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 HYDROGEN-INDUCED DELAYED CRACKING:

2. EFFECT OF STRESS ON NUCLEATION,

GROWTH AND COARSENING OF ZIRCONIWM
HYDRIDE PRECIPITATES

. - 'rhere u ntrong uouvation tet \mdeuundiug the factors eontro‘.l-
-liug :lrconim hydride reorientation under stress because of the upotnnt PR
. role this plays in hydtogen-iuduced crack erowth and/or crack’ initiation ln Lo

tirconiun and its luoys. particularly und.c thermal cycling conditiona.

R . Following an &pproach -developed by Ssuthoff, an analysis of the ortenung
- effect of external stress on the nucleation, growth and coarsening of y- and

&zirconium hydride ‘precipitates in zirconium and fts alloys 1s oresented.

. The analysis Is based on a previous theoretical study of some of the factors
. -affecting hydride solubllity fn stressed and unstressed sclidi. !xprenions -
*

re ‘derived for. the effect of stréss on nucieation, growth and: coarl’enln&.
e honclude. ‘on, the basis of these that the preferential orientatfos of -
jxyd‘rtde mcipttntu “under ‘stress 1s ‘most efficient _during ‘the- uuclutlon X

tige. 'The reason for this 1s. thit the overall driving force for nuctes- '
,-.t(ou “for the chosen parmtez'l and the usual experiaental” couditiona. !l P

»
tatﬂy mll.»_ The:efoge, the” driving force for orientating under ‘stress “can
‘bé & substantisl fractfod of the qvar.u driving force. -The analysis’ g¢hows -
.‘that hydride ;rowth ‘18.unlikely. to play a role in preferential orfentstion; .-
but mnenlnz ‘could be faportant under carefully chqsen experiuenttl condi— Coy
tlonc. vhleh uy be relcnnt to the hydtlde-cuck:lns Pﬂlcen. . Lo

R e _-Atqnlc Eutgy of Cmua Lllitcd . o
: w++ Whiteshell Nuclear Research htlbl.uhment e
L Pinawa, Maanitoba ROE 1LO :
1984 Deceaber

strong hydride reorientation effect in Zircaloy-2 sugzests that {ntermal = ... . .
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1.

INTRODUCTION

'l'here ll -trona motivation for mdeutandins the factors control-
uug urconhu hydride reorientation under ltreu. because of the l-portnnt
tole this plays 1n hydrogen-induced crack 'tmh and/or cnck initutton

, '{u: feview, see Pals et ale. {1]).. Previously, Ells {2} Itudi!d»

o in nr uteipt to, explun hydude reorlentltl.on in unhxtguyh
oh!._u;' jjiloyl'cboigd fi'oil_'l t'-pentuu at uhich hydroten tal
; most ', c«uuering only the nucleation snd grovth ttl;et.,he
SR cmc‘l.ude ,*ﬂiat norjenutlon was govemed ulnly by ureu-uutted pre- '
!e enthl nucleatlon. In s later ltudy. ‘however, £1l1s and Silpson (£ con--

R o .":"- : hctot lﬁ r tun-auuted hydride reorientuton. lecently. SAuthoff [&-6]
R ptu:nfed denned theoretlcnl and apetuentnl analnu of. the orientl

' lﬂttiﬁg Au-rich phtu I.n an ?e-Ho-Au .lloy. !or thil :y
ted: tlut under the cl\oun etperhentn condiuom,

'VIO\!I nport (71 aua nubsequent nodtﬂcuians [8, T
reférred to u t) ve’ pruented s geneul theoutlcal anﬂyt"_
ol_ the l’ncton affect!ng hydri.de colubluty 1n ctuned snd un-
‘ ~In the tonoviux. ve re-cuume ‘the problen;. ‘trat ton-:

élu:ical nuclution, theory und the themodymmiu ot’ N
; _n;,, we iollow closely" the nethcdology of . Sauthnﬂ.
ttt g ntgctplntu. Our objeeuve tl to Ceteniue

"

u-qut-gted orunnttou of hydrldu. therehy a!!cﬂtn 4

-:con_d!t;gm; Met.ihich stress orienntion em i\e achle #

'.," nvofded. L

Defining

ln :trconiu ‘and !u llloys. parttcuurly under theml eycuug condltiom ;"

".

elnded thatl under cernlu cirouttmcea. growth could nloo be a governlng )

extcrnal ltnu on the mu:lu:ien. grmh ‘and coaneniug of |
.

12}. of the tacto" influenctnz the. ortentlng tendencr of .
ﬁydridg pncipiutn. by nking use of the remln developed ia’ .

u;.iu;m. growth or conruutng. is" mst cffgct‘l.v el




‘rho paper is organiszed as follows. In ths mext section wa pfcunt
the geneul relations developed to describe homogeneous and haterogensous '
nucleatfcn in solids, and derive spacific relstions relevant to girconiea
hydrides in stressed and unstressed oouda. Yext, we make uu of the
golubility studies carried out in 1 to dnnrl!.u vhather, in these cases,
hydruu precipitated homogeneously OT htcrcgcumly. “The valeas of cer-
tain important parssetars are deternined on the ‘basis of thu uulyuc.

--thue pauuuu are used 1a & lubuquut ucuon to culuu the ltt.ll:'
.'_reorunung potency of the nucleation lmc. The tono\uas m ucttoul :

R u,ou m urconiu-bucd reactor puuurc—tubc uttrul. .

2. WOCLEATION

- . ———

J1In thu uction we pum: .ou gcuul nutuu deriud to Je-
.leribe claniul ho-ogencm and Mtcro;oncm uuelutun in lolidn llO].

¥
o, v
Lo E

. : : C vhere 3 “ ghg aumber of nucled !omd per unu voh-e nd nnit the. 'k

~_£qr hé l‘tct ‘that- some lupetcrtttul uuclet lecupon And thn.. in sddi-" ’
& qrt we do m: lctuuy Mve s -etuulsle equuitttu eonceutu:lou of -

N

e gtvexi‘hy S TR

Vs : , (&teal l!uclel. as g(nu by ct m uutn\le equiuhriu eoncentntlou .

)

-y

) A '.lpply thn ‘same couucnuou to the (rmh nd coaruuiag lmu. uspcct- -
o L s lvel.y. Finally, we consider the results i relstion to a;a:ue dlurtbu—

'l'he study-;:ue miuuon n:e u ghtn l:y i L . T

e exp (-4C, /kT) o )
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we require sn increase in the mean particle radius by a factor 4" 3. 1.6.

Thus, an increase by 602 of the mesn particle radius will gesult fe eom- . -

1 f':' if‘J-.-'“;Cﬁ' B ” @

-the uu at vwhich stoms are added onto the eritical mcleul. lnd ‘z is the --:‘r : S
"uuovtch !actor.: This latter !actor Sg typi.cauy nround 0..1 nnd cceounn :



where Cn 1s the atom fraction of 1olute (hydrogen) im the critical nnclcun,
and Ack 1s the free energy of foramation of a critical nucleus. For homo-
geneocus nucleation, u {s the number of atom sites per unit volume, whereas
for hetevogeneous nucleation it 1s the numbder of hetorogoneoun aucleation
sites per unit volume. Typically, the number ensous nucleation
W—

.

nnually. the free energy of nncleun fornntion. ‘ck' is -ade up of e

Athree ter-a: the henienl free energy to torn the nucleuo fron nolid

nolution. the interfucinl ener;y nnd the elnntic (144 rlction i

energiéo. (Explieit exprensions for C-hydtide pla:eownnd v—hydride neeolec e

’ are derived m The difference between honogeneonl and heter-
'; ogeneous nucleation resides lainly in the relative: contributionn ‘to the
'7totnl free ‘energy of the last two anergies mentioned. above.’ Thnn. for
heterogeneous nucleation on, for {ustance, grnin boandnrien. the intor-
facinl enetgieo will be ;rently reduced. On the other hand. nnclgation on

: .cnetgy._ A réauction in. \c nnunlly increases J nor' thnn | ] reductlon in
nucleation niten dectennec it. and thus, excep: !or exceptionnlly lnrge .
undercoollng. he:crogeneous nuclention is flvonrcd in nont polycryntnlline

) '; The kinetic fnctor. dependl on the nhape of the criticnl
nucleuc ond the type of nuclention. ror ‘the dinev nnd needle-ohnped -

as the sample would have to be held at just below the nucleation tempera—
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i uhere °k and ‘k are the eritleul dimensions of the auclcun dcflazd in -
. :Appendix ' cl ig the concentration of hydtogen 1n the cupctcaturlted

ATy T 5

2) disce (ho:o;tnaou: nucleation)

k.z'.:o.%o'eo;-; (‘)

3) discs on a grain boundary (heterogeneous nucleation)

-.'li '_15 ‘k . EuA. K, . nﬁ‘

- solution, Dn and D'b are, ttspectlvcly. the diffusion coefficients of :f o
,hydrogen 1n . the bulk snd in the graia boundaries of the zirconim natrix.ui_
and & 1s the jump distance for H in the Zr lattice. In Equation (5) la
tltzs thz value for honogeueous nucleation. ’ :

As derived in Appendtx A, the crltical nucleatfon energy for

B c-hydrtde plates is given hy

-3

8, ;;§_' , % A . o . ' . (;;
(6t ey ey b )1 o
and for v-hydride needles by
: =3 . N . .
s, = 18T Y T )

p 2
'(‘sqhen-‘guttatn-.stut?

K - vith ¢ - °k"k being the r-tlo of the critical di-ensienl deter-ined fron

’tqnattons (A.lQ-A.!O) and (A.27-A.23). respectively, wvhile Ag he Al cA2.<

S ‘8-trnin' ‘“lnt' y and 7 -are defined in Appendix A. It 1s evldent that
. AG

. is a -ensittve tunction of both y. the effective surface energy of the
nucleus and, tc a lesser extent, the difference between the chemical
driving force and the gtrain and interaction energy teras.

-18 -

(26,27). Woreover, there are receat suggestions [20) that many of the
hydrides nucleate near existing ones, in an sutocatalytic fashion. The




EFFECTS OF EXTERNAL STRESS

\f\\\ The:above results include the contribution. due to both sccommoda-
tion (interqal) and iyp ; d (external) stress on hydride nucleation.  When:
the external stress effects are small compared to the othc:‘terljg'if is

' poiklble tovderlve nﬁ apﬁroxilate relation that shows the e!fect of.’

:f external ltrest on hydrtde nucleation zore clelrly. lt follcu:.;

' j'_?";_j\f4- lhe lutctnction energy per uate_vol
external streu il given genenlly by )
| ‘Fm'c = (“’1.1‘) (‘;JT) -
:. uhete aij--lre the applted ctrealel (positive vhen tencilc) lnd ‘ij
transfornation or ‘stress-free misfit strains of the hydride, as defined 1n )
In Equatlon (8), nummation over repeated indices is implied, uith the
1ndlees 4; ¥ ranging !ton 1 to 3.. Generally, we are tuterected in -ituxﬁ
B i ttons uhere the sttesses in one- dlrectlon are larger than those 1n thé,
othert, such al uhen npplying t uniaxill tensile stress. tn this cttg
lhstance. the a-hydtides. becnule thetr nisfics are ¢n£lotroyic, uil
a grgdtet negattve intctuctton cnergy “1f they line up vith their plate
normals parnllel to the‘directlou of the applied stress. Ve call. hydridéqﬁ
. that do this allgned'. and those that do not, and are st 90‘ to thit AR
: directlon. non-allgned“ ] Aasume for siuplleity thqt hydrides 1n n poif; J_ '45
v *_ crystalllne nqlid becguse af ‘texture effect:. can only be found in théie
tﬁo ditections. He .noy wish’ to deternlne the difference in nuclention

emerging from this analvsis. nat considarad {n sha nenclace as.de F181 5.
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*)

e B

vhich s podun vhen both stresses and afsfits sre positive, as is the
case for sirconium hydrides under tensile loadings. Separating out the
~ contributfon dus to the extsrnal stress ia “ehn by writing

]
88 cnen ® cpen = (*/ vm’ oy

. £n; mbbh are a8 defined in Appcndtx A. v csn cxprul clu ertttui
nuclutlon lnnr" (uun; Iquuton u.zm by : :

- -3

g A .
&6 =y = -
) L] {elu;h“ R R A yfnl}z

lnnn ,il - u_/vm) p7n| <« '“;hn - A - ¢Az|. we ean approximate “t Sy »

AR l,v- 218 - (xfF d)pvuy
— :
< leCen,, . =A cAz)l S c(lsc,m-hl tkz)

A

e 4'-.‘.. 1'.:.:~:' '-. ’ .'ul lﬂk ! [ 2
R chea 1

s Nl L . s

"ﬁ‘:l'l_-cln“& t;rtttcn o T - .:

;3 o
: B N ¥
ack .} b l-d x ,m,) P ,I_, !(m
"“'em ‘1“"2" lc(lsm -Al-cA,n

- . . . T . -~ '-'_.- -
-4 . ) i . U

B

. uuru ;oti__t‘[\l‘ eritical nucleus volume st gero ~l.t'n'|li~;‘.!: "-_ gq ¢(i:,3-' :. _ ST
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A lutuu of stress _orfenting during the nuclestion stase fs thae.
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with a: given by Equation (A.21) as

- Y s

S -

vhne GG is the eriticcl mu:leus energy ur¢ exter ne} stress

nuclention Fate can, comequently, be wr{ttenA

] ‘ - 0. ; "'..‘ ~_ R = - R s "
.,‘J - Jo gxy{vk[!. ".(’Fl‘vhy_d). PVB)”.“'-T} (1'3)_'__?_’_ -
: ‘where’ J 13 the nucleut!on rate at :ero external ltreu- Thus, thé m.xcietf o o
R S uon (ate vhen' external strenec are acting on the unp!.e is simply the B
eu ‘wodified by- th ‘tul ‘factor. A

"ﬂ.ar result uas derived b ﬁd "authoff (s except !or the tem '

L mcln;ion rate it uro

(xlvh d) pv“, vhlch ‘was;’ hu:oruetly omitted by both nuthors. Note thn. 1t )
el\e hydrtde ntsflt uere aw;ropic and r.here weu no -ddttional ctrﬂus tn oo
i converting & colution of :!rqoniuu and’ hydrozcn to. hydrtde (i.e., the nalal

volumes of hydtogen 1n :irconl.um and hydridc are the _ same), then. the cttect

- of a uniform stress would ‘he zero. ‘l‘hus, wqmnl;.l&ﬁ_ﬂ‘s.
Wﬁq«m;wm_@m» 1t 1s) sndfor 4f the

nolal volume of hydrogen :lrconlum diffcn !tom that 1in’ hyaride. leccnt
-re u‘lu [11} 1ndlcate tha the latter condt;ion nay not be ‘the cueq and

N ’hencp onty’,:he tnttotmvl conponent -of - the uuﬂt contrtbutu to- the
Hffect of ntress an’ .ydr e*mxcleulon« me nouney ‘of the effect of c:—

e n;ilf-s‘ﬁ'-_v‘e, 3 ‘a partleurat tcnpetuure thus dependa on the ]
gnltude of.v ‘and» the', em l - (xt hy d) S Lntge values -of both quan— :; .
ittes vould enhance the oﬁendng effect of stulc durtng nuclcu.ioﬂ. '_ The . -~
valu;é of B~ (leh d) p@ tt datemlned. in part. by the appued tuu.
‘whereas V 1: de:erained by the ease with which hydride precipitates can

-21 -

7. M.P. Puls, Atomic Energy of Canada Limited Report, AECL-6302
(1978).
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_ iuci?atg,i Invournble coadit!ons (llr;e undercooltng. lov !nterfncial
energy and small strain energy) result in small values of V° which voul&
tend to veduce the orienting efficiency of the nucleation ctase. v: is
thcrefore crittcll in deteraining the orienting efficlency of the
nucleaticn stage, and in the folloving section we prenent an lnll,lll of
'relevant experl-eatal daen uned tn estinate this parlnzter. o

7 ' auatvsis o'r-mnm nncxrru‘rica DATA

A;?t.e..~th€ teupercture (fot s given hydtogan conceuttltion) nt uh!éh
:  'fhydr1de| nuclette.- it was further argued that the 7SS deterained on - )
L {fheat-up corte:pondt apptoxiuately to the stress-free, or ehenieal, solvu
'A; |9]..; the basic of thene data, then, it s poasible to cllculnte the

' undercool.ng !roﬂ the strels-ftee. ar cheulua!. solvus rcquired to lnitiltt
_This inforna:lon 'ilf now be used to.deterafne patanetetl in"”

: nuclention{

“'largelt to the nmalle:t undercooltng (see Tuble 1). We have alao te-ii.

ﬁf} L annly:ed thq datl ip take account of the temperature dependerice of Young lf_afi‘
= L noJulun (}5]. Thi- letd; to & tempetnture-dependent .ccoumodat!on ltrnln
enetgyzr Thé reanaly:éa datc are ptesen:cd 1n Tablc 2, which’ givel the o
'-_undetcpoling from»the eonstra!ned colvus. This providcn the net cbelical
;'netgy a ¢1tnble !ot npcleatton of‘an elaltienlly eonatrained nuclenq;

-

Boyd and R.B. Nicholson, Acts Metall. 19, 1379 (1971).
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) Table 3 gummarifes the crltiul mxclea.tionlene'rgteli"d.etteﬁine&;
using the data from Tables 1 and 2. 'l'he largest uncertainty in these
ulcnhtioru cones fr the estizates of the interfacial energiu 1 and

Ye ‘o ‘l'he choice of 0.02 Jln for e is sbout as low as is phyllcally

reuonable for a coherent lnterhce llO]. thus placing a lover Umit on
.0 this value. A reasonable estimate for 'r1 18 less certain, but the value )

- B - 7 chosen u unmed to be ia the range lppltcaue to honogeneuul nncleatioa

. ’ ""--'.condltions. The calculatloua lhow thlt rhydrldu have cr!tic;l nuclcus'

YT

. _cd‘ni)ateé. l:G Q-hydridu. Intertlon ef the lck valuu

P RS ffyonihle. sxnce hydridu l.te. hovever, oburved to forn (clthough u is - S

: ':' '»“ dot ulvayi clear hov they vere nucleated), um re:ult cuggelts that uti- oo

LT natu for uome aof the phyuul constants are mcorrect. (H’e cswme the o
valtdicy of the cluucnl nucleation nodel}. S M S S EEL

“’ﬁencc. the nuclution rnte.;: ‘l'hui,_Ahe-_ aﬁeneous gnm
nue‘tgd!tou} yroduced by lovering 7. seem' lj‘tﬂy tg { X
_mﬁtcobllng no 16]. In umuan tﬁe rlductloh ot u L

e' nucleutou a
3..).‘. Reduct:lon ot

uertng 71.) s the nolt effect(ve ﬁei
he'oburvable levelt of. ny. 10 §‘

b2y

1 L wé have sumnari:éd tﬁg, .
Y ‘tl\e runlting critlc&l nucleun diuencuns nnd"ehergtet tﬁat glve an -’
scceptsble nucleation rate around 1016 " nucleil(- .c). " These nlue:

_are mes mits for the nucleation rate, and hence upper _ .

-23 -

TABLE 1

CINMABY AP .TCC NATA. PAD UVIDAATY TR ZIDONNMTIIMG _AMN FTDALATAV_A
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1imits for V°. Higher nucleation rates would eorrupond to miller values

of V°. O‘bviounly. the choice of an lccep:lblc nucleation rate is somewhat M
arbitnry. but fortunately large changes in this rate corréfPond to fairly

snall changes tn V:.' Thus, our estimate of V: 1s likely to be sccurate

vithin & factor of twe. Note that to obtaln scceptadle nucleation rates

-tron the data on pure zirconium, it was necessary to n-o reduce the ctnin

ener;y of the _nucleus by slgnl!!cant amounts. The mlyul show that, t!
c—hydrldel u'e the auclutlng phne. the values ef Vk giun in '!'nble k
'"unge froi 2.6 x 20 27 .to 5.5 x 10 2 l’, vheml 1f y-hydrides’ nre the -
27 to 10.# x lO ” 3

' "nucluung Ph&lt- tM Y° values nnge from 2.6 x 10

L z.‘t B tm".c'r OF- uralm s'rimss ox nmmz‘lucum‘tou

In Sec‘tion'l.z ve choved that wi:a B - (xﬁ ya) Py 1 nuch s
mller than: the difference. betveen the cheuical ftee energy st urn ltren
and the nceomodation strain energy teras, the nucleatlon rate umler
exteml atren can be npproxiuted by !qutton 13), . ) _ ~ :

NS '". N PR i BRI L T . Lo

‘_»A-"f-_,'_"-"-',,’iie'xv{?:l"!Af:"'_('f'?}.,_a?; nmm} S am

Tt

; ' 'l'his relatton can. be used to deteniue the ortenttn& cfﬁcuncy due to
i 7 s T extcrnal tuu dnring “the- nucleulbu ntage. -

i

i : T We wish to evaluate the results of tean doue on unpln cut fron

' ‘ urconiun-bued .pressure tubel. To nllputy the aulylil. wve nsune thnt

the cryculloguphlc textures cf the tubes .u such that there (re Nul

T nunben of - baul polel of the heugonal-close-packed (hep) Zr-natrix : T ; E
B ctystah poin{tug in the udul and tnngenzlal dircc:tona. and uone fn the . - ’
; ) Lo "long!iudlnal'ﬂnction »f Iie alao auume that 3 - ll, vhere l is the mmber :

applied nlong the. tungentut preuurc-tube dtuctton. ltence,
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and

W, = 5, exp{in,, - e/ ofginr) an

5 where the subscripts & and nz refer to “sligned”™ and "non-aligned”:
‘ hydrides, respectively, as explained {n Section 2.2. Defining

- ﬂ_’-i’ﬁ {&?;_ﬁ'ﬁlss_

. then n-l seans conplete elignlent and n-lIZ means renden eligu-ent. f.e.,
- ' equal nunbere ‘of hydrldee in the two orfentstions. Equation (16) can be.
_written ’ o

'nf-v_ — lo : e oo an
A_!"b'cxplvklllkf.] _ o :

toa
,'—

- uhere AB - l o l end the ieotroplc tera (xlvh’d)yv hae cancelled out.
Hultipt!ed by 100 n 1l equivalent to F, the percentage of hydridee whose
trece 13 perpendiculer to thé applied stress. Fisa conetent that has

- ; been videly ueed 10 the l!tereture [2) to charecterize ‘the hydride dietrtb-
utlon. :

As an eppl!cntton of !quetlon (17). we' conetder the - clle of an .
o externel unte:iel stress epplied along the tedgenciel (eircunferentiel)
direction of the prernure tube, with s1l1 other stresses eqnal to zero. The
ellgned‘ hydridee ere, therefore, those with their plate (or needle) nor~
7?-'ha1s in the t:ngentiel direction (redlel hydrides), Uherees the "mon-
S eltgned' hydrtdee are: those vith their plate (or needle) normale in the
.~u; rediel directlon (circunferenttel hydrides). ' The results are- sumnarized in
. Teble 5 for eareriee of -applied ‘stresses, esaumlng that the hydrtdel in the
semple ere o*hydrlde pletel lying on basal plenee.» The calculations show
that even st an applied stress of 50 MPa, etreee-ortenting effectl lhould
be observable. However, rather complete orienting does not occur until

- 25 -

TABLE 3
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strelsel“of-arouid 200 MPa are lppllcd‘to the tanple. Ic is cllo evident
from Teble S that there is wot much difference fa orienting tendency

- between hydrides in Zircaloy-2 and girconium. Thus, it should be possible
" to observe & ctrell-orientin; cf!ect in girconiun if etresses around 100
MPs can be applted. thil"lhould be practical in girconium containing
sufficient ‘amounts of dll:nlvz& oxygen, where the ytsld stress vould bc
above 100 MPa (19]. o

o <ll§0> ditect!cna ;htt tre availablc. “That in. 1 dcpcndl on tha orient-
o l:ttfou‘of the hyiiide [} needle axil uith reapect to the applied ctrell. “and’
‘~'}ﬁ;'f~ on the grlin orttntntlon on uhich the hydrldé chooses” to’ prccip{tate.- ihe.
W eost faVourable v-hydride eale. nou-aligned' hydrides uith theit needle f'i.'
axes parallel. and nltgned' hydtidel wvith their axes perpendiculnr to the
upplled ctresn. givgl a ctronger ortenttn; effect than does the most .
tnvournble l-hydride eale‘ utnce the nisfit difference involved (using the .
. value derived by Cntpenter l18]) Il ‘more than doudle that tor C-hydride. )

ltresles. As polnted out by Pernvtc et al. (20].

2.5 uth 'as}.

z,utl'ybrthe uaknitud!'ot the lntcrnaI stress 1- :bout 200 HP.. Thtl uoufar*“
‘be’ :ufftcient to give a strongly aligned hydride dto:rtbuciou 1n externally
unstressed natertc!. as observed. The smaller applied stress values for s

1.3¢8
.9
).649
).912

1,649
.n2
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strong hydride feorlenntion effect in Zircaloy-2 suggests :iut internal
stresses are such smsller in this material. Accordiang to Table 5, the

iaternal stresses are likely to be less than 100 MPa. . 'nm is conulten:
vith metallographic observations [21], which show tht hydrldu in - '
Zircaloy-2 sre less ctrouly aligned along the circunfounthl directten

_ than those in Zr-2.5 wtX Wb.

l!ydrtde gtowth refen to the stage after the hydr“e precipfuter
luve formed (aucluted). bu: vhen there is -:ul & supersaturation of
hydrogea in soluticu. The dt!ference between :he hydrogen concentuuon 1n
the (lupetutunted) utrix fnr froa the hydride and the aqutltbrim ’
coucentutiou near the hydrue providu the driving. force for grovth.

) S m nnnge concentntlon o! hydrogen tn the n:rtx in the
viciul:y ot P hydrlde parucle is giun by 8] o ;

' ezp[ IxR‘l']exp[-v

yd “umn Blmlexplw lm (u)

hyd

_' vhere ie.'l'\flve' revrigten the upreufdn given in refer n the notation

. of the ptuent paper.

b2greutn’ B 'h,d. 'n‘ x and RT &¥¢ as defined in,

prev!ou: lectlons. ‘l‘he utio of equuibri\n concentntlom for’ aligned'

“Por (-ﬁy&;lde's aid the unfaxislly upplied stresies of 50-300 MPa considered

_in Table 3, the'ntio c;'““(u)lc;'“"(a) ranges from 1.00003 to 1.0002.

PEEDAS ASm A seees osee S—



Thus, there would be a negligible difference due to ‘externsl stress,
between the driving forces for the growth of "aligned” and “non-aligned”™
hydrides, for applied stresses of practical interest. '

&.  COARSENING

nuring 'nrtiele coarlcning the hydrogen coucenttatlon tu the :

_"Inttlx is in :he clne rnnge ll the soludility of an lndivtdual hydride .

- partlcle. The lnttet uill depend on its size and oricntatlon uith reapact
. o any lpplied itrels. Large particles are fcvoured over smaller ones, lnd

| "sligned” particles over “non-aligned” onmes. Sauthoff [5] has shown hov to
analyze such a tituatlon and we follow his approach below.

By combining !quation (A.zz) with Equation (A.G), :n expreltlon
et be obtained for the colubtlity of & S-hydride precipttnte as a funqtion
, of tts dt-en-lons (particle tudiua '1" s !ollous: '

“:1( 1’ .‘ <

A1+u\,-n+(x/v“) pv

LA

.'Ghyd c; .h.

From Equation (20). the rctio of the lolubilitie: of tvo hydrides of
identical orientatfons, but q&fferen; vadtl ll and az.,ia_glyen by

. Lte -
. -

u“l’ z iy
C;(n ) B xRT ¢ f i % L

: -_rhe partlcle lite di!fetence, for dl!fcrently‘oriented hydriden. that uould
. Q‘fgive no solublllty dlffcrcnce 10'
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Defining
. - ) (23)
' gquation (22) can be revritten

- gy
¥ .

'm- nlatton lhou tlut . lluud“ plr:lelo cl’ uuun l “has the same.

: lolubtut: (qn& thln!ou grows of ahrinks ‘st the same nn) as [ non-

, _,,nugmd’ put!.cle 'uh n“un [ 598 (!l )+ The constant ¢ cou!.d, :lun!m,
ba ccmuona lu cquiuhn: radius n:io. u it adjusts the uu of | tM
~"¢1inad_:“, purnelu to bring thes to the same site scale s cho uoa- -

1 | ' ‘!Iu: u. by nttluq '

l‘tndj) u thc adjumd nluud" nruno udm. tbcu ldjulnd

o _‘V;._-._,.gguzu uu nou M dnlt with in the nm way u tlu udu of the no_n_-_- ”

"'4-' ; burtns eonruutus. tlu Muu: nrtielu grow futut. whcrnl . L
thou h;vtns the mean rad ich is lbout Inl! ths uthn. an cbout to '
- ucp ;rwtu;. 'l’hul. .\ A
ER - ndtul fcr & lltut{on where cvcn the Mggnt mn-n!(gmd" l\yd:un «ux PR
I not g¥ow iny more. As an cxmple. st an goplied | atress of 200 WPa, 7 S
-ff !67 K lnd y = 0,041 Jlnz (Y - 0.075 JInz.‘c - O.tk), !quatlou

. ‘ro lchicva ccnphtl o:lcn:m; m thl pnuun-:ubu uzcruh ¢on-

._'_;ud'eud (n tlw puvious ncttous. a3l ehc "non-aligned” particles (half the .-
* total pu'ttclu) would have to dtuppnr. plus half the numd' ones.

This factor-nf-four decrease in the total number of precipitstes means that

APPENDIX A iy
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we require an lncreile in the mean particle radius by a factor ‘U 3. 1.6,
Thus, an increase by 60 of the mean particle radius will result {a com-

_ plete crienting of the particles under the ln_flneuce of the stress, pro-
.. vided the parttclu.ue lsrge enough, &s given by Equation (24). If.

coarsening occurs during an earlier pracipitation stage, ubcn the mean _- ’

. ndiu is smaller than that given sbove, then, from lqution (2'0). 4 uu

be hrger tlnn m. and more hydrides un luu to dinoln to uchun S

.. colplete orlentiug., This uu. in turn, lun that the lun ndiua uu
. hau to hcreue by sore ﬂuu 602 !or conpletc otunttu.

e cquttm; fot the rate of incresse of partielc liu dnring coarlening is

required. _Boyd and Nicholson hpve derived guch an cxpreuion for

digc-shaped partic el. based on the. uuhlt:-mgner solute d1ffusion-
'eoutrolled coanening theory. They obtained the folloving expreuion for

the mcuue in the mean particle radius H vith tile ts.

decreuu exponentully with tenpeuture. thrcuzh n cu).,'
nuﬂ"mtticle ndu and/or low holding ten enmu “ean _r'

A -
o:fucteue zhe‘ uintaum mean particle ndius :af .2‘-794 t 10 by € factor of '_ e
: __l; 1 wuld uke leu than a second at 567 f O ‘l'hereford. reoruntltion by
. coanenin.g vould be possible for such mn hydride particle sizes. To
obtain such emall sizes, however, would be rather difffcult experimentally,

The strain snersias Ae and Ae hawe hano mocfmar2 £ ® - w



as the'cauble uoﬁld have to be held at just below the nucleation tempera-
ture, and this tenperature is mot known sccurately. Moreover, as exam-
ination of the precipitate distribution is generally carried out st room
tenperature, the final result could be obscured by subsequent additional
uucleatlon'nhd ;r&uth steps. More realistic holding temperatures and
larger p‘rtlcle .1:el (ive uegligible coarcentnx rates, &s cu-narized in
Table 6. )

The (ore;o{ng nnalyul- chovn that the pteferentinl orientntlon of_:."
hydride precipltates under stress is most efficfent during the nucleation- ‘
stage.: the reason tor thtl i{s :hat the overall driving force for nnclea-~1 E o
tion, tot the paranetcrc and conditions chosen, is tatrly cnall and there-
fore the drtvlng !orce for orienting under stress can be & lubctnntinl -

:Afructéonto he qverall !orce.. !hg_;ngl;nis-ohosz-that—hydride—g:ou:§;£:§

.cnte!nlly choten ezperl-engg!_ggnd&&&ons4 uovever. ln

‘type of trannformatton 1uvolv1ng the shearing of the hcp lntttce. L=
Classicel nucleation theory may not be applicable to such structural

transformations, as has been found for the nucleation of martensite

wvhere p is the hydrostatic stress, and Vu the molal volume of hydrogen in
zgirconium. To simplify the subsequent exoressions. ue dron the sunsracrint
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B ',s_,‘_intenc,tion enerxiu 'l"he chenlctl drtving force Gapeudt on the correct
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{26,27). Moreover, there are recent lugg'eltlons' ('201 that many of the
hydrides nucleate near existing ones, in an autocatalytic fashion. The

quantitative hpucationc of these lechnniluc detuls have not been
considered tn the preunt treatment., ; :

In addition to these di!ncultiu. a hnc uncertafinty in the
uppltcnuon of the clagsical nucleation theory tnvolvu the ehoice of the
: interhchl ener:#el. 't and. A n previoully stated,’ the. crtticn! . '."5.
. nuclutton energy. and bence the eriticu nuclenl voluu. 1! 1 very
"lensitive function of the unned 1ntetfucul energiu. Bued on the : ,
tunafom:lon uchanim po-tulltet by c.rpenter [26] lnd Vutherl! [251. "_-‘.'
’ nd the unriaeuuxlg.obseﬂed lhnpes of the hydrldu. it seens nuouﬁle :
h ‘to auuue “that’ the ﬂaE ncel ‘of the phte and the: eircuhr faces of the " R
- needle’ toru eoherent or :enlcoherent iaterfnces. Ihereu the edges or endl. S
respectively, form tncoherent lnterfucea. Clu.ulng 4 very lov value for
 1 , VE have - ndjuated the ulue for 1! to give an accep:ablc uainizmun nuclu- -
tion ute. Thu hu necuuuted choollnx fairly low ‘values for Y. we_
Mve, 'unfortmtely. no lndependent vay to deteuine vhether tlwe uluei
C ehoun are reuouble‘tqr ztrconiun hydrldgl. .

4 Other quntittes that detetline the crttical nucleua m an
. inporuut way’ cre the cheulcli drivinx forca and the uccoﬂodation nnd

' choice of- _the nucleating temperature. Ue have detenined thu 1ndluctly e
" from experinenul data. on thc cooling solvi ueuured by dilatometry. "theu . N
1s s eertun amount 6!' 'cuter in thete data n 0ell u in the eorrelpdnd'- Tl

«(nte "Q'tidﬂv :enetgiu nre the nluec of the nuﬂ.t oF . Ll
24t ot He'have ehoun ‘to ‘use thcu detenined by TR
‘Cltpentet [lan'haqed on’ the dlf!cunce 1n the crystal c:ructure of the s " Lo
‘.F'hydti_tu nnd the urcouunr vatrix. Sonevhat different vnlues for . ' o
v-hydrides vere deduced wmore recently {24], baud on detsiled atgunentl on
the mechanism of y-hydride formation. A ligntuccnt nisfit component

constant eccentricity, by writing the volume of the precipitate in terms of
¢ and solving
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_ e-erglﬁg from this analysia. not considered in the previous study [18], is

a large ghear misfitHowever, inclusion of a llrke shear strein into the
expression for the accommodation strain energy results in very large ltrniu
energies. On the other hand. our recent analysie [9) shows that the
calculated v-;ne:. ‘based on the misfit strains deduced hy Carpenter {18],
lppeir to bé teasonaﬁle. Petovic et al. [20]) have also sugpested thac
c-hydridea lay torn vith a lhape change liailar to that of & l&rtcnn!tic

T trlnlforaatidn. They Jagdune that 111 of the 172 volune lilllt -ay be R

' “';;fi; ncshqpodated along the pxate notual. while tn nddltion thare il a large Zifiﬂ‘__:.' >

shear parnllel to thev " Using these lltter tranlforuation .‘ﬂ:E MRS

.ctrains, nu ;ccoanodatton strain energy 1s obtained that £:3.¢lose to the - '. Lo e

: value obtuined baned ‘on c:rpen:et'c strains [l!]., Houuver, there would, be L

nn “enormous dif(erence in the orlentin; tendencles of the hydrlde:.

‘ depending on vhich ‘set of transformation strains is used.  The values .
-uggected by Perovic et nl. would give a significantly higher orfenting’
- energy (by a. fuctor of sore than six) under the influence of & uniaxill

ltfell ..

cttain enerzy. _Therciorc. delptte some uncertainties in the cholen trtna--;f;;:

~5; uncertnln yarauetcrl. nnd thele we were able to deteraine by requtr!ug tha:
the lodel sust. g!ve nn observnble nucleatlon rcte. in asreenent with :ﬁe
1nd1r¢ct ¢xperllenenl oblervttlont- ’ ’ ‘

; ’ ‘Accordlng to !quctton- (13) and (17), stress oricntutton duting
‘ nuclectton is ¢nhnnc¢d‘uhen the ertt!c:l nucleul volume s lnrge. thit tth

i unﬁczéooling~£'oﬁ.;hevgolvuur uhlch lc likely to occur durtng llov J- ;:'
coofing), 11y he iqd stresses. ‘dre high and, 1i1) there 1s & llrge .
N tranqtornation-ttta}_‘pntcotropy. As the transformation ctrcin nntco:ropy_»

" fs l&rg!r for:trhydtidet as opposed to &-hydrides, the former should -
" exhidit a ltronser orlcntlna effect, assuning that they can be forued at

slovw cocling rates.

T, v
% " Tie. ~Ai-ae. Y. T




A feature of stress orienting during tlu nuclestion stage 1s that,
provided the epplied stresses are Mxh enough. eonp!ou uruntlng should
not occur unless all the hydrides have been dissolved. Thie vas confirmed
experhenully by lhrdte and Shanahan- [23]. thus provlung an fasportant
_teat of the conclu-ton that orunun; u govctncd by the nucleation stage, ;.

By luuung that hydrﬂe otlent(tion 'ou!d tollw L} depcndem given’ by’ Tl
) !quatlon (H). lnd ﬂ.ttlug thl- to theu' cxperheatd tuuln. thoy deduced s

" that the avertge nlu for the’ exponentnl tera llvidcd by the applied
uniuul: tenule -treu _vas 4.6 x 10 g Il. Aumiug s nucluttou )
-tenpenture of S73K at & hydrogen coucentutton of 100 /g and Q net N
misfit of 0.0262, we obtatn a value of 13.883 x 10°2 w3 for V. (Harate
‘and Shma!un (28] obtained s ulne of 1.&50 x 10 27 -’ nuutng a lnrger
net u-u: of 0.03.) The vk nlue obtuned froa the experimentsl fit fg
about a factor of two larger than the esttuted n!ue given in Table 5.
This agreement seems Teasonable in view of the uncerulntiu mentioned in
. . estimating the nucleatlon parneteu und thc uattt strains, and the
.':-__diffieultiet 1n detemniug the mteml .tnuu ln the unple: uled.

) H-P. Pull. I..A. supcon and R. Dutton, in !nc:ure l’roblen nnd
&lutions in the Euergy Indultm LeA- supson, ed., Petgamon _ B a
Pnn. o:ford lnd lev York. 1982, p. 13. ST :

s

pe ‘““ 5 Wl Mager 35., -3@6;'-,5(:19?9)‘«* T

e “ll'l;c:‘gud.f_c.'.'!_.v ;ilﬁsgn 4
k.. Ohto, 1974), 'p. 343,

te. 66, 106 (1975),
67, 25 (1976).

Sauthoff, 2. Wetallkde. 68, 500 (o).
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TABLE 1

SUMMARY OF TSS DATA FOR HYDROGEK IN ZIROONIUH-AHD ZIRCALOY-2,

USED TO DETERMINE THE CHEMICAL FREE ENERCY FOR NUCLEATIOR

. 13

-‘i Réferéqég

E Hﬁ:eflal

Tempetature |.

Range -
(Ky

| Rearns [12)
u.r'n-.[u) -
: Ertckton aud

o Hardle [131

d .s;ac;gry tlbl

Zircaloy-2

and =&

Zirconiun

Zirconium

zlfcilgy-z

Diffusion ]
equilibriva (heating)

Diffusion
equilibriva (heating)

Dilatometry (cooling)

Dilatometry (cooling)

$33-798

$33-798

373-671.

-4;54563 j

' 11.78

11,48 .

36.47

'32.45.)

;ln = A - QIRT" " hydrogen concentrltlon (ug/g)i I‘h tempetnture (x)r,. .
‘R'= gas ‘constant., ] A ] :

L
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TABLE 2
VALUES OF UNDERCOOLING FROM THE CONSTRAINED SOLVUS DERIVED FROM
THE TSS DATA (SUMMARITZED IN TABLE 1) FOR ZIRCONIUM AXND zncawr-z'

. ' -7 | sefereace Material Il'{:;:de all . T
SR P : | o (ug/g) |- (K}
Erickson and | Zirconiun [ 100 6
Havdie {13) § 40 |- S
) § 100 10
Y 40 | 10
- -
Slattery [14] | Zircaloy-2 4 k3] &1 :
I 3 150 | 32 ’
Y 35 |45} R )
- h 4 150 i 37 i

f tulng E = 97.08 - 0.058(T-273) CPa {15], v = 0.3, and tlte
. steain energies calculated by means of Equaticas (A.4) ‘ T et
add (A.25). The numerical values of the strain energies et
_tsed are given in Table 3. The final values have been STt e .
" reduced by 10 ss in reference 8 to take ueeonnt ot :
ponible non-linear effects.




TABLE 3

CRITICAL HOMOGENEOUS WUCLEATION ENERCIES

FOR &=~ AND y-HYDRIDES IN ZIRCALCY-2 AND ZIRCONIUM

Material

. Type

Hydride | &

“unln

A A

108 3/a%)

Zircaloy-2

s

Zirconium

4.020
2.514
5.176

. 3,237

2.301
1.439
2.637
1.649

2.290 2.278
1.263

2.766  2.753
1.396

1.929
1.081

2.206
1.236

1.91%

2.195

2.578x10" 27
1.194x10" 1%
1.317x10”Y
5.339x10” 1%

6.595x10" 16
1.4i2x10"17
4.900x10"16
-17
1.061x10

‘l.lssumfng \ i O.B'Jluz.'ye = 0,02 Jllzv-”
t See footnmote to Table 2 o




. , IABLE & lo .
VALUES OF SOME PHYSICAL CONSTANTS AND CRITICAL NUCLEI DMSIONS
'I.‘HAT GIVE VE_ACCEPTABLE NI NUCLEATION RATBS A‘l‘ ZERO EXTERNAL STRESS

w4 4 § dn o SR e &

Material -
D 107%) (107%) a0 1022m)  (wecretsade) (107 (107020 (1072

Zivcaloy-2 0.075 2.924 2.0n 0.14 3.700 6.326 .-602:10" 3.253 1.267 1.368
& 0.095 2.169 1.678 0.13 2.428 3.867 2.117210 1.39 0.1733 0.319

0.2. 4876 5.3 0.085 3.512 6194 s.2252100  5.708 1.267 1.368

0.364  3.259  5.926 0,055 2.27 5.553 1.103x10 2.634 0.1733  0.219

Ztrcontue 0.075%  3.08, 2.072 0.3  3.806 5.35 2.655x10]) 5548 s.724 3649
558 0.085%  2.721  1.969 0.4  3.332 $.218 4.789x10 8.9 1.267 o2

0.[“, 6.678 3.565 0.12 4.760 6.568 1.!00-10“ 10.395 5.724 3.649
%8 0.166 5.820 4.850 0.12 3.547 6.244 3.464210 6.800 1.267 0.912

.. A reduced by 2/3 fros valws givea in Table 3.

t &yrrata Toinced by 1/2 from valee givep in Table 3.
nmuu -Auszlo“.u../. .‘..,,mxo

.y

.

- Uslag D, = 2.7 x 10 oxpl 35 mmﬂ » Il {17].
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TABLE §

EFFECT OF A UNIAXIAL EXTERNAL TENSILE STRESS ON THE ORIENTING TENDENCY

OF y- AND $-HYDRIDES DURING NWUCLEATION, USING THE HYDRIDE MISFIT STRAINS
DETERMIKED BY CARPENTER {18)

Material:

. A_rn (5)_.:.v

W (10%e%),
" Hydride Type:

Zircaloy-2 -
567 - 567
3.253 - 5.706

¢ h §

Zircaloy-2 .

448 448

2.559  2.636

) h §

n -
5.548 -

Zirconiun .

ni
10.393

Y

568

[
8

" Zireontun"

568
419 6.880

¥

c“

(WPa)

50
100

.';" 1”

200
250
300




TABLE 6

TIME, 8¢, TO INCREASE THR INITIAL MEAN ¢-HYDRIDE RADIUS. -

§° BY 60X DURING COARSENING

c.‘
(atomic
fraction)

(Iz,l)

T

(s)

at
()

8.455x10”

1.510x10™
8.716x107%

1.753x10" 1

2.636x107 12

1.678x10713

22
24

5.086x10
1.817x10
3.451x10%6

1.526x10°

5.45x10°
1.035x10°
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pl:ne of the hcp girconiun lattice. For the purpone of calculating the-

;free energy’ for nuclention, 4G, for the oblate lpherold having volune

- B s
wT A S

- a1 -

APPENDIX A

- EXPRESSIONS YOR THE CRtTICAL NUCLEATION ENERCY
FOR DELTA AND GAMMA EYDRIDE PRECIPITATES

eor
.

we -assune, 'h‘t the $-hydrides. Precipltate a8 disceion the basnl ;-15:‘" x

strain energy, the plate is epproximated by an oblate sphereid with najo£

- axis a and minor axis c. To simplify the calculation for the total inter-

facial energy, it is cgnvenient to consider the plate as a éisc of radius
'a' and thickness ‘'2c'. It 1s then assumed that the face of the diec 1s .
coherent with the -atrtx. with & specific interfacial energy Yoo uherenl

the sides are incoherent. with 2 cpeeitic interfacial cnergy vy Tﬁe tqtqlﬁ

A vllte ‘- ll3 T a’c 1s ;iven by . 2 R —— . - SR

R R T R U
‘c = 5"‘ c(‘g:train Aésint- ‘schem)-f'zf" ’é +v5"°_7i..,(A‘l?‘

"

where Ag chen is thn nbsolute vclue of the Glbbs free energy of transform-

-ation per un;t volume, excluding strain energy contributionl (the chemical

free energy); and ‘gltraln and ‘gint are the lelf-ctrain and -{nteraction
enérgiet ?er unit vqluae, respectively. In the notation of 1,

. L L . .

hyd

:,._A_s}_.r;i'_.':’;":_./yh'y 4. | :.;_.. . N ‘(A_'.‘.!') .




The strain energies &g strain and “tnt have been evaluated tn I. Yor
c/a K« 1, 88gerqqn 18 Elven by . . \/

’ E L2 L s¢ 1,2, 1 (2 .
“uumfFW‘fFWT#“t*nnw4.*g y )

' "'fvheu 4 u !oung c nodulnl. v is Poisson's n:lo and & u the ilotropic ,'-. '
..‘::lilfit ltrain. £ u the atsfit strain, in nddituu to &, in the ‘divéction

- .of the phte noml; and s is the ghear misfit m the phu of the plnte. TR
:- "As lhovn in I, ‘81 t dependt on the applied g;rgn. As an eumple. nktng ‘ ‘- e
o £he cilplelt lpec!.ﬂc eue of a uniaxial tensile’ -tren. 1 upp__ligd in

the gisecttfg ?f_the pltte-tue normal, one obnigs Lieve aa “"i‘f

et 0 ey : L s

. The che'ﬁ.i_;;al free eunergy for delta hydrides is given by

vheu vh’d u the solal volune of &-hydrides o! couposition Zra ) with D
x=1.66 for &-hydrides; C is the solubility of hydrogen im an exumlly )

,'ltuued utrix in ¢quillbt1un with stress-free hydrides; cll u the )
-tolubtlity of hydrogen in the luperntunted matrix; T s thg nuclzztion
» tenpeuture. and R 1s the gas constant. It is unmed tha: tﬁe uttlt u

dll\lte An, lol‘ute and that the nucleus has the conpo:ition gim hy the ;
qn!llbrlm phase ‘diagrem. The concentration (:ll in the extemany ntren’ed

olid- ll gfveu ‘1n tgm of c* 0 the hydrogen conccntntlon 1n ;he unatnsud

.VA“'

: c:[ -c; 'ex;lp"f;l/nl




- A=S -

wvhere p is the hydrostatic stress, and Vu the molal volume of hydrogen in

zirconiun. To simplify the subsaquent expressions, we drop the superscript )

¢ in the following development.

To determine ack. the valus for the critical nucleus in equilib-
rium wvith the supersaturated matrix, it i1s necessary to find the maximum of
4G as a function of c and a. In the following, we write the strain ensrgy
in the fora

L8gtratn "M * % ] : ~ (AT)

and derive a munder of spproximate solutions.

The simplest approximate solution is obtained by assuming that
™.

. A =g (A.8)

atrain

This is reasonable, as long as c/a <€ 1 and Az £ A‘. Taking the deriva-
tives

asg) fasc) .
('—‘-)c 0 and (ac )‘ 0 (A.9)
and iolung for the critical radii LY and LY yields

Iy 3y

- i [
P and ¢, = — {A.10)
@- (“cheu AI ‘slnt) k (“chem A1 ‘FlntT

Thus c=c /o, =y /v (A.11)

and the ecceatricity of the plate is independent of particle dine:uton,,anll
is determined solely by the ratio of the surface energies. This 1is as
expected in this approximation, where the strain energy is not explicitly

shape dependent. 1t is counvenient to obtain & solution in terms of the
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caastant eccentricity, by writing the volume of the precipitate in teras of

¢ and solving -
(':%). -0 \¢ (A.12)
. ‘,(\')
X »
This yields R {9 2 (le .
/2, ) e X > )
EP - [~ x"‘ \_ . . e
- A= b5 © (A13)
LI (TP S T e ¥
7z
N§
for the critical radius, with A

‘and ¢ givea by Equation (A.l11). The eritical nuclestion energy, &Gy, 1is
therefore

-3
2 Y e
&G, - (A.1%)
L leCas,, oA - 28, 1

A more sccurate solution can be obtained by including the c/a tera

in Ag According to Equations (A.4) and (A.7),

strain’

E = 1L 2. 1(2-v) 2 : -

L=1v? ["‘ M T R %1—2'-»») s ]  (A.16) -
with Al given by !qﬁatlon (A.8). The total free energy of nucleation is

2

&2 ' & 2
qc_ =-gfa ‘“‘chen"‘tat"l’ + ¥ Sac Az + 2% Y. + hacv‘ (A.17)

Taking the derivatives as before (Zquation (A.9)), and solving for the A :
critticsl dimensinas 8 and S yields: '-.‘_—.




Clearly, Equation (A.20) is not as transpartent as the sore approximste
relation given by Equatfon (A.15).

A more tunspafeut approximate expression can be obtained 1f we
- assume 8 uu-lndepeadeut eccentricity, as in the pravious case. This

glives -
T (A.21)
% ““ehel-kl-‘stut.dp )
and
. -3 .
2 3 Yo
e T B : | (A.22)

IRy Ay ey -ehy)]

wteh ;'» d'ef'lud Sy iqution (A.14). - The sbove result differs from
!quttm (A.l!) and (A.14) only by the addition of the cAz tern., fHote

_-'thst vith ¢ detenlued from the solutions for Y and L given by Equations
(A.18-A.19), EZquation (A.21) is equivalent to Equation (A.l!). and Equation

(A.22) to Egquation (A.20).

- A=S =
. Ye \
% (88 pen~41 "8 0 ) TA;
(A.18)
vi AN 1: 1/2
gt + )
“1 “‘chu"l-“tnt"‘z (A8 penA1"88gp,)
5'1 il ¥ |
- . (A.19) -
"‘k (A8 pen Ay "8840e)
,.'uth t& bcrttie'll nucleation energy given by
ac, = - &2 (83, ~A,~Ag, .=cA,) + 21ad § (A.20)
k" T 3 Uy (A8 peq™A 08174, x % .

o ” wmy
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A.2 Gamna Hydrides

We assune that the v-hydrides precipitate as needles, vith thur
long axes along the <1130> directicn of the girconfum matrix. For the
purpose of calculating the strain enargy, the needle is spproximated by a

'prolate sphercid with ainor sxis ¢ and major axia s+« To ecalculate the
Lntertjcial energy, the needle is lpproxilatcd an s cylindef of 1¢ngth 2:
and indlua ¢. We assume that the surface of the cylludor 1- cohetent vith
,;the uatrix and hll a 'pectftc interfacial’ enerzy Yoo uhcrcna the tvn end

A'.ffice: are lucohereut and have a :peci!tc lnterfacial energy- 1‘ The to;al‘f

- "tree cnergy for nucleation, AG. for the prolltc .phorotd of volume

. T

Vs bIS vca 18 then given by . - : _ S R

42 asY U
aC yrca (‘3ltruiu+‘5£nt ‘“ghel) + btcavc +:2fc A |

. oinc
) “ltra;a W /Y

hyd W{m} “’" -

d = uolal volume of vbhydridel of conpocition Zra
x=1
o and nll other .ynbolc are as for the c-hydride cane and are defined 1n I.

: f'rolloving the same y:ocedure as !or the G-hydridel. the criticll dluenstonn
L tre (to lilpltfy the ¢xpr¢cti¢ul, ue drop the luperscrtpt'v in nll of the

. . 3y .
- c
(B hen 2Bgeratn 28 ne’
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.”'; u- 6. G. Sauthoff, Z. Metsll
{ 0' “r ::\ \
BN = :
Ve A\ ' . ‘ ) ' " Ae2 Camms l_zdridu '
AT ) ‘ :
rAA'l 88 4nt T‘; :
) S . h he ¥-
oL, e S (A.18) - . S :. . ;- We assume that t
N I P V2 o S long nu aYong the 120> dir
L ey 4 - “ Y ’ “ o . A ;pu:pou of calcuuti.ns the st
("che- ‘1 “znt)‘z (“chg-"l"Ftnf)z ~-prolate spheroid with ainor &3
o » . inuthcnl energy. the needle
| + “z‘u ’ “ o e o o A _ cnd Yadius c. We assuze that
E—?—' : Lot (A.19) -t ' o *he gatrix and has & specific
h : tot S - S :. facu are incoherent and have
| o N o : A tree ener;y for nuclestion, &
jcleation energy :ivgn by Y- 6/3 icza is then given by
‘azc (8 | A, =48 ;cl-) + iti-z T (A.20) | ' N Y ".-z .
Kk (®8chea Al. ne LU R "« Yo o . EN 4 = yrce (82gtrat

{.20) 1s wot gd' t_nnsﬁar:en;:‘s'l':the more spproxiaate

=inc,z

iutlon (AA5). o : 88geratn ": Mnya
learent npﬁm;iu:e eipre'uton can ,be. obtained 1if we XRT T
'{ndent eccentricity, as in the previous case. This - “Y - LT =

: : L 1 A R . - chem Gy C
: D '.' o . ) ' hyd
| ep Eee T o
i } -
| . ‘§ . ¢ molal volume
: (a.21) . hyd g
: , x=1
i T P . :
b 0 (A.22) and a1l other symbols are ss
¢ugchetl 1 581“ ‘A2)l o -

E ) o Foiloving the same procedure
i

’ are (to simplify the express
!qution (A.14). The above result differs from

following)
l (A.14) only by the sddition of the uz term, WNote
from the solutions for c, asd s given by Equatious . : _ 3y
: c
A.21) is equivslent to ution A.19), and ation ’ i ¢TI T
r ( ) quivale: Equat ¢ ) Equ ) * 88 chen 2Bstr:
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