{-;d. TilL,; 

possibility \·dll be investi.gat,-:d ill this paper, 

J.) Permeation plays an ]_lllportant: roL(? in Jl!,U1Y proc('_sses Hsed to detf~r!ldn( 

tllC structure, property, ulilJ.ty dlld Sl!·ell,~tt, l)f the ~;olj_{l rnnt(~rials; :~lICh 

as some phase traosiorrnHt1.OlW no{~ably cry::ta 1.} l;'~;li __ ;_!)1l <')lld rt?cr:r~;cal.i i~at: ion 1 

eorrosion~ some J1H~chi:111iHIMJ .in sellli'-COiHluctor~~ aJ!d t','chl101ur;ic,ll'l'/ irnpo[cant 

In"ocl'sses uf ciefocnlCltlon afld destrtlcUon of ilwtal_J;( '11;_tLe-ci.:.il.;;. at high temp­

erature and preSSU"f(!. 

metallic cornp(lunds~ seml"condllcton~, t·te; In,' \".ride rc,-['n~e ,-,t tempE:'l-aLure l 

pressure dnd other ,(--~xte.rllaJ cortdj ljons ~HIC;l .':IS ,.-;{~tf;j:!P_.:i(- iou, 

of slich external cOllditLon~; (Jelorll1dtionj on gd",?l~_~' pl':nr!\~abi-J if:~". dJfill~;i.vity 

and solubility will be consicle}'ed tIl tills w()rk. 

Some of the 1110St imporLarn and useful mnterj_uls for the technologie~ll 

development achieved in this century are [;L2el."_; ;lrtd ~--:O!JH~ c~.lloy~; bcu:3cd on 

Ni, No.. Nb, C:.-:) S i, At, etc .. 

are themodynamically act:iv{~ p.Je1U(~ntrj (illlPlll'itl(~8) (·0 these ~;ol.id lllaterLd.s 

(alloys) will bring al)oul: a great lIlfluCDl'e 011 tll~j_r [:'I~ll{I()]()gj"cal !)ropertj"e~, 

strength and utility. 

For instance J the ei feet of hydrogell Ron:--: on t 11(--'. !lll~chaiLLc<1 L properties 



W! __ lny years 12; J!, 

(: i r i ,) -; i Ii i I ;I,j ;;ollui Ji 1:y 

Fe IJ. l6/ r: (;tf!" l). 

Lnteract ldith the lattice iwp(?rf-~\..~t.}(lLlf; :tIl t;!lf~ lWltrjA ilnd chal~f',(" tllt'~ p1'O--

perty, structure, st·cengt.lJ and utiLlty of: the uleta:!::-; or ctltoys under co[U;idt-..'ra-

tion. Thll~:;J from these vie\') point!,) tL is worth sl:uc\yinf', tlw penne:-Ibilil:;i, 

[or hoth Academi.c: and tp.chllological purposes. 

SJnc0 hyd-rogen trapp-Ln[:,. behaviour:3 :-Ire clos(:1y related to til<:: lesistance 

or sucept.i.hilj.ty to hydorgf'n t'mbrl.l·lleHH":nt oi Illl~l:"lls i_lIld ill toy~;) t:Iwre has 

ntckcl 1s fOlJlld out to be [l su:it<Jbl(-,: mal:E;}_lnl 1:0 study the tr:J.ppillg of hydrogen 

etc" Llnd the ~f[ecL of oxide bncrjers l1jl absurpf .1t"ll j dt:-osorplJon and fH:'fmeat. 

ion nnder v.1pJ 1 defined ;-,-:0£,f8c(: ClJlJd It lon:- . I'h1.'3 l;-: dilf: to till: fn_cl that 

the illll.u(lnc(~ of surface conLlmi_ll<Jt.iol! t~; re:-t:=-;onabLy ::;malJ. -)j, The pcrllleabLlit)." 

dJffusivjly alHl soJ.ubLU.ty of H2 in lHH1"-d,_,f"Ql:ncd rdcke:l h:-H~ heen iIlQC\sure:d 

by surface Bensit.iv(~ mel:hnds sllch as lH'fHH:','.ILiortI t'lec!:rociwm-ica] 11W(-hoJ} 

etc. [table:; 2" I,). 

There has been a conrdderabJe number of Horl.;. devoted 1:0 the inten;Li.tiaJ. 

hardening of bee meta_is and aJloy::; dlH-' 1.0 the lJl1puctLil's (i\,C) interacr-ioll 

ltf; proce.ss i.8 lintiLted by penllcatiol1 j dlfCll:,don Hnd ~;oJutJon; thJG i[-; due 

to the fact that the t-c,llH,port: of tl1l-~ impurity (02) to tilE' t{;(1CtiOll zone 

Pf'PllF:!<.tti-nn. dJfftll::::ioJl ~~l1d sul.llt:lon, 



To SUI!! up, tIe ,(' tT(l appro;le. () _ _ ~ J I' 11 ,",,11[- Z~(,(![ :w'_":el tiel:, he en c()rl-'{-~cl:(>d_. 

1n non~defonned bee 111E'tills «(J .. Fc». 'I'll(>. iof LW'JlCe nf pr-ior ('oJd-~df~fof[llat:i.on 

indetaiJly. 

The major components of th~i~: \"Iork are! 

1) CoJ.lecttOtl 2nd analYGi.s of (:.xper:lment:nl data un th0 gd~->f!S (112J~2) 

pcnnenbtJ.ity, dJffusJviLy ,-llld solubility Jll non-de-fanned 11H.~tal::; 

(;-.H, ex --Fe) \'Jith l'cr;peet to LindJng thco: aCCUl'~-lcy of l:l1f! eharacleriGtics 

of t(l.Hlper.'lture dependence (J[ p{,Uil(~nbi !ity, difflJsivjty lInd '.:::olubj.lity. 

'fhe8e quautt!:JCG f,olLll be u~wd a::.: a ot,-mdard tor eOlO.pClrison v/ith 

tlw data fo·( defornH.'.(\ ;Pf-...,cil!lens. 

2) Correcti.on nnd development of the ["(,:LTO appcodcil o[ the elastic 

dynamic Clt<1ulctl."'risUcs ot dtttllt-d.oll alld solution of iutet'stitial 

implirities (fl'~JC) in uun-·deformed lfJQ(al.s (O_'~Ft.-'), 

J) CoJlestion o[ ("!xper..illll;lltal dElta on g,,:wes (JljIU?) penneabil1ty. 

di.ffusJ.vity and soluLlllty In cold--H()rklH.I mf~tal~., (Ni, o:-Fe .. O.167,C) 

<::lnd critic.,.l.l anaJyr;1.s of the.i.r known interpretation. 

4) IJevelullment of the model [OI~ the dascrJpti(lll of tIle eXjlcrimental 

data on the influcmce of eold--deforJllation 011 penneability, diffusivi.ty 



tel~ IJlil S r () 1.- 80JII L , U\ , " l " ; ,l 

(steel) I)', ll:d: I; ';he ]-:\1r _\_1" 



porous metals or ai.Loys) liftS been stlldj"'.d illU~J~~d'!e)>, by l!';illg \':J!iou~·; 

technjql1es (tahles 2 and I). 

The penneatJ.on behaviour of gaGe::; i.;) metals OJ' GLtoyti (:;-)0 be full), 

so lubiJ:Lties. He.nce, perlneation -L~, defined by the pruduct ot soJuhiJitlJ 

:Jnd dLffusivtty ~w: 

III (J.l) 

Hhere: ,;) '0'\ lJ w(c the pt~Lme8.bLti.t)l. ~;ol1JbiJit\' .·l.i1d dj fEusiv.iLy 

(; 
cocffictents resp(~ctJvf.ly and '( J C beJn~~ lh' ~ojlJb:i !il~Y at pressure. p, 

\.,I'"r-~ 

are! 

i. the aUBorptfon of rna :_8culc:s or atoms onto the sUi.-f'::tcp frum the 

ii, molecular di::-~fiOc13tion on tlte slll'fnce to atoms and their re--

};1ycr of the soLl,d and their reverse par-::Gage out of solution_ 



7 

111 some CiHWS dl!isocLlt.loH Ill;})' occur S-j_lllll.1 tnnel)lIsly ,·lith ~dso(p'-ion 

!' .. 
([ J fee ( d -j '<-;:::->OC iii i.. i \1(' 

The lIet effect of \~aser; pcrrlcati.on ':hrougb E;nlld fn:1.teri:11.::-3 (mc-:lals 

or alloys) is that gases at .lligher pressure (P~) OIl the inJ.et sIde of the 

lnetals is tr~tnsported througtl tile metals or ;Illuys to appEar as atomic gasE~s 

at a lower pressure (r'2) on the outlc~l :-::idr>: of the rneta-'-s or aJloys. 1n 

this case at a sLeady stilte tlw total amonnt flux (J) of ga~e~; pr.::l" unJt Lin1:: 

h is pxprcsscd ':U:i (f if:' J), 

f' 
1 

r~ 1 )r' '-, t . 

···1 
/ 

, I, J p ~'o 
2. 

~_J/ I 
x"-'-b 

PermcHti.on mec1wnisfn ()f gas in lll~~tn 1 

i.e D 

.. 

For a 8tcnJy state CAse 

elL.:...' 

-~i~-:::-

C(x) 

o (for strn(iy st~tn) 



c 
I 

( 0) 

C" (b) 
L 

beCOllle!5 : 

C(X) 

Rnd thus 

d£L<) 
dx 

Y /1) 
1 

1\ (\ od 

~, /;-;. 
t I , '} t'ih + 

Y/f~ x + '( lY 1 

h 

y,lV 
"' 1 

b 

Y l},i-
J 

B 

0, i:(ll P., 0, 
,: 

substituting (1.2e) ioto (1.28): 

yrJ and J '-" J/s, J- being the flux JerlHi.ty. 

(I,le) 

(1.2d) 

Therefore, tile llermeability of gases in met:al_s can be eqtlal to th0 LLUX 

l'he telorleratllf{! llc})endeJl{!e ()f g;JSCS permeability, sultlbility and diffus-

ivity are eXI)reS8e~ by I:he Arl"henius lype relations of tile (ortn: 

(1. 3) 

D 
(l .4) 

y 
(I .5) 

(l .6) 

<Jnd 

(1. 7) 

where: (~) ,Ih ,.J~) ,Q0)Qo and Qy Hre the chal"<1t:tcristtes '~f th<! Arr ' ~p{_'J~j t:!IH~ 

tc!npeJ-ature depf;ndCi1C.:e of pcnlleabllJty J diffusivicy and solubJlity rE!spectiv(dy j 

R it:: the gnb constant and T is the telUpf-!rattln~ in Kclvln. 



i_) 

\IlLy and soJubUJty of hydrog(~n aed rdtJogvJ\ )-:,a:-::cs jrl the non ·deforwed ii\l-:-rals (Ni}o--.Fe) 

ilt di n-err.:nt temper-atures t:<:lll be f:~V<l.-'-UiJle,1 (table l). 

1.2 COHPARJ.SON "'0 LLIERI\TUHE 

The Jiterature o.f hydl:ogcn permeability, diffusiv.ity and solubility 

:in non'·defurfdcd n:(~taJ.s (Ni J _I. ~fe) is quite extlc~nsive. Tables (2-,7) give a 

;3UlnIl'ary of· tht: u~su.lts of direct fUE;}Sllremcnls that liave been wade ror permeability \ 

di.ffusi\r-llY :lUcI .,,-~oJub:i1:lty ch':::l<actCt"t:;t.iu, ill the. noo--deformed m(-':tal~-j. 

(Nf _, u;· .. Fe) , 

:)t~Cdu~;e of the Ja..::g{-' !llill\IF~r Of 'fa! Lari.on~3 on Lhc diffe.rent. unitH possible .. 

o'll:d ~dllCP tht'ie :is no urtivr~L3al1y prf:'Jet"!:ed set or uuits) 111~ATly every author 

Iwr3 pn~sentr.:!d his L-~"'S1JJts \J:ilh <i diItc.n:.nt sc--'.t uf unIts [~;·"Dl. Thus; lnorder to 

l'ae:."o( in fie:J1"Jy ev(:ry r~<1se L,· nhttlill th,-=, clf',f~jr,~.·d {'Olll1fiOn unJ.ts. T~ti~:>cOl\vp.:r::.--:ion 

the invef~tig<lto{s is good. 
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'::ABLE 2 Cnaract2ristics of the Arrhenius Type TeillperatDre Dependence of Hydrog:=D. 

Pe!'m~ability in Non-deforF.ed. Nickel. 
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'l'b2- dirfusLun behaviour:; of illLerst.ltiaJ :J.Hipll(ij-ie~; (HsN,C. <) III bee 

metals rem::-:ins the tWh_JE!ct of conr;:i.dcL'nb.le j lltcrest in th~~ [ll·e.;\;~ of Inc-!tal 

physics .'lIlt! ran t er 1.8 J:c; sc lQHce h,-j t h )'I..;S pee l to .f undamcn ta.1, expc ri men tal and 

technological a31)~:ctt, 162,bJ]. 

The HH:~chanisfH of diffusion ha::: been !;tud:te.d lntel1sively L6 /}··681. As 

].5 \·.'(~11 knm'l\l} the pl.-obler!! can be n~duced to tIWl of a small atom moving eli: 

r-ancio\l1 1n suceess1.VC int(:'n~tltia 1 pu!,;.i.tion~-i-. 

eqn,(l./~), 

tllC basic. difftw_ion pal'CHw::,{"crs .- aetJvation en['rgy (Q) and treqtH;'ucy (or entropy) 

tactol'S of at;} dij:fusi.Oll co(>tficil.:nts (D ) o[ dw: impurities II,I\,C, and 0 in 
.0 . 

D.i.fh.:-'-_l.'UBt attempts have heen nh'H.if: to evaluate t:he dlffw;ion chartv'tei.> 

metals (u:-F,,). 



j i 

eJf1stj,c i\::\~(::,r mudo<.>l f67.,bHj. 

1ef3 (II~N,C" .. ). 

impurity in bee metals {(j"~Fe) 18 Lo(!s:i.dered a:-; the 'tplljSporl: (or jump) of 

an tmpur:tt.'l atom focf1) o:..:f:nhednJl pOs.tt:lnn U/:;O) \vh:fch i.s the oetgin state 
\ 

to the neatest oetaheJI:al poss:f.tfon (!}OO) \·;hlch ts ilss4 med to be the activated 

stfttl' at: the Con.!;Lancy I.n tCHlpenltute ;1nd vnlUllW (or p:essure) of the fllAtctx 

t.~qu:tvalefJt sltcs tn the S(~n;1f~ that t"fW:" fIJI haVl~ idpnl"ical envtjontnr~nts. 

types of octalledr:ll 1)0:;1::1uI18 C;lfll1ot be dlvi(j~(1 into origirl DIJd acti_vated 



i:. i){-; 

heavy Jmpurites both types of octahedral position~..; cnn be conGidel-(-~d as origin 

01' final states of the tmpurJty difru[;ion proc(~ss) and the tetral\('dral position 

UzkO) (]f; the acttvated stat:(;:', of thl;' l!llfHn'ity diffus-toll procf~sB. 

In the case of hydrogen i.lnpuri ty, tiw ~3itunt:i.on is enti:cely opposite. 

Tile tetralledral cavity s:lze is li!I-g~)' titan the hydrogen impurity atom size, 

hence there is no f.d.astJ.c distortion CIH>togy (or this site, 

'1, <)2l~ 
= [(~)~ + (~) oJ. 

" Fe 

" ~ 0, :36,\ 

where: r Is tbl" tel:n'llwd:(al cavJty Gt~n, a is the lattice pal'ameter of a-Fe 

The value (r ~. 0.36;\) is la"·ger than the radius of hydrogen I"H ~ o.301l) atom 

impurity. Ilen(O~1 tlla tetralledrlll position can be cOllsidered as origin or 

fJnal states of the impurity diffusion and the oetahedral positlons can be 

considered aD th(! aetivated states of hydrogen "1.mpul.-ity dtffuGion. Thus the 

eLlstic contributions to the Hct-!.vntlon free t'!ncrgy (i~G) of hydrogen impurity 

dJffuuion can be corme(:ted _\'lith the extc'cnaJ elas.tic ~,}ork 0<1<0) necessary 

to enlarge un octahedrnl cavity (~~O) or U200) aJ.-jaee.nt to an occupied tetra-

1 
hedr"J eavity (!~;-O) to the she of ':he Jnt"rstitial Impurity (11): 

u, 

(1. 8) 



J () 

i¥11"~re; /\E: 3nd I\S i-!fE~ tht, (~l;.li-)!·i(· (~nntrihl1t-!.On)..; i() thp ~-I.(·.(-Jv;J_ti.on Rllergy 

(1. 9) 

N
AV 

in the Iwogadco lHlhber l d :i.s the di8uw!:t'r of tilt': interstlti.atilllpuricy .:..I tom, 

a is the lattic£! parameter of the HOH---deforllled hee I1H'!tal (O:--·Ff::) and h it> t,he 

he:f.ght of the Dctahedra.1. CD"l ty (\hO) Ol" (\;00) in the nOH~-d0(onued bee metal 

(l.~)O) 

By using eqn. (l.~)) it £o11m,n:; thal; 

(1.71) 

(1.21) 

\-lhei:o: U j:; the sheiH modulus of the non·~deforillt~d bee metal at 0 uK and 
o 

(d)V3r) i8 constant. 

Hence we hi:l.ve; 

(1,23) 

where: Q 1M tile elastIc cOtltribution l:() the net-iva!'!()" diffusion energy llUd 

W i8 the elastic work at 0 oK. 
o 
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Eqn. (1.I.J) for the. evaJtwt:lol1 of () L; lilueh PlOtt:' -rl'a~;on;)_hlt, to the model 

[-1.diHbA.tic process tn l:h~ }~(~g.tofl cont.b:i n.Lng abou t I U ;_"_:(jm~;. 

1.e dE -c: cq .- PdV ,-, til) 

(dE),. 'I ·-til! 
" , 

(LIE) ~ 
S,V 

,par.ti.clIla-.cly, it should he noted that in egn, (!)) i.n [69} the [actor (which 

1.s about L,») be.fore the gas constmd.:: \"las 0nr:l.ttl~d \,}ithout uh:Lch the effective 

shea}' IIlodu] us at: the loc,~l leH1peratun~ (T Q/l~ (691) 'tIllI be 1j(~gat:Lve Hhich 

has no phystcaJ. meani.ng. 

TlIE FVALlIFrJ.O~i 0, TilE fllEl'(JEN,;Y FACTOR (D-) < , () 

can he done as fo110H8: 

lIS ~ 

yJhere T 1~~ the I!lf!lting temperature of the nWi.:nl ?nd 
nl 

/1 G 
o 

(-\'i ) 
o 

h(;o being the change in free enel"gy at 0 uK. 

lIS 

(1. 25) 

(1.~6) 



D 
o 

,'I' 

·-·l~!!!(·}J/) i} 

u 

", I 
.t . .!. 

(1.27) 

(L 28) 

wtlere i iB the order of the ])pbye il'n~uency ~lU113 tile :,100> direction in the 

(1.29) 

fit being the mOlal' HUUiS of i:he impnrlLy. 

The n:.'stIlts of the cvahmtions of Q and D hy usi.ng (!qnG~ (1~9 and J.27··· 
() 

1.29) for hydrogen .in t,--·Fc <.<.ct; i.'.)_V(~H in t.ahli:' 8. The va.lues of e;, Po )h,a,d 

rhe evnlual-.ed va1.ues of (~ and D for hydl-og(;:~n dtftu~~iofl inU. --Fe (tahle 
o 

Neverth21es8 J it jA iieC2Ef";;:,TY to empha~~:L:te l:hat [["!Hcll more complete considerat·~ 

Ion [6?J of hyd,:og;{!fi d.:_fhwion :tn non-deformed bee weLds tHking i.nto ace_ount 

1:he electronic, lal:rice relaxation arId z0ro point: contlibutions give values 

of the activatJon (~n(~Ty,y (1 ..... 2) kJ/mo] Hhldl is less than the f2'_ype-t-imental one8 

(!4.8· u 9.3) kJ/fIlo1 {73]- hy about OHe order. The s!"!}o.llness of the c~.lculated 

value (t--2) kJ/wol is ma:"nJy due to the tnltier-f'stimi1tion of the short·-rang? 

nrthogonality repulsion expt~rJenced by hydYogc-u near the hosi:_'·met.al !lllclif':. 

\'lith respect to the heavy tmpur-itie8 G and ~1 in non·-de[ornwd bee met.als 

.ac ti VlH.~rj st;'J.t('-. 7 ;;:lnce Uw railiuB of theG~ heavy :Lmpui.' ties j s lcl.l:,ge.r than 



I 
. I " .,! t. ~ .' -' -- -" - 1\ J U' ) " ! 

{-:IH:'.["gy (I.W [0 t 1V j,liL(~rtit.lllil_C i-lLOlll "u Llie ;lel. iVdL('U pn~;\LHJI! ""';'); , <.Illil ,: H: 

By twtng the f~valuat:loi1 1n [69j, one ean find thn{'! t</:Lth:i_n this model 

(1,30) Q :' ~-\'1 (l -
exp () 

~vhere Q iB the cxper:tl1l{~ntal v[tlue of the activation f'lwrgy. 
cxp 

Using 20% of i"he experimental. vallie [69J for tile activatloll energy 

(Q ) and T 1808 (>K for (1'-'Fe~ \ .. I(~ get tilt' va.tuel3 of C :tIl 0: ,-FE: and N 'ino. -Fe 
exp m 

values for C and N 1£1 0.~·Fe (l'~Val'!::lt~d ustng eqtL 1,30)) the act.iv'-.lti.on energte:-:; 

(Q) and frequency :[acto(s (D ) can be (!vr\luaLed 
o 

(i.;1b1" il), 

The ref~ults of the ~--"ali.l'-lt:t.on~ of Q ;;:tHO n f or the sy~;tnms C and N 
c 

it i8 necessary to' take: J.nto '-l{'eonnt the Oi.::liec contt':.Lbution~). 

In j11-hlCfp 1(~~ the total tntcrac_tlon tree ene:rgy change can be ,o-u3sensed 

b:om a kuoHledge of thG eleci:"conic and ionic n::[HTangtHllents uh:ieh oecor t11 

a solid when a solute ntom l!Itgrate~-; (rOll! .,Utile f::n>-n~moved pO!'dtion 1n the 

lattice to position r. However, siIlce the l)reSeJlt st~ltc of tIle tt!eo~y dtJCI5 

not B.llow such a sophisticated analY81s, i:he totaJ free energy change Is 

divided artificially illtu ri number of pscudocontributions flue}l as sl:raill 

energy, electrost(ltic energy) l~tectt:oc.helllic[lJ t'!ner.gy and vibrational entropy. 

FOJ- dilute Bolutions t the contf-1.hut-Jons nrc:: HHf1Umed to be fIil_ttuaLly lude.p~ndent. 

Helice, the v;lriollR cOlnpOllents of (A(~(r» are analysed illciivi{!ually Held tllel} 

algebricaLly sUl1lined to yie.id the total i.ntaractiolls {)f hinrl.i.t1r, fret.:' energy. 
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Cnf!rgy and a(~tlvatJ.on enCropy from thF! fundanwntal pr bH.:tpJes. liowcvel', all 

omperlcal f:tppt"oach due to Zener and vlert [67 i has pl'oved very Sl1cccsgfully 

tn ;Jccountlng for the experJl1wntaJ v{Jtnes of the [lctivatton (!ntropy and the 

freqllcney factor (ll). The acl.:LvntJon free d\el:gy (lIG) Is tbe Isothermal \·101:k 
o 

done in moving <-l_lI atom from an oqull"lbriuUl pO:3ition to the top of the adJBecnt 

potential barrier. A 10c.:11 rl:i.alation of the lattice has bf ... en Induced (by 

the:ctnR:l fluc:tuati0l1) to create a voId in the solvent lattice s-uffieJpnt to 

per-m:Lt· the pHssage of the 1nte{!3titj;Jl solute atOln:-:;. The ~'JO-(k done.,. is largely 

f.lf_Hwc-laf:ed ~,JJLh the elantie Btrain 8-nei~~j;Y of: th:t.s di.stort.ion, :Ltg magnltude 

depe.ndG upon the 'fclaLJ Ve f,;jy.e of the solute. and th~ matrix (solvent) atoms 

and the elastic corwtanta of the lliDU:ix. 

II I FFUS ION 0 F IWfEHSTl.TIIlL ! m'liRI'1'lK~ IN 

NON-.. nEFORHED FCC t-ihCI\LS 

from the one deBcr:i.1H:!d for non-··(h~formt':d bee IHetals. It is 'noted Uwi~ In the 

hJ.gh-~temver;:-tUlce region the dJffllston activation eneL'gy in the Hon·-defonneu 

fec metals is typIc.allv (J9.3~·3B •. 'i)kJ/mol. [l3], Hhic.h Is much mor" than the 

calc.ulated snlf.-tn~pplng energies in the oct31wdr.·d Bi.t!'8. On the other h,tmrl. 

H.ecording to the calculatJons, sBlf·~tf:appJng to the tctrahedl:al sJte is uniH:obableJ 

and thus hydrng(~n \·Joulcl not he localized at the tetralwdrAl site dtrcing the 

actIvation p~ocesB. 

Neut'ton-diffracti.cfo (l<:.~ta l i5 J (or hyd_foeell difrusi.on Ln f~ --,Nl HhoW8 on--

mnbtgolls.Ly that ttl(!- hyulog,::-n atl)hl~j are locaJtzed to octalH~d'I.LHl sites unlike 
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'.<Jhere: K in thf:! Bolt?.Ul<Hl constant, (=)"l.e t:hc Debye tcmfwrature in oK and h -Lfl 

Planck':; constant, 

Ftg. 3. '1'!1I:' erll.::rgy harriet l!f ityrl-rogf:n dJ ffusion in Nlckel 

It may bp seen that [Of Any ltkely 8hfJ.p~ of tho potent.tul cneq~y ban.'let, 

octHhedral njte.. The imlJl:f.cHtion of this ObEH:~rvClt:lon is that tunneling eff(~ets 

<H.:e unimportan_t. 

1.6 CALCULATION OF SOLlrfION PARAMETERS OF INT@STITIAL 

HIPURITlES J N NON"DEFOItMED BCe HE'fALS. 

The Feri~o approach [6?] of the Zener hlOdu 1 [67 ~ 6n 1 can be llsed for the 

evnluotton of the e.tiiHtJc contr:thuL.ion to the thCll1lOdyn:::i1nlc characteristics 

COllsiderations hove ba~n (lone by s()me Illvestiga!:ofa (7~j'l7). Ncv~[lhelesg~ 



1.6, J Solut:lon (,1-: N:ltrogen 1n [(,·Fe 

The. HotO'i-".J.on rn:oc.en::, of: "I .Ul LI c. ( !'li'.tnl~:: (u··J?(~) can he til~seFJb(;d ;·lS , 

1:0J.10H8 ~ 

3) N(P:
1
) + nFe(crys.) -------> [N] + n[Fe] ~ sol.ute so].vent ' 

The net pl:OCeS8 of rcacdmw (1-3) 18' 

II) l5.N,)(P
r 

) -I- nFe(crYB~) .-~ .. --.> 
.- '2 <-~----

[N]solute + nlFe] -801vent 

/lG 
1 

wllere jJ is a given pressure of thc' molecular gag (N?)J .. N2 1-

P
N
° , p~ are the standar<1 

7. 

arc the free energy changes of rea!:tiona (1·-4) re9pectively. 

The free (~.nergy chHngc antwciated i>l.i th the net process 1s Zero s:lnc.e 

n~~,'.H~ti()n (If) ig an 'equj lJhriuJ1l one. {) » t, sinee the gas solubility 1n the 

bee metalB (cf.~Fe) ls f,IH311) -t,e. > dJlutCl solutions arc considered. Hence \'Ie 

can hav(,:: 

,.'\G ~c: 1\T In(P~ /P N ) 
1 2 2 

( 1 • J 1) 

6('0 6'1° :~'~.;l isit!) 
Ioc 

'dig ":': __ ~Ii H\.N.t 
'0.' -

'2 2 2 2 
(l.32) 

I C :-':;! RT in [IN] (X(N/n ) f~ '3 
(t. '.13 
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d L~; 

';1 ,('1'1 , "~I' i L; t: ht' ,.1 t()!Il.i. c i'rilct.i on ur the 
( \ ; 

,I ',' ) ( \ , j ~; l' i 1(' lHitIlIH'I' ", ()('t<!l)('dr~1 I ~; j tc:, 

1 . 
! ~' 
1,,< 

the ilnpur j ty 

atull! in ti!l~ IjIJute :~()tuLt(}[}; ., 11 , , I 
I,· 

At:; '>,,',1;-:; dOIW tor llistancc by (l,ltf.':-; [IHJ. soml' stalldnrd state for chi' 

iJ)ter~;tjti.;11 in'lpull.tje}.; cCluJd ht~ dIO:-:Cll and dil rf~r('.nt defillilioll of rhe 

i.lJlPurLry :--lcl il/jtl,' Cd.i1 he Ilt-iCI!, 1.·}here the J illite [llIlHhel- ()f tll(~ octahedrnj Sil(~f'; 

_ ,cq 
;'; X, \' . 

I j\ I 

I" 

" ~.; I \! 1 
, J 

· ....... '{s 

S 1\] J , " 

/1'-

·._l\~i_:~_(r;) 
, 

/\~; , . 
_,, __ lll S (r:) 

'J 

(1.)'» 

(1.)/» 

(1, 3) 

( i .1 B) 

Thl' '1u.IJlttti.e~; ,~HI"J and !'. 
'\~';[UJ .:.ire called the rel<Jtive jl<lrtidJ molar 

vflthajpy and 8JJtropy oj the iHlpUf.ity in the metal. «()--h~) solution \.]ith respect 

Lo lhe !llolecULJI- i!,<i::: O~,.J at the standard preS~iUr(! (11;':) [79]. 
"2 

Frclio tile f~xperlHlenti')! d<:'lta !HOI) Oil ~lL soJubJlily in the metal (cl-!-'e)) 

)/.!" k limn] ilnd ! I. -; re::;pc-:ctivc.ly. 

.~;.~ k.!/IIIOl, 01le carl ()hlain 

,-Ill) k.l/lllol, 



)1{ 

: I i \ . '_' ~ ;; - ' 

, 
I i '- r,,~, l ' ' 

t'qn,':>. ',i ,',)') anI; I.! ':"J.I '.,!ilh It:-i))l'( t in litl' ';I,llill j(lll p(()ce:,',; (If /\C as: 

-(-' i 
H 
(\ ) 

'\. ' ~; 3 / f 

(1"/'IY - :-- it, o 
(I .I'J) 

\"Fte!'(:" J~, deS(')'ji:li_,(1 

" 
~I ',' (' I j n , I i < ) {,I j;;; the elHst'ic contrihutioll to 

'-je.l 
-'II(\~) 

of ",)J th,d ;Jnd il for ---Fe and N frorn I GCJJ, OJ1(! Cdrl find 
<) 

l h !'-: .. J / litO i . . . (' I re) 'l1l!1:-;, ;-1J..1 Llle n:~-;t contrllilJi:]OIlS ;_~ 1 

H, .,', 
I ,\ ) 

., 
Iftl:' '_'i,l: ·~jc ':,-r"I1.11 free CIt<' :Y ,.'er ,:"olute dtom I\{;'~ (t':{rLus~;lvp.. ,)1 mixing 

r 
-- ;-; ,:; 
~, I \.; I 

"I 
(1.40) 

(_. J 
'.1h~-:,)'e ' .. ; l,-, giv'.!J': hy eqll. (1.1\)), 

)' 

:n (1./11) 
rn 

l'! )\ 1 : J >.ij , iI\ld J::; Ute t:lastlc contributiun to the quantity. ,. 



1. • b .? '. r) 1 \! C. ,1 () u 

lJ!i-ln:~t'r as ror ~<J Lll'{ -FL~: 

J ) 
~' r 

-~ ----) 

3) (lll l)Fe(cry".) I Fe J 
solvPtlt 

t 

The !let pnh":E~S['; of reactiorJ::; (J._j) i~-;: 

no-nclioll (4) j,~ an equLibr-iu!il Il.'a(~ti(HJ, 

as: 

( 1. Y') 

(1.4J) 

(1.1;:,) 

L.ion of (-iH' ";j rbiJ(' compound 



~_:ubJ iwaUoll quant-It'les of gr~iplLi lc, :: _ (:; ,<',J).is thp ntondc_ fraction of the 
{c; (C) 

ilCUlIi; :\i! anri 
j , J 

I I' I ;-(t- i v(· p;!rL i,l-j ;1) ;!ll) 1 (I( 

gas (e) at 

Ft"Ulll the equilibrium condi tion of rcnctioll (I,) ~'Je have: 

I', H -1- 1\ H" 
Ie] (sub.gr.) 

r, e:<p 

/' <:> 
dl(I' (" e J') 

(I ,1,7) 

(1,1,'1 

/, Hr.cl dlHi (:';II..'} i-lre thf~ reldli'J€ p~r:r.tLd_ llloLa( enthalpy and entropy of 

the impuril-;,' (c.) in (lie n1pt;:j! ,(uo"Ft~) :~uJlItllln wl!:h respect to graphite and 

I·'rolf[ f_lw e:l,pe(.i~H1('nt.<:j.l (Iat,) [80J Ilf cdrblde c.ompound (Fe'3 C) solubility 

i\ H [ , ~ 
el 

l)(Jo6 k.J/Hlol dHd 

Hy ,aking Ui'(·j;. ') ~ n.f) k.J/mol [80J. , .{ 

,'.IJ [c ] 

/\ 11 . Ie I 

~ .. 3,3. 

,\1-1 0 

(sub.gr.) 

Fu-rt:he rrnofe, tiH~ e1<-I.'-itic_ c.ont rJbutions to /\Jjr~: 1 ,llld 

710 k.J/mol aud 

C,nn be evaluated 

hy using eqfl~. (1.39 :HHJ i.td) and give values of III} kJ/mo] alld /1.L reBpectJ.vcly. 

-791) kJ/mol. 

The :30iubLlit.y of hydrogEIl in lflCCC-ds (,_t-Fe) c;in be analyzed by following 



CIIM'TER n 

'fHE If\FLUEN'~~L UF COU)---fJEFU;{HAITOi\ ON THE PERHEABILITY, 

DTFFUSl',lr.t"J ·\NU SOLl!HJLll'Y OF CASES .IN Nr:TALS 

L. I LNTROllUCTlON 

In this chapter ttle illfluellce of prior cold deformation on the 

gases permeabiliLy, diffusivity and 801ubjli.ty ts discussed. The difference 

bet\<}een prior cold-deformation and rumedled (non-deformed) specimens is. 

mainly connected \'lith the dislocation density (1) and other defect con~ 

centrations. 

Tile dislocation density (~hich is defined as tIle total length of 

;c, 
dislocation (9.):) per unit volume (V) i. e fj "" \;) in cold-vlOrked specimens 

15 16-? 
is of the ordex of 10 _. 10 m - ~ 10 e by several orders higher than 

the dislocation density in the annealed specimen [82.83). Such high 

dislocation density (10
6

_ ] 0
7 

kndem3
) corresponds to very large length 

6 7 
of the dislocation networks (1. e about 10 -10 km of the dislocation lines 

pel. em] of t.he spec-Lmp_n). 

13y taking the diameter of the near-dislocation segregation region 

-10 --10 0 0 

(NDSR) about lOxlO - ill - lOOxl0 m(lOA - lOOA) [82,83) and the dislocation 

density about lOI5 __ J016m~'~ y one can obtain the maximum possible value 

-1 
of the volume (or atomic fraction) of the NDSR to be about 10 . Th:ls 

shot"s that the NDSR can considerably influence the impurity solubility 

of the gases in the metals and binding energy of the gases impurities 

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

in the NDSR can be highe.r b~f :-3e.veraI ordecs than the equilibrium concentration 

of the illlpuritier:; in the lHD.trix. Thiu is the so called the trap effect 

of the NnSR un the gas solubility (84,85J. 



The NDSR can influence the gi]S impurity Jiffu~:;lvity by lhe follmving 

ttvo \<lays. 

1) by ptJllping thE.: difttJsant impurity in the l'~DSR. .in accurdance \<lit.h 

the distrtbutioll L'1\Vj it results in some diminisllIllent in the 

gas diffusivity, this is the so called the trap effect of the 

NDSR all the impurity diffusivity (or the diffusion - with -trapping 

effect) [84,851. 

2. The NDSR can influence the impurity diffusivity since the local 

dHfusivity in the NDSR can differe so much from the impurity 

diffusivity in the metal (matrix); this is what is known as 

the transport ~ by - d:lslocatlofl.E effect according to the nomencJature 

of Leblond and Dubois [85J. The later effeet can result in 

both enhancement and dim:Lnishrnent in the net impurity diffusivity 

if the local impurity diffusivity In the NDS!{ is much higher 

or lO\>ler in comparison Hith the metal (matrix). 

In most of the \10rks (B 1l-86J ~ the transport--by-dislocat1-ons effect has 

·not been taken into account \·lithout a.ny satisfactory physical reasons. 

In this Hark it Hill be shOlm that in [871 this effect (i.e the transport-

by-disloea tians e tf ec t) 'las neglee ted inatieqll<l te 1 y • 

One of the main objectives of the present \york is to take 1.nto 

account the two above loentioned effects OJ) botl) gases permeability and 

diffusivity in the eald~formed specimens (Ni, (j ·'Fe-O.16%C). It "'ill be 

shmofI1 that the treatment of the experimental datn ~'lithin the model ~ taking 

into account the t,·]O effects can give some information on both thermodynamic 

and ktnetic, cl(qral.:teristics of the NDSR Hhich arc Heakly studied till now 

[821. This aspect is a.Lso one of the objective~~ of this ~,rork. 



. . 
expetll11CJlCaJ <la.tet ou Lite in[lnellce of coid-deformatlon 

2.2 EXPERUIENTAI. DATA ON THE INFLUENCE OF COL/)-DEFOHNAT rON 

ON HYDIWGEN AND IlE\I'j'~j(IUH I'EH1'JICAJll I. ITY , 01 FFliSIVITY 

A;~U SOL!lHILfTY IN HETALS (~;i:; '.' -Fe) 

In the work [lJj the soltli)illty, (iiffusivity Hild I)Crmcability of 

hydrogen, deuterium aDd tC.lt'lUIil gasef:; ';'le-,re measured ill polycrystal1ine 

99.98 and 99.995% Nt foils anei mds at JOU-SOO oK. V8r10nS techniques for 

all three hydrogen isotopes ut I)ress\Jres between 0.04 and 0.4 ~ll)a were 

used for the measurements, and both amir~a It~J (non--de r oYined) and cold-\</orked 

specimens were studit!cl. 

The specimens ~i!C(f.!. \'actHJJw~al1lJealed at: l1L3 '-'K and fucnclnCe-c(lole.d 

before test ing. The foils \<"erc cold-·rolled to 982 reductton in thickness 

than the annealed {'oil s prep?ced trum tbe 3';-lme ~.,_toci-c lMlterlalB. Cold-work 

.tncreases the d islocnti0f1 J~=!l:-; i ty f (OlD ael·n-(}xJIH3tely 

greatly increasing th~ potentiRl trail (Iensity. 

A summary and cd.tlc<ll analysi.g of enrlie.r penneatlCll.i data [6) 

done by the authors [7] enabled them to conclude tllat the best equation 

for gases peruleatioll (}!2 ill Ni) 1s: 

5.2 .~~~l!~G~)~!~~ 
s /Fffi;::t-

(2.1) 

The data fOl: the permeab:Ility of non~>deformed nickel to protium 

obtained tn the. '.1o~:k [7 ,J (rom che current ~,tudy iigCt'.12- el.osely fllith 

eqn. (2.1) as do the d(~uteJ:j.llm i'l.nd i~rj.tiurn dai:a ~ ... hen normalized by 



multlplytng by the square root of t.he mas:'" nUliiber (H) l8BJ. ThuH 

"-9 
,:>',!:"lY - (?t.h(fi)Pl")/svHT;~>", <10 " 55,J kJ/ruJ 

,f( 

(2,2) 

and H = 1,2,3 for hydrog,,~n (p-cotium)J deut:erLum and t:dtium respectively. 

According to the results in (7J i coJd 'dork increases the pe.r:meability 

of hydroge.n and tts 1.80tOP{~S in a nlm:U.ar manner. <fhis inerease is attributed 

to dtslocatton networks efh~ct pyov:ld:J.ng short-c.ircuit diffusion paths. 

No detailed analysis haH been done about this effect by the authors [7J. 

In the vlOrk (7), t\.]o tcclmiquE!B have -been used to calculate d:i.ffustvitles: 

a tJme lag analysis [891 of pCrlne':'ltion data and evolurton of the tIme. 

dependence of tile rate of evolutiun fl·oro initiall.y satllrated specimen:' 

Values calculated from the U'10 S(!U; of data ~,)f~-re nearly identlcal for 

permeation or evolution rRte~; nedr steady state. In [30J diflusivity 

values 't.fere selected by the authors (7\ as the h€bt estimate of true hydrogen 

diffusiv:l.ty In non--defonm,,:d nickel. The. trttium data obtained in (7] 

by offgassing tec}lniques support tIlls conclusion al~ indicate that the 

teu1I,erature dependence of hydrogen diffusivity jo tile annealed (l)on-defOTrn~" 

specimen (nickel) can be described by: 

,-/ 
--39500 rr? 

DL 
7,OxlO 

exp( ) (2,3) ~-.--- -----. 
(}! RT f; 

T118 effect of cold-work, temperature and flux ratio on deuterium 

diffusLv:Lty, Has calculated "In the \>10rk [7 J from ri.se to steady state 

permeation measurements. SOUH", of the valUt'!B for the flux ratl0 0.8 are 

listed in tRble 9, 



TABLE 9: Effect of Cold Hork, Tewpc:ratnre and Flux Ratio 

on De\lterium ])i[[usivity in Nj.ckel Calcl!l_ated 

from Rise to Steady State Perm.allor, Measurements [I] 

J\CX1011) D(XlO ll ) j) (XlOll) D
/Dt 

0 Lj oK c 

T DL 
m'/S m2 /S mLjS 

425 0.6913 0.6308 0,3716 0.5375 

491. 3.278 2.991 2,/118 0.91.2S 0.7376 

500 3.697 2.36.1 '2.5gg 0.917.5 0.100 

525 :).813 1,« 841 :). J(r) 0.9125 



foIled to 982 retiul.:tic)\1 in Ctl.l('knr:Ci-;f.> than rur itf!nf!;Jl~'d foj J~3 prCpilt-c>d from 

J) 
d1slocation den~dty fi'om approxlmately 10 . 

16·2 10 111 - greatly illcreasing 

the potential trap denslty nnd lowEring the values of Df)D fo)~ cold-v/orked 

foils \<Jlth respect t.o ann~.::aled foils tested at the ~;allH':' t{:~mpen·itl1(e (tal~le 9). 

Trapping at dislocations h~w, a llcgat.ive binding eneLgy~ and thus the 

amount of hydrogen trapped at d.tslocntions should dt--:erf..':-Hse and l\ In should 

increase Hi th increasi.ng telllperl3ture, The authors f j J have Hot made <my 

quantitative discription or eva IllatIon of 1:11C characteristics of the NDSJt. 

III this work thls aspect vdll be analyzed. 

'fhe solubU.tty coeffl.cJellt (y) and the heil!. of solution (Q,) for 
() ( 

hydrogen solubility ill oon-defot'I!H:'!d rdckel v}efe detennhwd 1n [7 J by LlsinR 

the relatjonships: 

Yo (2,40) 

and 

hence for the annealt,,:d specimen (nickel» the followjJJg exprEwsi.on \'las obtaine.d. 

( ~l ';800. at. fl.~,JH) "Xl) --.. --.. -.-.. -) .--.... -- .. -----
WI ,--~-.-+ 

v HPu 

The analysis of hydrogen transport iii ni.c.kel i7l has Bho\.m that both 

trapping and short·-circuit diffuslon ai'l.?: preBf-!!lt and have small but slgni-

ficant effects on permeation, evolution and clbsorption. Both effects appeal' 

to be Hssoclated prlmarily Hith the dislocatlon substructure of the specimen 

(nLckel). It Has noted that this behaviou:t W-8S consistent ~,Jj.th the pl~edictionB 

of the McNahb-l1ostcr model of reversible tJ-DllpiJlg by dislocations [86]. In 

the tenolnology us(!d in the t<lork 185J, these ;~h'O effectH Are the dJffusion-



!n 1.'110 present 

treated with respect to the two effects Ifi~ntl()llCd abuvn in:Jrder to ohtilin 

the ehal'acterlstics of the ,NDSR. 

SJmtlar 0xpcr.-Lmcnta:. data on hydl"oger: pcnnt~ablLLt.y~ dJ.ffus:tvj_ty and 

solub:tl.ity In both annealed and c:oJd·-worked nickeJ ~'lcre obtained In the ~.,o:(k 

[5] . 

'['he nwtcriaJ. used in tilts ~'io:ck [5} \1,:H~ 8: nD/(OU1.:i.lJy 99.9~~ pln·(! n.Jc:keJ. 

sheet of thickness 110 lTl., Tile speeirnen 'las r:old ~olle(! to a tlllckness of 

90--100 n" 

The permefJbJJ.lt:i.en: 3Jld diffuidvJties of bydYugCH f01· both Hpectmens 

(annealed ond cold-worked) WCIC lneilsllred l)y tll~~ perJDPati(lll technique, ill which 

In this \'Jork (5J, a seJ:ies of: permeation mei:iStH:Gments- Has crn:rJed out 

for the tHO speelmeufL A .:>erien of IlieaStn'Emcnts ~'!DB first rl1_a.dc for tho';:; ,'-1nu2a.led 

speelmen durlng step",Jfw coo] ing from ')93 "K to ,~-SJ ')X} (inc! further rfze38ure·-

me-nts <;/as made for the c.old·--\>lOrked speCiWefl dwcJng step H1.f]e heating from 

:rOOm temperature to 4F3 °K;- In eac.h Bc!:1u3 of. measurements; the: f;ystem Has 

fi-rut evacuated by hold1.ng the specitnen at the me.asurement tcmperntul'e until 

no furtht-'!l" ehnnge in the. background hydrogen partt:d_ pres~)un:~ \'][W observed. 

as a function of time. The hYflrugen pressllre u(lopted ~itS (),Ol Ml'a J:or tIle 
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Tlw n~sult3 for the hydrogen pe nJ1(C!<lh 1 1 j Ly 1tl t'}H~ dnne:d.cd speclmen obtained 

expression: 

",t_.rl:..,JH)_I'I~~ 
s /MP~~-

!'urdwrtnore, It i.s noted that the permeabL1Jty for ehr.:.' cold·-wot"ked speelmen 

.is Ll£ger than that of the pefmeabili.ty in the annealed spec.imen (tahle 11). 

'fhi:.; iih~n~asc tn 'permeability L; attri.buted to hydl'ogcn trapping efrr:~ct at 

latlit:l~ Lmpet-fecLiollS lntroduced by cold·-deforlnation. 

J'lle llydrugcn d:i ffus I vity 'das al~~o HF;oar;ured in the stllHC 1'lOrk I~)] from 

tIle tilne·-lag for tho ~lbsorptioll run (0)" lll~ c()Jd,·wu!-ked C111l1 anncilled (non-

de.i·urmecl) ~.;pecirne[\G. The diffuslvlty for the annealed ;,pecimen ext:racu~d 

fi'om the time--lag e.xp~ r j l\lcnt Haf1 expre::;sed by: 

(2.6) 

ill good ngreewent \,,1Lth the diffu~dvity V,dlWS ill lbJ and (YO], 

The Holubil.l.ty or hydrogen tn the <1nncaled SpeC:llflf'.ll (ll:ickf~l) \'lh:Lch Is 

decLved trom the experirnental datel for pel..:-mcnbJliLy ,1Url dif[us:ivity iil the 
I 

annealed Hpecimf~n by I1Blng eqHs. (1. L), (2.!~a) and (),/tb) L; gjvc:n by: 

t'he hydrogen solubilit.y in eold"",'lOfkcd ni.c.k(d l',J !:ws dit;LU~~~jed by taking 

In thts work f 5J) no quantilative cHwJy:-:ds h<J~; iJPe.ll dOlw on the char;-I(,f'r,· 

.st.ies of the i\DSl{ for the sY:-.itel!1 (H) :tn Ni.) ullder '.0:1: 5dl'Li"ltil)\l. [11 the pn~8ell1.: 
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TL:'..BLE 11: The Experimental Data [5] on Rydrogen Permeability~ Diffusivt'Cy and Solubility in Nickel 

s ; 0 0 < 1" 12 -2 2 0.2 0 
'016 -2 

-v ill - - • n: 
.~ - .L 

4 -:'\t'{1011) " rX1
n1S ) v eXI04) D eXIOll) ¢ :X10 1S ) 

T 
"Y (XIO ) .Li \ .... _ \._v 

-, " 
·s € E: 

at-heR) m2 /S at~fr. (S.)m2 at.fT .. (E) m2 /S at.fr. (H) m2 

l~ S '// l"LPa y'~a S! MFa 

35~· 1.29 0.065 O~O5 4.63 0 .. 017 0.07 

392 1.80 0.256 0.31 S.40 o. 1 ~\4 O~38 

430 2. : 9 0.77 1.08 4.25 0.562 1. 29 

::.68 2.57 2.01 3~86 4.63 1. L,20 L,.81 



ts lHUr::h !!lOre lmporLant: :i.Il lechnology th':-IB the hydcogcn--·nldtel and deuteritllil 

l'd.ckcl systQ_Il!S cOIIH.i.lier-ed above. 

Hill and Johnson [39J exposed small cylJnde)'[; of a--Fe-O.161,C (st(",.l) 

to 0.101 HI'a U
2 

gas at: 50:3 oK to achi.eve uniform hydrogen contents. in tilt! 

speci.mens. Some Bpecinwlu: had been HHag(!d ("1(: }'OOllJ telllpel:.:ltUl:e to 60% 

reducti.on in area, The evolution of the hydrogen from the metal wtth the 

origin llydrogen COlltent into vacuum \'Ja~'" followed at Vcl'ffOllS temperatllres 

nnd the appaTent ditfustvi ty (D:::-) \.](18 ralcnlHtod as per 011 e<:.n:l:Ler ;lflRlysis 

from the time in \oJhieh the hydrogen c-cmteHt of the specililen decreastld to 0,1 

of the init1.a.l value after the Jog l:ate···ti.rllC CUI"V('B h~~conv2 l.i.near. 111 [391 

the hydrogen solubIJ-lty (C.) in the deformed sped;llen «(>··Fe··0.16;(,(:) at ,-
V. !OJ NPa of preUHure ..,ms (IJso nW<-lsul"(~d a~; i'~ fut1ctjon of' cimrging temperature. 

Thus, the permeability tn t'.ht;. de;tormed f-qw.cjmcn «(i) ) Js ('valuated by the 
. L 

product of the dlffns.ivHy in the ,(don""d speelmen (0.) and solubilIty coef·­
t. 

ficient Ln tbe defo(med ~;peci.men (y c) J.e (lIe"" Y~_Df· \'lheY(' -'f t: '''' Ct i \/p~j provIded 

thClt Dc 1.s closed to the r;;U!ady state values [01' different temperatures. 

The solub! lity of hydrogen In annealed '"pccimen (u-·Fe-V.16:tC) can be 

de~:;cribed hy the eqllatJon establ.lshed hy Conzalez (Il!_)}: 

U.S) 

The values of Y \,~hich have h(~en obtal.ncd ;.p:e listed in tab le 12.. 

The results of }lydrogen di.ff\lSivit:y ill aUilealed HI)Ccimcrl (D) are pal·--

cn.inteJ from (;onziJ.Jez's [/~51 evalu:-l:t:I.on of tlH~ stectdy st(Jtf~ permeability and 

from eqn. (2,8) ytelding the expn,ssion [8 Id: 
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(2.9) 

been obtllined by the product. of 801u\)1. U.t'.y ;1ild d:U'fuslvJty V(J I.nes in the 

annealf.'.d [:;pee:l.lllf!H (tnhl{~ 12). ThuH j tJ,Y lookJng at table .~ l2, onp. cr..Hl'"fldsily 

observe that; the pel:'"fIlcHbility tn the de.fonned specimen (U-r·Fe--O .. 16ZC) J8 ffJuch 

larger than the pcrmeal>iJfty In the annealed ~pecimell I,y nb()llt two timos, 

UH~ solubility In the df~:fonfK~d speeinwn i8 higher than the solubility in tlH~ 

annealed specimen l,y nbout two orders and the diffusjvjty in the deforme{l 

speelmen is HIJ1aller than the d:i.ffus.ivity in the Hnn£\:ilco one by ilbout tHO orders 

in the given temperature. 

As In the preV1{)U9 CAses (Hz ill Hi and 02 in Ni), thlB effect eRn 1)0 

connected ~.;r.-ttb the iuf lucnee of the W)SR.. Aecorrli.nt to th:; expertmental data 

[91,92 J, the dislocation deIlsHy in the J<'formecl specimen can be taken as 

10
15 '016 -2 .' I 1 j )13 .,7. ( 1 "') -}, HI ann 1n t 10 anne;J .. (:( spt1cinwns <. H m t;1b .f~ _L ~ 

Similar resuJts \'i:J.th renpccL to hydrogen pe.rmcab:tlity and di£funiv:Lty 

in df:fonned and annealed (j:··F(~ t·wre 31t~o obtained [DJ. In the prCAeOt \.;o)":k, 

\<Ie shall make auulysiB only on the experimental data after' Gorlzale7. [If:>1 ~ 

Hill [39J ant! Odani [81,J uldch Hro much m')1:O detail. 

2. '3 CRITlCALAN/\LYSIS OF '['fIE KNOI</N THWRETICAl, INTEHl'ltETA'l'ION 

OF TilE EFFECT OF PlCCOR COLD··DEFOIli-!J\TJON ON IlYllROGEN PER-· 

HEAlllJ.LTY, DIFFliSl VITY AND SOLUBILITY IN NETALS 

The anomalous behavIor of hydrogen both to its ,'loJuhillty and d:tfftls:lvlty 

in cold-t4orked meta.ls ~nd a.Lloys (si:.eeln) is ~.;ell knm·}(j and hH:, been the .sl\IJJ(!~_'_ 

be feLix ag:r(~ejjlent that th~!w phen0l!1J'fl3 Lire due to dttrnct::J.v('- lntaractions 

between tile diHBoJ.verl llyrirogrn atoms nne! stl'uctur~l Lrnp<!rfections develope,l 

by uoformation, 



vI01l,) poi.nL:} and in P,JI"!_ i.i~\\l<ir in ;-'.;gnrd to hjrlrogcn clilhr:Ltt i.E.'men!: HuceptibLl:ity. 

Tlwref():r.."(~~ i tH- inlblCTH~,~ of hyd:.c'oL,"1l Lrnpping Oll llyd!:o~en diffusi-vtty and 

:~;olubi.ltty has heen :--3tudi!'.\d by ;..1 nl.Huber of inv28tiga.tor~; [39; 8!f;_ 86, 9~~l 

9 ff, 96--- i o:t J • 

Darken ilnd Sllt:tth 193} \'!cre :::Jle flr:-;;t to fiugget3t th.qt dtssolved hydrogen 

is 1mpeded Jll .[t~; dIfFusIon hy imperfections 1n the lattice of a cold--worked 

0teel. and :J.ppl:U~d tht'. theO!~y or ~_Hlh~;,,-~ale kilH~tJc~} ;;H; modified by the assumption 

of l.oeal ,~qU_lJ.-I.bL'.hlIt1, i:o the In:-obJ('~nl~ A :-~JfllLlar P('illt l)f vie~.;- has since been 

adopted by OUV __ ~T \H)ckej~ s [~:'-)) 86 ~ 951 < ddiabb ;.uld Fnt_~ter: (H() J developed a more 

equntloHb did f)Oi: krvt:' ,l gen(-!-;~al <.lIIDj\'l"JC c;()jution. Or:Lani t8 /i] has reformulated 

the:i.t· wOl~k f 861 Ln' tt!(-~ context-. o\" th~ nf':stJwption !.If 10ea-! equil:i.brlurn fOl· 

l-Lbt:ltIiB hYP(d:hcui:;~ to Hh()w j.l0~'l the relevant pal."aWeU:'rB !Hay he e.va1.uated from 

exp(~l"jm8nl:-!li Dnd i:O ,--:;pply the ch,-,:oY-y to (:x.i.~)ril'!g (~XP(:;'_Ti.IIlent,']j rlata. I·ioHt 

of the Illodern works fu:e compa[~ed and. reduced v) the HcNahb--,Foster [86J and 

Oriani [t-V-l] n~r;uJt[;. He-cadse of thi[)~ it lS (-,:xpedtent to cOIH-"drier t:ht::· 

OrtanJ'B [H1f] del":Lvatiotl :til detail and to glv(--: som\? cttl~ieHl remarks. 

Bitcs chaY;:lcteri·.I_ed l".1 thl"; HOl"Il;:_ll enthalpy of Sl):.utJon i\Ht'; \·:lth 1"(U3peci. to 



by 

to a normal site. 

I e 
1.1 

,',1, 
b 

!h)~31tJve \..Illlintity, t\11, 
D 

For the description of the e:<per:hnental data the GtmpleHt distributIon 

1a", of hydr"ogen atoms bettv-eentthe {~xf::CiJonlin<1l'Y and normal Bitc-a Has assumed: 

K (2.10a) 

Hhere: K 1.B the equilibrium c.onSLant given by 

fHl. 
K ~ exp(-·-i('/'.) (2.10b) 

(:) anti () Rl"C the fractional occlJpHncies of: the exl:raordinar.v o:c tra(Jpfng nitcs 
;{ 

and the normnl latt:Lce si.t(~f; respectIvely Hhich /~H'':; il[-:!sumed to be mueh lel-:is 

than one (L~ 0,0 « J). 
x 

The hydrogen conc.\:~ntrat:Jollo upon nornlal l:--l.tt::tce :::;iten (C) and upon the 

extraordinary f:ites (C ) 
x 

can be expressed as: 

c .~ N U (2.11a) 

and U.llb) 

where: Nand N reprcsellt, respectively~ the nUD!ber of normill and extrf{-­x 

ordinary Hites per unit volume of the speeJ.roen. 

The author f 8 t• J consiuf\.red only the caSt:; ,~ih(~n th(~ l'<;ltio of ext raordiw_lry 
N 

l · (x < ,), ]·1 to norma_ Sl.tf!S 'N < 1. :tS sma .• Hence j lw assumed that tYelP population 

doe9 not apprectahly redtwe the croBs-section (or difh1810n :tIl the normal 

lattice, and he e.xpresned FJ.ckls first l<.1.H for the flw·; J intenns of the 

oceup.ied- norma 1. slte only, as: 

or de 
J- -- j) :Ie 

, s 

·c 
U f: 

dx 

(7.12a) 

(2.12b) 

where C ~ C .~ C D js hy(iroJ.'cl1 ditfllSi\.{tv .. fa I:he florIDa). 13ttice and £: x) '>-



o dC 
de c 

46 

(2.13) 

D£ being the apparent or ph(-~nolnenological dJf[UBi"-U~y 1n the deformed specimen. 

By using eqos. (2.108, 2.11s and 2.11b), the apparent solubility 

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

and 

1) ~ N IN 
x x 

TJ (TJ «1) being the volume fracti.on of tlw extraordinary sites. x x 

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

D 
1~:rjK 

x 

(2.15) 

(2.16) 

Eqns. (2.14) and (2.16) correspond to eqos. (16) and (13) in [84J respectively. 

The apparent solubility coeffieient (y ) in the deformed specimen can be 
'" 

represcnted as: 

y c 
C 

I: 

,II' 
(2.17) 

Hhere y is the solubility in the annealed specimen and p is pressue in HPa. 

The apparent permeability (4)~) in the deformed specimen is thus expressed 

by using eqna. (2.16) aq<J (2.17) as: 

i.e (2.18) 

<P being tilt; permeability in the annealed specimen. 



effect l¥'hich was omitted In the OrJani I g IHod[d [Sit J. ~)uch .'!B.'wmption vms 

in [[02«·106] and other,;. 

the ND8R, the majority of the tfnpuLLty atoms can be loc~:dLzed in the NDSR. 

It should he emplw.eL·'.f~d that in the (:HS"':' ot loe~diz3tLon of t'fl(~ major:U:y of 

the hydrog(w. RtorO$ in the NUSH-) the app<u'ent d1.fflw.iv:Lry e<-ln depend strongly 

on the local diffl.H.i:L\1 tty of the :lfllPUl:'.!.ty atGw,J in the NDSR, Iu othe:r \'Joron, 

in this CaSH the tninsport~by=diBloci:ltton9 GffeCf: should he taken l.nto acc.ount. 

Thus>, it is clear thHt O-.rlan:t'H l84j moti'.!at:lons of negl0.cting the U:;:-:.nsport> 

by-,dislocatlons effect BXO . inHdequtl_U~, 



f)Y·· dlHlocp..tic'n:3 (:;{t",;('t V!H;J nOI: tnclud,;.d. Gen'_~):a.'!. ~1tffusioil Bqullttone from 

Bolt:?n1<i.n .- typ~~ transpocl:: equHtionH l.<if-:T(", vb-ta:i.ned on [h·:; basin of statiBtical 

both tht dJffnoion -w:U:h---tr£lppJi.1::; 8ff0Ct. and dw: non"~unlfonll dolubili.t:y effect 

1dhich IB tmportant for the et!B(~ of eOH(:entraL!3d solutions; the traHs.port~by-

d:f.slocatil):r41 eff.ect could nnt b;~ tneJuaed "Jithln th.:! model fa)} ~ FYOIli this 

In the HOl:k oF. Sak",'1Jt.Dto (fjJ l} ;" g(HH:n;~';11:Lzed appJ:ofiCh has oci:)Il used in 

which the m.atrtx if] connider8(1 L) eontai.n 8. lJud tltude of li L3.tt ice d{~fQ_GtKIl 

samicohe ~:e.nt gratn hOtHldnl:icB ~ P'(~~c>ipLta te part lel~G c-r(;'c.k·~t 1.p::::> high ~lngle 

grain bound.nrle~i~ in coherent p(l,l'~tich~D - mi"~trL{ .interfaces, voids, et<~~ The 

syetmnatology of Park (107 J lHlH bs(;n. [oJ.lo\o-!f:Hl .-i.nor-tier to d-eduCfl corresponding 

dfffusion flttx (~qunt:Lom:;~ In thif5 \-iork {8J] an a.na.tys:i5 o.r the apparent 

diffusivity ()f hydrogen in th!7: so ctlll<"d mh:.ed trap m¥l'multiple phyS:1..;:;:tl 

trap models Has cLln..':led out baB~rl on dte classical dtf.fusion thcrn:y and on 

th€'-. assumption (if R system of: lot,! nCC,uputl()f\ BoJ.nbility of hyd:togH!l in a nOliJlal 

lattice and t17apping Gites and hy t(l;klng into /HccOtHlt t.hat the trnpping a.ltes 

have not only the charactor1.stJes trap de-oHlty and d(~pthJ but also H trap 

~width~ and that the inormal f lattiee 8it(~8 and i.ndividual traps have c.h:lra­

cteristicf-) trapping ailci rf.llea~Je :(ilte~ It Dhould be (>.i.Hpha.fd.?8.d that -In this 

c0J18tdxH'8.t:ton [87] both tiJ'J c11ffu;·:i-un"'·\',d th-···trapplng effect tmd the tranHport~ 

by-'diBlo(:8t:tunn efftJct; 1.'ln}":e tnken tnto aceount in the fa-opel.' Hay. 

Gnner[dizGd (,,:xpl.·er;g~;.onf) -f:ol~ t .. ht~ l:-6rnperHun:c de.pencienc'.">. of tl1(~ app,;u'E.mt 

difftJs:I.-Vity of hydrogen 1n m:l..xcd. trap and multi.ple physie£ll trap models H(U-e 



!/) 

level'l problem in otcl0r tu facilitate complirison wit:t. ~xpe~imental data. III 

this cast} ar~ rngarded ns the. e:ffe(;t:Lve qwrntJty ~lve·n.lp,ed over: the r:-eglon 

in tht::. trap model of !If,:o~8nf!rgy~~·lnv(!lH hoth for t.ht,. 1t1.Lxeci tn1p f:lOde.l and 

-(- f 
tx 

[J-f -·f (l--f ) . t ~ t"' . tx' 

{(H) 
tx 

(2, 19) 

Hhere: n.::. ~ D
l
"') DO nnd Dr are the frequency facto"cs of thE! e[fect.lve <.iif fu-

y- (P <-



.')0 

fLLtl'!B; f.) 513 the vo_lwllP ft";lct ton ;)f ItOi:UW ( intttu. Hi., i--'S; >. 

Q 

phy~)i((~f 

[;"kamoto {e7l '!lad" {wnw inndc'I"Htf! ",d\!ction of (><11\. (2.19) to the 

rOl' the case U nll the t"-',pp.!ng dt:e" HU, "heady '''Hurated and dOllot influQl1ce 

the dJffuston fJux, 

could ob!:ain from eqn. (2.19) the following expre~$iO[l: 
Cor n~et ~ 

wl,ere tllo following DSBluuptlone Hr. made, f
t 

« I, ftk ~ 0, 

P.20) 

Dr, 
" ,J? 

1J0 
~ 
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= D) 

it r.;: n 
]{ 

o (_ 
/\(;;;' .-

The aStHlmption C ::-... 0", fo;: the case of the nnturated trapptng site 
f.X 

Bhould be expanded to the phys:tcal1y clear conclusion that :in thts case not 

only f
tx 

U 0 but also f
t 

", O. This fi!uans thfit in the C.':1se of the satur.ated 

traps, there :l.H ):leitbe.r the. dlffusion~~.d.thu·tr.appJng effeGt nor the transport-

by·--dialocaton8 Hff{~c.t~ Thls as-poet ~'lill b~ thoroughly disc;uSGe.d in this vl0rk. 

or leH8 than ·thf~ quantIty (l~ftx.)} th("! gHm of: Hhieh COC(i)SpOndB to ft~ Thus, 

if f 
tx 

,0;:; 0 

T~flU1t fot" 

then 

(;.qn~ 

]' .... c 

f 
t 

(2. 

;.'= 0 

19) 

as \,7t~11. This tmmedJate1.y ytelds the fol1m<?ing proper 

In tho C()Bt~ of St1tunlted t.rapB : 

(/..21) 

i.e. the '-:i.pparent diffu81vity (Df-:::) if! eJose to thf~ true rliffuslv1_ty (D) of 

the imvur::Lty of hyd:rc)gon HtOHiH in norUlIll lo.tttce ~ The Silme result Hill be 

obta:lned in a d).ifer-cnt ';lillY in ch8pte1~ - III. 

In tid.s nE:cttof!.j" it 1B expediHnt to glve some prop.er roduct:lon of eqn. 

(2.19) for the case of non-saturated trap regions Vllth llnear di!ltribution 

law cort-aapond:f.ng to lOvr Q.ecupHt.ion p!:obauility of hydrogm.l in a normal 

Jattice and trapping sit"s. 

'tIW following Rssumptions can be consj,dered to reduce eqn~ (2.19) ~ 

1) The -'-/olufIlc f:nl(':t1.on of the t:i:~dP :cegtorw :i.B llegligihle i.f> 0 « f:
t

'<'" t. 

2) The hou"(!(hn·.'Y zoneH b(~t\-,1ee.n the u:ap l:cgioBS and normAl latt:tc.e. regiolH 



con be ~e(luccd to~ 

X[lH 
t 

~ j) 
o 

eqn~ (2.22) can ba expressed as: 

[l + 

o 

(2.22) 

Q 

(2.23) 

Tn the cone lusion of thi.fl. chapter ~ it is Qxpe.dlent to emphasize once 

more that in the kno~"n theo1:'oLical cOllsidel';}.tiofH-' of the phenomenon the 
_,_ J_'~ 

diffu8ion~-by~~diBlocntJQn8 efface is not taken into aceount t-~ithout any 

in tht;! final expres6tons hy do:lng inud~quute reductions as in f87] ~ That 

1;4hy $' it is indiapensa.bla- to gi va BOmf-! p:rOPf.H~ considerations analogous to 

the sense thrtt it hIlt;; takf.!fi into account not ouly the dj,ffuHion .... \<lj.th-~trapping 

in Chap. III. 



J. t lN1'ROOUCTLON 

TheonH.lc..td. cotlsidHl.'nton of dJsloeHt:i.on ltlL1.uenc.{'> on gases diffusion! 

Ho)tks cited in <:hap, II§ for Jn13t.:tllce. ltV~~·37 .• 108, 109]. In liiOgt of theso 

pni(! to the latter effect. 

and intel'p:t-t'tatJon of th;~ k.f!.OHfl c:-:.pP'!:lmpntaJ. dHt:'l !)r:; gasf!f3 (II
2

,D
2

) penaeability 

3.1 DESGRIf.''l'ION Of (HPURJTY Pl<:Rl1EATfON} DIFFUSION 

AND., .SOLUTION IN ~·m'1'ALS HJTH DISLOCATION 

on gasnn p€.~:nnuabillty~ dirflj~d.v:U:y and Golubi!.ity t:lH'> phen()rnr~nl}logteal c.onsl-

(l~ratioD of the riiffusiou ~ql~alioD f()~ an impurity In H crystal with disloction 

' .• J 
_} .J 



Consider a one dimenslonal diffusion of an lmpul::tty along tl"rO netghbour-

iug parallel regions of tile same length having different cross-sectional 

(D),D 2). III the case of local equilibrillffi with respect to the impurity 

distribution betl.Jeen the tHO regions (\<lhich is adequate in the case of 

impenetrable partition) the total flux den8i ty can he described as; 

del 
;);Z'- J)2 fJ2 (3. 1) 

and I) 2 are the volume fractions of 

the regions. 

The total irnpud.ty coneentrntioll (C);) can be rept'asented as [011o.1s: 

C,.: ~ q C + n (' " 1 1 2 <2 (3.2) 

Thus, the total. flux density (J);) of the Impuri.ty is expressed as: 

0.3) 

where D);. is the total apparent diffusivity of the impurJ.ty in the deformed 

speci.men •. 

For the case n ~ 1 and 
I TJ2 « 1, on" can obtain from eqn. (3.2) the expressio 

oe
1 

" 3 Cz () (;2 • -, 
dX 

(l+n '-') 
dX 2ac 

1 

By expreasJ.ng eqn. (3.1) as: 

.11. ~ -(0 
dC

2 del 
+ fl2J)2 'JC:-) 'ax-. 1 

I 
(3.5) 

and by suing cqns, (3. :3 - 3,5), it fol1o\>!s that 

(3.6) 



S5 

In the app:r:ox.i.matton of the di.BtrJbution Iu", cOL~re8ponding to a linear 

concenti:ntlon dependenee one can take: 

K (3.7) 

where K can be called the effective distribution coefficient of the impurity. 

The quantity Constant can 

differe considerably from the true equilibrium constHnt of the process 

("hen one approximates a non-linear distribution law to a linear form ,,!.thin 

30me concentration ,angel. Hence the apparent dIffusion coefficient of 

an impurity ill a crystal (metal) with died.oearions decorated ,lith impurity 

segregation can be expressed as: 

Il lJJ. IlJ . K 

II ); ~ D + .~----

F' 1 + n K 
, + II K , 

), .L 
(3.8) 

,.,here D i;; the volume diffusion coeHid.ent of impurity in a metal (crystal) 

containing no disJocatiOll (nono·deformed), DJ. is the diffusion coefficient 

of an impurity in the NOSH, K can be the equilibrium constant of the impurity 

distribution process, 11;, is the atomic (volume) fraction of the NIlSH such 

that f)j. « 1 and 

(3.9) 

~ is the dislocation density in the crystal, b is the Burgers Vector 

and a is the number of atoms in a cross-seetio!l of the NDSR. 

Eqn. 0.8) coincide .. vlth egn. (2.23) 'dhleh I>laS obtained in this Iwrk by 

means of the pl"Oper reduction of equ. (2.19). 

The temperature dependence of D, DJ. and K can be represented as: 



D 

!~ 

K 

D exp(~ 
oJ. 
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(3.10) 

(3.11) 

0.12) 

where: J) is the frequency factor of the diffusion coefficient in the 
oj. 

NDSR, QJ. is the activation energy of the NDSR; lISh and M\ can be the 

apparent binding entropy and enthalpy respe«tively. 

Egn. (3.8) is obtained under the following approximations. 

1) There exists a local equilibrIum hetl-Teen the NDSR and the volume 

solution. 

2) The distribution 1m.; for the impurity corresponds to a linear 

concentration dependence (eqn. 3.7). 

According to [109], the local equ_ilihriuJ}l approximation can be used 

if Dt P. > 102 holds, where t is the diffusion annealing time. For most .t -

of the experimental Harks quoted in thIs paper the Inequality i8 valid. 

The first term in the right hand side of egn. (3.8) corresponds to 

the so--called diffusion-with--trapping effect and the second term to the 

transport, --by-the dislQ"ations effect according to the nomenclature of 

Leblond and Dubois i.85 J • 

First of all let us consider the limiting CAses. Hhen l~ K « 1, 

i.e most of the diffusant atoms are located in the volume solution. -Here, 

eqn. 0.8) corresponds to the Hart~Nartlock equation [110] given by: 

(3.13) 
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Eqn. (3.13) is used to describe til<' effect of segregation on the impurity 

diffusion enhancement dUB to the presence of dislocntions [85J. In this 

lifLLitillg case the dl[fut:don-~'dit:h+·trapping effect is negligible (i.e~ the 

first term in 0'1n. (3.13) is close to 0) and the transport-by-·dislocations 

effect (Le, the second term in eqn. (3.13» can cause a considerable enhancement 

of the impurity diffusion if 11. » 0, 80 that r~ KD,l > O. This is a typical 

situation for the NUSH of the Cottrell cloud type [82J. 

In the other limi.tting case Hhen f!J. k » I, 1. e most of the diffusant 

is located in the NUSH, e'lu. (3.8) caD be written as: 

D 
€ 

+ (3.]/, 

From this expression (eqn. :3 .111), it folloH8 that considerable diminishment 

of impurity diffusion (i.e D
f
: < U) can occur if DJ.« D. Such a situation 

is not realized in the Cottrel cloud model ",here D./.. » ° [82·,107]. At 

the same time the desired re~mlt can occur for example 'I:'lhen the structure 

of the NDSR is close to some compound structure possessing comparatively 

1011 impurity diff'lSivity. From eqn. (3.1/1) It £0110148 that the transport-

by-dislocations effect (in the case of ~tK » 1) can be neglected if 

« n
D 

K ' L e. if the NDSR possess some structures Hith negligible impurity 
l-

diffusivity. These aspects lifere not taken into accouut in Inany theoretical 

liforks [84 - 86J. 

In the work [87] the transport-by-dislocations effect «as neglected 

by using the approximation of the saturated trap regions. In this case, 

howeve r) the 
aC 

quantIty 2 ac-
1 

zero, according to fig. 5. 

- Constant in eqn. (3.8) has to be equal to 

Then from eqn. (J .8), it follows that 0 ~ U' £ • 

1. e there is neither the transpo,-t··by-dislocations effect nor the diffusion-

\~ith··trapping effect as it \1a8 discussed in Chap. II. 
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(6 ) 

/ 

o·-:f~--·-----···-·····-_· ----.-------.------.. ------'l> 

C 
Fig. 5. One of the possible dependences of l.ocal impurity 

concentration in the NnSR (C.I.) on tile volume concentration 

of the impurity (C). Regi.oll (a) is the non-saturated 

case corresponding to the distrJ.hutj.on law with the linear 

concentration dependence (K ~ C)./C) ~ 

<lC:t.' saturated case corresponding to 

ac 
region (b) is the 

~ 0 

The apparent solubility of an interstitial irnpllrity in cold "lOrked 

specimens can be desc'l'ibed as: 

C 
£ (3.15) 

where C and CJ. are the impurity solubility in the almealed specimen and 

the mean local concentration of the impurity in the ~nSR respectively. 
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In the approximatin of the impurity distribution 1m. corresponding 

to the linear concentratlon dependence (eqn. 3.7), which is valid for dilute 

or ideal solutions. it could be assunwd that: 

e), ~ Ke (3.16) 

where K is described by eqo. (3.12). 

Hence the solubility coefficient for a deformed specimen can be expressed 

as: 

Y
E 
~ Y(l + IlJ.K) 

where Y € cr.lri aod Y ~ clIP from eqos. 0.8) and (3.17) we get: 

<!> E - <!> " Dt (y £ - y) 

or 1> ,/<!> ~ I + ll.J. K DJ./D 

where <il£ ~ Y(: D£. YD. 

nnd Y £ - y 
Cot Il.,t. 

(3.17) 

(3.18a) 

(3.18b) 

(3.19) 

Eqn. (3.18a) ShO~lS that the difference in gases permeability in deformed 

and anllilaled specimens is connected with the local diffusion (OJ,) and solubilii: 

(eL ) of impurity atoms in the NDSR and with the atomic fraction of the 

NDSR (hJ. Eqn. (3.18a) gives the unique opportunity of finding Dj. from 

the experimental data .on 4'£ - <I> and y £ - Y. 

By using eqns. (3.8 - 3.18) for the treatment of the expp,,",,'O,,~:d. 

data on the temperature dependence of 1> £' <!>, Y" and Y (or Dc' D. C£. C) 

for specimens with known dislocation density (fl) some parameters of the 

NlJSR such as: the size factory (a). the local concentration (eJ)' the 

thermodynamic and Kinetic characteristics of lIlI
b

, Do). and QJ. can be obtained. 

Hence, a suitable model of the NDSR structure can be developed. It can 

be emphasJ.zed that the NDSR structure is weakly studied till nmvadays for 

the majority of the systems [82J. 
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Tiw jJ.lust-rattof! of such i[ tJ:('atment of ] Iterature (e.xperirnental) datil 

.sectIon 3.3. 

3.3 ANALYSIS OF THE EXPERHIENTAL IJATA BY USINC THE 

DEVELOPED NOllEL 

In tahles (10 -. 12) the knot,Jt1 experimental data on deuterium and hydrogen 

permeability. diffusivity and solubility in botll cold-worked and annealed nickel 

[5,7 J and hydl"ogeo per.meability, diffuslv:i ty and solubility in both cold-<wrked 

and annealed a-Fe-O.16%C [39,45,84J have been represented and discussed in 

Chapter II. This is ratller a cO~lpl~te set of necessary experimental data for 

application of the model developed in section 3.2. 

TIH:: results of the ti-c3trnent of the experimental data of tables (10-J2) 

are given-in tRbles (L3~15) t'espectivcly. The valuer; of n
L 

exp(-l\Sh/R), 

f., Hb and o. (cables 13-15) have been obtained from the experimental data on 

y and ·(;(tableD 10":12), hy using "'Ins. (3.15. 3.12 and 3.9). The values of 

CL have bee" obtained from the cxpresdon given by; C
c 

/flJ, or YE: IF/ I1
J 

(at 

p ~ 0.101 HPa), it follo\<lS from eqns. (J.J.6) and (3.17) in the approxiulation 

of I:, S. := O. The same ;;lpproximation has. been used to evaluate ~. I t could 
b 

he noted that the Hpprox-imation (liS /R :c 0) is valid Hith the known accuracy . b 

for the solid state IIreactions" (1. e. 
fISh 

0, ,~ 1 ) [ 111 i . It that the 
R 

means 

evalul1ted values of the quanttttes (a and C.,t.) could be changed by several times. 

The values of D (tables 13-15) have been obtained by using eqn. 0.18a) 

and the dHta from tables (10-12). The temperature dependence of DJ~ corresponds 

to the A1Theni.us type equation described by eqn. (3.11}t vd.th the characteristics 

(D and Q,) given in tables (13-15). 
oJ, .t. 
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. TABLE 13: The Results of the Treatment of the Experimen'cal Data of Deuterium 

c:.s. 
b ----

r,,l .eo R 

~H. 
b 

KJ/mol 

---_.,._-------_ .. _-_. 

O~:')2C -'-(; ¥ ,:)~,,:::: 15 . 2-~5 ~ 7 

~. "'''', -u" U!../,f. 

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

0-

-2 
C£,~ ) 

d (Xl OlD , -J.',. ,m) 

L.o 2 -10 

U0 15_10 16 ) 

25-8 

C.;,(X10
2

) 

at O.lOlMPa 

(T, 0 K) 

0.70 + 2.20 
- 0.50 

(4,25-52~,) 

D, (X1Oll) 
~ 

m2 /S 
(T, 0 K) 

O~2.l. 

(425) 

1.9 

(491;) 

2.3 

(50C) 

1...·.4 

(525) 

D (XlO
S

) 
OJ-

m2 /S 

Q, 
J., Kj/mol 

, /' + 3.5 
LO • 1.5 

55.9!i,.6 

D (XIOll) 

m2 /S 

(T, OK) 

0.6.3 

(425) 

3.0 

Uf94) 

3.t. 

(500) 

5.4 

(525) 

D (X10l) 
o 

Q 

KJ/mol 

7.0 

30.5 



- ~~'.3b 

~J.. e R 

~,~ ~, 

O.OlS·u.Ui9 
-O~O()9 
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TABLE 14: The Results of the Treatment of the Experimental Data of Hydrogen in Nickel 

.::' lib 

K~)mol 

l5.Lf=2~8 

[5J by Using eqns. (2~29-2.39) 

c:.. 
-2 

(0 ~U1 ) 
~ 

dl_ 0:10 10 
,m) 

10 2 -10 

( .:\~5 '016) ,1 ... , -.:., 

25-8 

C.:. (XI02) 

at O.lODiPa 

(T, OK) 

1. O+L 5 
-0.6 

(3S~:·-468) 

D-, (X lOll) 

m2 /S 

(T, 'K) 

'0.006 

(354) 

0.02 

(392) 

0.102 

(43D) 

0.46 

(468) 

D 'Xln5., \..~ \.J j 

ok 
O1

2 (S 

~ 
KJ /mol 

l' j,,13 
U.'28 .' 

·,,,,",o";.e 

52,7!:S.Q, 

D(XIO
ll

) 

m2 /S 

(T, o·~ \ 
'-) 

0.065 

{354 ) 

0.256 

(392) 

0.77 

(43D) 

2~OJ. 

(468) 

'D (y··oi', 
" .. 1 ) o 
m2 /S 

r, 

" _____ !.v._IDO 1 _______ _ 

5.18 

40.0 



-~_s, 
o 

~ " '.2,'--

+·o.oo.?, 
:J~·Oj.1. -CL C02 
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'TABtE is: ~Lhe Results of the Treatmentof the e.:-:perimental Data of Hydrogen in o.-Fe-O .16AC 

it 
Q 

:;.J /mol 

39.2±O.7 

[39,45,84J by Using eqns. (2.29-2.39) 

(. -2 \.fr ,In ~) 

,~ 

d ("10].u ) J ,,,,,- ,!'Il 

CJ. (X102) 

at O.lOlMPa 

(T, "K) 

.--"------

10 2 -10 2.·6.:tO.il, 

([0 15 _10,,6) 

25-8 

". (,0;0 11 \ 
J.l1. "Ai-...J J 

, 
::::;.2/S 

(T, 'K) 

D ("1.06 , 
OJ,. " ... V ) 

m2 /S 
~; 
~ ... r... 

KJ/mol 
,--_ .. _-._----

9.0 

(523 ) 

14." 0 ;··!'·~~i~5 
(573) 

~.2.e.::j.~9 

35.G 

(623) 

78.0 

(673) 

D(X109) 

m2 /S 

(TJ -QK) 

12.0 

(52.3) 

15.0 

(373) 

~7.0 

(623) 

19,9 

(673) 

Da CXlOS ) 

m2 /S-

Q 
KJh'Wl 

7 ~ 2. 

7.S 
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3.4 T NTERPRE'J'i\'frON Of 'filE EXPi-:R i HE[\TAI, RESUI-,'l'S 

Tiw treatment of thl~ exper:Jmentnl dat~l c:onsldered in seetion 3.3 

giveH t.he fol1oHing three type~ of the chat-acteristics of the NnSR in the 

system..'i under consideration. 

Firstly; tile quantity u is a gc()metrical parllmetcr; i.e it gives 

the diameter of the cro8ssi::-ctlon of the NDSR. 

10'0" the rhn'.e systellls( !J
2 

"1n Ni, ilL in Ni and HZ in u -Fe-16%C), the 

obtained values of 0: are about 10 2 -10. Such a large err-or in the defin.ition 

of the paral1wter (~ :18 connected with the fact that the dislocation denslty 

(!-.1 ) tn the specJmclui is knOt·/n with ac.curacy of one or tHO orders of magnitude. 
~ 

lIen(!e, the diameter of the NJ)SR can be evaluated by using the expression, 

dJ.. ~ /" b. '1'111>: yJeJds th" villue of dj. to be about (8 .. 25) A for the th,'ee 

systems considered (tables IJ--l~). 

The obtained valut.:s of d1. are l:athel- reasonable since they correspond 

to the near core dislocation regions whoRe structural, thermodynamics 

and Kinettc.s cilaracterJstic.s can dtffer considerably from the characteristics-

of. the matrix. 

Secondly; the pf1:1~am(~ter C.L gives the local concentration (in Ht_fr.) 

of the tmpurity atoms in the NDSR. For the tiu-ee systems considered, the 

obtained values of Cj. is ,·,Hhin the range of 0,029-0,002 at the pressure 

of 0.101 HPa and a given temperature range (tables 13-·}5). Such a large 

error in the definiton of the local concentration (CJ.) Is connected with 

the parameter Ii) from the temperature dependence of Cr,/C~ The errors of 
= 

the deClnitlol1 of the rl f Bnd C:L paCliweters can be miniloized if the number 
p 

of the experjmental poi.nt!.:; for c~/c as a function of temperaturf~ (T) is 

inc.reased. 



dle matrix at the given tt~[l]pel'atllre and O~ 10! j'lPa of presslil'c. For 

;:;y!;tem D} in t~i~ the ~.;ulubi.1Jty of th-~utpri\J1Il 1.11 the tClllpertlture range 

oK __ Sl5 oK Hn(\ 0.101 NP.:l P({-'b~;Ure Lies ~'Jlthin the umgi' ot i-}'RxlU-"-) 

;)x1(}"-5 (table 10), r01' III in N'i the sOlllbiJ ity of hydt"ogen in the tempcrilture 

u" " .-

'lle j 1) and hydrogen solubili.ty in . 1.-' Fe--(L Jh%C in the temperature range 

oK ~ 673 oK and pressure ol 0, lOt ~Wa is !~.lxlO-6- 16. f»dO-6 
(t_ablt· 11). 

,_:an he empbasi zed thiV, both tile lilfltrlx solutions (C 

the NDSR solutjofl of the impuLities (CJ 
.-:.> -j 

II) .- II) ) can be considererl 

'Jil! tlie tht~nnodyn~lHdc appn)x-LmntJ.on of dtlut(~ solutions. Thts nspect 

be used be 10\;1. 

Tld,[dJy; the quantity ,\ Hh i! __ i ;:J thermodynamics parmlleter i.e it 

,-'.'.=; the b:iu(ljng ent11aJpy of tlH': impurity ;,toms Hith the NnSR. For the 

/011. L about (1'),2 ± 5,7) kJ/mol (table 
n 

ilnd (.IS. /} ! J.B) kJ/mol (table j/I) n.:sp0ctively. For Il) tn u-Fe-l6%C 

is about (39.:2 :t O.i) kJ!mol (table 1:5), 

The~;e values of IJllb Ciln be explained by laking into account one 

the main contrtbutions n<li11eJy~ lJ~;\V where ij, is ttH~ local pressure 

r.he NDSl-{ anti i~V can be t;Jken as the part Ll1 molar Ijolume of the impurity. 

edge dislocations the local pressure (due to nonn<ll stre~-;s components) 

the NOSH can he evalui.lu~d I'lithin the frumework of the elasticity_ theory 

(ollO\>/s: 

I + \/;'; 
1 -\);-'. 0,21) 



\~'here: ii it: the lIloduJu~-:; constant 0.291 

-10 
(~l~ .""' Hx JOin and for the values 

(If 1! and \}k g.lven n;\l)Ve, the .toeaJ pressure (J.1_) cnn he caleu.lated by osing 

eqn. O.n) [0 be 

I' J. 
to , 

~1.Ox)O N!fII· 

Aceordlng to {IJ2}} the partial molar volume of hydrogen in o:-·Fe 

is, /\V '" 2.6hxIO-
6

n1
3 /lIlo1. Thnt;j 

This vAlue i8 the Dilme order as the t'XperillJcntaJ v:llue of hUb' The 

detailed consJderation of this aspect is given in 1113/. 

Similal" trl~.J.tment call bp nlso done [uf the H),steOis ])2 and 112 in Nt. 

Thus~ on the oK::ds of the i'esu1t;j of the three parameters (0" C.J,. and 

(\}I )t tile possibility of a linear distribution law of the impllrity atoms 
b 

hetHeen lhe NHSR and the rnatrJx t·lithin the iJpproxluJ<1tion of the di lute 

solutions and ;'.ll 
b 

!J ,.:\ V can be expla.ilH~d. tt should he noted that the 

assumption on Cl Jinulr distribution taw has been uBed in the der:iv;lt:ion 

of the lIIa1.n equations (eqns, J. 8 and 3,16) of the model. 

The cllnracterj.sti(:G of 01 ,J) alld (I,. call I)e consldeJ~ed as Killeticti~ 
.- 0L J.-

Le. they can give some inforuwtton on the local dJffusivity c.haracterlstics 

of tile impllrity atoms ill tIle NOSH. It. is clear that these three diffuslvity 

ehar':lcteriBtics give some ctue on the structure of the NDStL In other 

{-lords, by comparing the diffusion charaeteristtcs of the Impurity atoms 

III the NDSl\ (lod thl~ lllatrJx:, some iuform<-ltjoll on t.he difference in their 

structure call be- obLlincd. This infonm!tion caB be consIdered in connectIon 

~ ... .t th the 
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the loca.l d:lffusivj ty (I)L) is Lc:--;s i:hfln thE lH.atLt}'. diffusJvity (/)) by severa] 

times. the 10eaJ C}ctJv.'-Jtion enL~rgy U~J) L::; larger than the wHtrix activation 

thl~ local diffusivity characteristics (D ) is larger than the Ill<-ltl'ix diffusiv1.t:y 
o.t 

characteLi.BUcs (D ) by J <.> order (tables 13~15). This IUeill1!; that the NOSH 
o 

ill the systems IIllder con;:ideraUon cannot be consider·ed as "easy path" of 

impurity dlft:usion as it is tlsunlly done by many iIlvestig~ltors. J?or instnnce 

Louthan l7J} Sakamoto {S7j} Yoshio {5J and others supposed that In the NUSR the 

impllri ty diffusion cl)c[ficient ShOllJd be much higher than in the matrix and 

the ifflPUCi.ty dlffu::don Hctivntion energy in the NJ)SR should be much less than 

in the matrix. Due to these asslJrJlpt:ions the NDS!). ig lIsually consldel~ed as 

"eafly pathli for the ilJiPurity diffusion f7,H2~g71. 

The very large value of Qj. rOt' r12 fn (\0'[/e-0.16%C (steel) C<.l!l be explained 

on the oasis lIf [111-;]; that i8~ :in this H-ygte!J!~ the NDSR str.ucture C(.ln be 

close to t:h~ FeJC cOfllpound-·like st:ntctu]'e. ThtH structure can possess much 

Jess values of hydrogen diffu(-dvity h'ith high dcti.vation energy. 

For the systems D,? in NJ and H2 1n Nt, the lOH values of the loeal 

impurity dtffllslvity and relative]y high va.lues of the local activation 

energy are explai.ned by different crystal structure of nickel in the NDSR, 

j. e it can be face-~centel·ed-tetr'agona.l (FC'1') structure or hexagonal closed 

p,lc.ked (HCP) struct:ure instead of [acc~cente,.ed~cubi.c (FCC) structure in 

the matrix. This fo Ilow$ from the experirnentlll data [lI5J in t"'hich the 
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Thus) the '::H1Cl_ly.sis done 1..n this \'.'Ork slHYAS th,{t fIll the exper imental 

di}ta on the influence of cold--deformation on H2 and D2 pcrmeahilities, 

difLusi'iitieB and. Boluhilities in Ni and (J-Fe-O. J6%C can be interpreted 

vlithln the [[-an1E' \>lork of the model developed. in the present work. The 

main resul t is connected \»ith the possibility of the stnlcture of the NDSR 

with lOH impurity dtffusivtty and higb actlv<ltion energy which Is in contradic-

tioo with tilC wideJ,y llsed concept. 
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SmlHARY ANIJ CONCLUS [ON 

I) The knm·;n 8xpcn::lnH2nt.::ll dat;t on hycJcogcll and ni tt'ogen permeability J Jiffusi 

and 801uhJIJty tn non·~dei0Lllled !HelHl.':~ (Ni. G-Fe)' hav(! been collected. 

It has been 8hO\-/11 that the accuracy of (10' QI) and Qy is .s 1% and ill trll~ 

case of 0 , I) and y it is < LOZ. a 0 0 --

It lws been shm-Jt1 also that, the kno\'m theoretieal evaluation of n , 
o 

QUI Yo and Q
y 

for hydrogen in metals (u-Fe) have low accuracy In (:ompari! 

,;J_th the experimental values. For Instanee in one of the detailed and 

recent considerations 1621, Q
D 

for 112 in non-deformed metals is by one 

oredel' less than the experimental ones. 

2) The Ferro Bppt'oach of thf3 Zener model [or the theoretical evaluation 

of Q,_) ~md D for intersLit:LaJ iifipur:tti.es (H,N,C) in non-deformed bee 
(> 

metals ((~FI2') i.!~ Hot proper .",ith respect to the choice of the activated 

dod origin Etatos and the thennodynwnic descr.lptlon of the diffusJon IH_-o~ 

cess (Qn)' The satisfactory agreemeTlt of the evaluftted values of (2
0 

and f) \-,ith the exper:i.mcntaJ values \vithin t1H~ Ferro· [lpproach ('fable 

" 
8) seems <lee idental. Thc'! proper llpplieation of the Zenel- model to tlw 

evaluation of Q
D 

and Do sh<H'fS that the elastic. contribution of Qn [or 

H j n 
L 

o,~Fe is close to the experimental value of Q)) und for N2 and C 

in {Y.-Fe It: gives about 20% of liD experimental (taole 8). The elastic 

contribution of tl.e entropy foetor (D ) for the impurities (N,C) i~ 
<) 

(i-Fe is about 10% of U·I€" experimental v.'.-tlue of D (table 8). 
o 

3) The Ferro apI}roach of the Zener mOllel lIas been used for a rough evaluatic 

of the clastic contribution to the [!.d,cltive .part1al molar enthalpy (L\H) 

and excess eJltropy (~;xs) of ttle interstitial j.mptlrity (NjC) In dilute 

Dec metal solutions (o:-Ft~). It gives the vai.ues \>/htch differ from tlw 

experirn(~ntal ones in GigIl anJ by several times in magnitude. The 
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exper.lmental values ot I.\}{ ared ;"-;;Xf; have been obtained on t.he basis 

of Jetal1nd thennodynamic analysis of the kll.m'li1 uxperiwental data. 

l~) The .;lIwJysis of the kno\-ll1 expertmental data on the tnfluence of prior 

cold-deformation on hydl:ogen and deuterium permeahility, diffusivity 

and solubil:lty in nickel and O.-Fe··O.16ZC crystals at temperature 10«e1' 

than the recr-ystalization ones show the existance of consider,qble effect 

lying out of the nUlge of the experilof!.otal errors of the methods. 

(. !y , 

and 

2.9 ('fable 10). For HZ 1;) Ni at T ~ 354 oK: 0[/V1 ~ 1.3, 

O. J and YJY ~. J.8 (tahle 11). 

y / y ~ ] ,4xl0
2 

(table 12). 
f 

S23 oK 0- /0 - 2, D /n ~ c <: 

:,) In the frame '''0 l' it of the knOlm theories Hhich are usually reduced to 

the O"ciani model {84 J ,·lith linear di:1tr:lbution L:H'l the diminishment 

oj the .lfll}lllrl ty dHfu[dvtty (Dc /0 < I) and the increase of the impurity 

solubility (Y(J y > I) in deformed specimen" as compared to the annealed 

specimen8 are €xplatned hy the so-called trap~effect of the imperfe.ctions 

SUGh as dislocations, cracks, etc. in the deformed specimens. According 

to Orlaol's model with linear distributioq law it follows that' /0 - I, 

i. e. the model [84 J cannot: explain" the experimental result 0
E 

/O > 

(Tables 1 O·~ 12) , Sonw authors pointed out -that for the explanation of 

the expel"imental data on 0£ /f/! > 1, both the trap effect and the transport-



iu one of the :n~cent \o}orks 187)) thts effect: (the transport-by-dtBlocatloIlE 

effect) hns heen In-ndequately ili~glecfcJ \"dll~n the genentl expretn~Jon 

HaG reduced to l:iw 11ppJ :lc.'tlde form. 

6) The expu'!8~-Llon for DL/n toe the impurity d1.ffusivity whlch includes 

hott) the trap-effect nnd tIle traflsport-by-clislocations effect has heen 

obtained (eqn. J. 8). Thj t-; expression has been dertved directly [rom 

the Fick' s first I[M. It has been obtained also by the proper reductIon 

of the general cquatioIl Ceqn. 2~19). 

For the desGription of the relation y./y, the Orian] model [84] has 
L 

been used. The combination of Dc/D and y/y allo'4s to descr.ibe the 

tncrease.in 0E/f/; (eqn. J.lgb). Thus, the thre('! main equations \>"lhich 

sUUimar1.zed as: 

1. 

ii.. yjy 
L 

Hi. I/Jj'/J ~ 

L 

1+nK0-.L 1. 

o 

1 +- r~ K 

-I- li}. K 01. 
D 

and 0 10 can be 
L 

7) Froln the temperature dependence of [my pAll' of 0" /I/!, Dc 10 and Ye /y 

and by using the theoretIcal descriptIons of the ratios of eqns. (i-Lii) 

the chawcteristics of the neal~-dislocation trap regions .. hieh can be 

c(lUed as the near--dislocationsegregatlon regions (NOSH) have been 

obtained (Tables 13-1 S) • 

These characteristics of the NOSH are: 

a) The average di"meter (d,L) of the NDSR 

b) The effective binding €nthaI",y (t\!I.) of the J.mpurity ~lith the NDSR 
• 0 

Gorrespondll1g to the lineal' distrlbution la~,]. 
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r.) The local eonccntratJOl! (Ck ) of th\.~ 1npur;tty atollw Ln the NDSR. 

d) rile local dlfftwJlJit.y (i~L) of t.he Jlnpuclty atows JI1 the NDSR) the 

local acUvation energy (Q}) and the frequency Llctor (Do;.) of the 

difftlBiOIl c()cfficiellt of tIle impurity ntolns·iJl the NDSR. 

1\11 these charactel"i.stics of the NlJSR have been evaluated fOl' the three 

systems (D:.> tn Nt, 112 in Ni find Gl-}'e···O.16%C) by using the experiment"l 

datil for the systems under consideraUon (tables 13-15). The values 

obtalI1C(1 for the fi,rst three characteristics are concintent with the 

knmoJn th(-wreticcl1 descriptions of ,the near-·core dislocation regions 

in metals. WitJl respect to the fourtll charncterlsitics, the situation 

is rather different. It has been found out that the impuritins diffusivities 

(fib) in the NIJSH are considerably less than the impuriUes dlffusivites 

(D) in the matrix and the Joea.1 activation energy (Q.l) in the NDSR is 

much greater than the activation energies (Q) in the matrix in the given 

tewperaturc range (ti.lhlt!8 13-15). Hence, it has been shown that the 

NSDR cannot be (:onsidered as "easy path" fOj~ the Jmpurities diffusion 

.ul~llke· to the "Jidely used aspect [17, 82, 87], 

8) The characteristics of the NDSR in the systems considered show that 

the crystallographlc structure of the NOSR can differ so much from the 

matrix. I'or 112 in (>--1'e-0.16%C (steel), J.t could be close to the carbide­

like strueture and the ie:-;t tHO systems could be close to the HGP or 

FCT structures than the FCC structtll"e in the matrix. 

FirHllly, it can be concluded that; 

i) The Ferro approach of the Zener model has been corrected and used 

for tIle evaluation of the elastic cOlltributions for IJoth the diffusion 

and solution cIianlcteristicH of some .interstitial .tmpurities (H,N,C) 

in non-deformed bee metals (a--Fe). 



jJ) For the first time a description of gases permeability including 

botll the Jiffusivity and solubility wit!l trapping effect alld tile 

t/:ansport--by-·-disJoc.,:1tioil;'-i e[[cct has heen done. This theoretical 

description has been successful.ly used with respect to the knm-'ll1 

experimental data on the influence of the prior cold-deformation 

on the gases (D 2,H 2) permeability, diffusivity and solubility 

in some metals (Ni, o:-Fe-O.16%C). 

iii) A ne'" method has been developed and used for finding true diffusion 

coefficient of impurities in the NDSH by using eqns. (3.8-3.181. 

This method (model) has been applied in this ",ork with respect to 

the three systems (D 2 In Ni, H2 in Ni and o:-Fe-O.16ZC) for "'hieh 

there are suitable experimental data~ Some new information on the 

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

model has been discussed~ 

'Thus, the present Hark contains some aspects \vhich could be useful for 

the fUl4 ther studies of the peculiarities of the NDSR and development 

of the subject. 
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