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INTRODUCTION.

This dissertation describes some experimental work carried out to
investigate the influence of the external enviromment om intergranular
cavitation in 18/8 niocbium sbtabilised stainless steel., lost of the results
described heve been obtained by opticel microscopy of electroepolished
specimens after ereep.

One of the basic problems of high temperature elloy development and
8 restriction on the use of many existing alloys end metals, is the formetion
of intergranular cevities when the material is subjected to high temperatures
end low gtresses, Cavities formed under such conditjons tend to act as
orack nuelei end hence initiste failure, This fact reduces the maximum safe
working temperature of meteriels, which, if it were not for cavity formation
could be used at considerably higher temperatures.,

During investigetions of intergranular cavitation in metals end elloys
e number of workers heve observed thet the externsl enviromment has some
1n£1;i¢noo on the mechanicel end cevitetion behaviour of the materiel. This
oould be of great importance in meny industriel epplications, for example,
the pdki'o-ehomicnl md power generstion industries where economics and design
roquii-o metals and alloys to operate at incressingly higher temperatwes and
pressures in camplex, and often corrosive environments,

In order to determine the influence of environment on eavity nucleation
and growth in en 18/8 niobium stebilised stainless steel the form of the
oreep curves, microstructures, and cavity morphologies formed on subjecting
the steel to test emviromments of eir, argon, and vacuum have been examined,
The microestructural features of the test speeimens, particularly the nature
and magnitude of the r-type cavitation, have been related to the difference
observed in the creep curve in the differemt envirommemts. To obtein &

quantitetive measure of cevitation comparisons heve been mede of size end



number of retype cavities across the section of specimen.

One of the main features of cavitation in the elloy is the presence of
e varistion in cavitation degree with position in the cross-section in specimens
tested in air, but not in specimens tufed either in an argon or & vacuum
environment,

Existing theories of cevity nucleation end growth have been examined and
uodiﬁed to account for this obserwetion, The variation in cavitation degree
in specimens tested in air is explained, in this hypothesis, by modification
of the graineboumdary energy by gaseous diffusion,

A short discussion will be given at the end of each chapter so thet a
degree of continuity mey be maintained between the chapters., A general
discussion will be given at the end of the dissertation.
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Chap’cer 1.

PREVIOUS VORK.

0f the various structural features which influence the proporties of
motale ths grain.boundary is one which has been ctudied in gront deteil, bub
it ic ebill the least well undorgtood. In particuler, its importence in
ereep hes been apprecieted since Rosenhain and Ewei demonstreted greine
boundayy oi‘f-se’qs on the surfaces of several metales after doformation et
elovated temperatures, but as yet many unresolved problems exist in this
field nlome, Since this observation mony experiments heve been performed
to eradicate this deficiency of S.nforiation. lush of this work has been5
- reported in reviews by IﬂcLesfl, Gifl:in:, Garaf.‘allé, and Grant and Mullendore,
consequently this literature review will be 1imited to0 o brief roview of

tertiary oreep and factors affecting it, and s more extengive roview of

ereep £racture, mechanisme and theories,

1, 1. TEHTIARY CREEP

To disousa tertiary crecp :l't is first nacessary to def‘ine the
phenOmenon that constitutes tertaary creep. Fz.gure 1. illustratea the
ideal creep curve of the ideal motel. Thip may be sube-divided into primary
creep where €'t Eﬂ, secondary or steady.state orecp where €’°¢ t,' end tertiery
croep where € at”, The exact loostion of the begtming of the bertiary
crée'p period depends on whether a constent stress or a congtant load test is
being performed, 1In the latter test structural changes are continually
taking place due to the continually chenging sgbress gystem, The literature
enunerates three basic reasons for the existence of the tertiary oreep periocd,
theece being:
(8) Uniforn reduction of crosesesectional area in the constent load tect
reeulting in on inoremse in gtress which excecds the concurrent

strengthening by workehardening,
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(v) Noneuniform reduction of the cross-goctionnl area by looaliced
neoking or intergranular cavitation,
(o) Viork coftening by simultaneous recovery sllowing o greater degree
of deformation,
%he increasing creep raote during tortiery creep is cssosinted by most euthors
with mechenism (b) that is loqa}{med cracking or cevitetion resulting in
incrensed stresses. However, deformation during tertiary creep is nob
entirely intergranular in the form of cavitetion but aleo ocours in & tronse
grenulay manner in the form of graineboundsry cliding, pgroineboundory
migration emd fold formstion. Henece, even in the abmence of sush complicating
factore as reorystelligation, precipitation or resolution of second-phace
| perticles, tertiary oreecp remains e complex phenomesnon, It is not surprieing
therefore thet the bnsle kmowledge of tertiery cresp is increasing ob & very

slow pate,

1. 2, DEFORUATION DURING TERTIARY CREEP,

Tertiery oreep deformation moy be submdivided into true intorgranuler
deformation, namely cavitetion, and pseudoetransgrenuler deformaticn. The
latter tern hos been employed to differentiate betweon true trensgrenuler
deformation, for example slip, and deformation processes vhich are portielly
intergrenular in nature, It is intended thet this seotion of the litercture
review be devoted to the letter form of deformstion, nemely graineboundery
sliding, grain-boundery migration, end fold formation. Since the main topic
of This beview 1s creep, cavitetion,reference to this form of deformation wiil
not be made at this point excopt where necessery for olarity.

1.2: 1. CGrain.boundary Sliding,

Crain-boundary sliding moy be definsd es the translation of e pair of
gralns by o ghear movoment et their common interface. This definition

includes cases where the shear takes plece in a zons of finite width crownd
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the boundery, and eases in which it is confined conpletely to the interface.
Sliding becomes important os e mode of deformation ek temperatuns above
0.45 Im where it is Lelleved to pley en importent port in promoting inter-
grenuler weakness comnon in metals et sush temperaturos. Lany of the
investigations into the problen of graine-boundary alﬁ.ging during creep
deformation have been surzmrised in reviews by Gifling, Sull;, and Si:evenz,
end hence the subject will be denlt with cnly briefly in this review,
Quantitetive monsurenents of graine.boundary sliding in metals have
followsd three main courses:
(1’) Internal friction msasurements on polyerystolline metals and alloys,
(2) Licesurement of displacements and gtrustural chenges in e single graine
boundery, and
(8) Determination of the contribution of sliding to the overall creep
deformetion of polycrystalline metels, |
It is intended to review ell three type of experiments et this point, but
ettention will be given meinly to investigatiomsof types (2) end (3).
1.2, 1.1, Internal Friction Foasurements,

8,9
K6 noted during investigetions into internal friction by meane of e

torsion pendulum thet polyerystalline meterials exhibitod e mazimm in the

curve of damping time against temperature, for a given frequency of oscillation,
whereas no such maximun was observed when single crystals were tested, This,

he propoeed, was due to the prosence of gralneboundaries end suggested that

the peek was due to anelastic deformation 4n thoe boundaries by viscous

cliding, The concept of anclestic doformation and viscous sliding allows

some of the observed phenomens to be understood qualitatively, but quantitetively
the egreemont 4s poor end, cs Leilxg pointed out, there are many obssrvetions

which cannot be expleined by thig concept,
1.2, 1.2 Sliding 4in Bicrystals.

Considerable controvergy hes arisen from bierystal experimentes es to
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the oxistence of true groin-boundory sliding, thet is sliiing at the grein
interfece without transgranuler deformations Rhines ot al, ond Voloshina
et ﬁ have agserbled o considerable volume of ovidence to prove that sliding
takes place in a zons of finite width around the bowndery. Frop thio end
other observations they inforred that transgrenuler defo"mation wat pree
requisite to sliding, However, o number of inven’cigat%:;mhave reporbed
sliding in bierystals without the development of o shear gone of f£inite widbh.
Intrater et 3;1 propose that the shear gone observed by Rhines ot i% e a
congequence of transgranuler deiformtion to maintain spscinen goometry and
not es o result of, or e ﬁre-requiei‘te of sliding,

12,10.19

A numbey of investﬁ.gatore have reported migretion of ths boundery
during eliding ezperiments. This has taken the form of alterncte periodé of
eliding and migration resulting in chort stepped fiduciel lines or ep cone
ourrent procesces resulting in curved fiducial 1ines.,

Obgervation of the displacement of & sliding boundery hoe shomm 4% to
be a cyclic process which mey tcke ono of several S;ome, & nunber of which
ore illustreted ochematicelly in fipure 2, The overall sliding rate is
found to follow o relation of the form, P Ptq
vhere p is the displacement observed in the time ¢, and o and P ere constents,
end p are found to wary oonsiderably Mth gpeoimen geo[;';try, migoriontation
engle of the blerystals, end othor structural features,

The effect of temperature nnd stress on the rate of eliding 4n
bicrystals gppears from the literature to bo somewhat confuged, I‘or example,
| Puttick et al found that the :lni‘bial sliding rete in tin wne pmpor‘bioml o
the epplied shear gtress, Tung et il, on the other hand, found thet in
alums,nium it wms proportional to exp.(-%/g )s where U, 46 conctent ana Y

11
the opplied shear ctrecs.  Similar behaviour g roported by Fhines et cl,

20
The behaviour reported by Puttick et ol is similer to thet observed in creep

of single crystals end polyerptels et low sbresses and tomporatiros approaching
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the melting point, indiceting vipoous bahaviaur; The obeervetions of
Zung ot el end Rhines et e}, on the other hand are typlcal of crecp et high
etress. It Lollows, therefore, that the gono thear Gype deformbtion
observed by the latter investigotors chows characteristics of bransgranuler
créap. " The general @ffect of increasing temperattmé appeare to be to moregse
the rate of boundary sliding, This was clearly illustreted by Inbyotor et ai
who observed thot the sliding rate in copper bicrystals incroased with
incrensing tomperature, wherecs the sctivetion energy for the procoss remained
virtually unchanged, It moy be concluded ‘therefore, thet in general the
cliding rate in a biorystel is increased either by incrensing the temparature
or decrecping the stress,

The migorientation éngla betrsen the active slip plenes in the &wo
crystale of the bicrystals 4s foumd to exert considerable influsnce on the
rate of boundary sliding, ’-‘eﬁ.nboigfmmd that the rote of eliding in tin
bicrystals under constant conditions of tempereture and stress increased
linearily with incresce in mieorjentatim engle betwéen 80° and 859, below
this lovel the behaviour wap ergatie. Tm'n::,' Harpgi end Tung et i§ reporied
siniler behaviour in zifxii coppeg, and altminiﬁ. Rhines et é; aemanstratéﬁ,
that the cliding rate depended on the relative orientation of the two erystois.
They defined the angle between the oporative slip directione in the sctive
aiip planes in each orystal cs ~ am the engle betwwen the traces of the
active 5lip planes at the boundary ms ® . 1t wo roma tgzt the sliding
rete varied almogb linearily with (>\+(p). Iullendore et el found it to vary

with cine (X+®).

1.2, 1.8, Grein Boundary Sliding in Polyerystalline Me'cals..

4 moch wider renge of meerurements heve been employed to determine the
degree of boundary displocement dn polyerystalline metale, These heve
included measurement of the offset of £iducial 1lines of the specimen surface

produced by boundary 0liding, metisurement of the vertical displacement of
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bounderies by means of interferometry and profile moasuring devices, - A
sbabistiocnl method of the analysis of grein shepe has alsco been employed to
obtein en indication of the contribution of gliding to the overall oreep
doformation, This technique hag been subjectﬁ to considerable controversy
as to its accuracy and has now been superseded in e numbor of cases by the
inert internal morker teschnique., This is essentinlly the moaswement of
offgete of strings of oxzide particles caused by boundary eliding,

In general the behaviour ¢f e specific grain.boundery in o poly=
eryetalline motal is similer to that observed in biorystals in that:

(2) Initiel sliding cocurs in the immediate vioinity of the boundery,
however with time end displacement this form of sliding &g replaced
by cheer in & gone of Pinite width. The maborial within the zone
usually ghows evidence of graine.bowmdary migrotion and labtice
distortion, Thus grain<boundaries in polycrystalline metals tend
to exhibit boundary some shear type sliding rather then idenl
boundary sliding.

(b) tetals which readily polygonize show more intense subgrain formation
in the vieinity of the boundary then elsewhere in the grein.

(c) The displacementetime curves for short sections of a boundary chow
oyoles or oscillations of the form observed in biorystals, However,
the curve for o full boundery closely resembles the creep curve of the
metal under the same conditions,

(d) sliding is not uniform elong the length of a boundary, This is more
proncunced than in bicrystals becouse of the restraint impossd by
grain boundary junctions.

The importence of greineboundery sliding es & mode of doformation in
creep of polycrystelline metals depends on itsconbtribution 4o the totol erecp

ctrain and on the intererelotionship between 6liding end trensgranuler

deformation, If, for exomple, pliding is dependent on transgramlar
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deformation it may terve primarily as an aceommodation end not o controlling
p?ocesé, but i‘i‘ it io indepondent of transgranuicr deformation it may be e
contrelling progess.

The mjority of grain-boundary digplacement valuco reported in the
literature take the form of retio of displacement due %o pliding (Egb)to the
total creep strain (€ ),gﬂb/ €» upually denoted M. Nis found %o Lo o constent
depéndent on‘atreas, end Yo e logser erxtent on temperaturs end groin cize.
 The informtion cvaileble concerning the influencs of theso paremstors on A
ig very meagre. Results of work cm a considerable mmbor of metals show thad
X tends to inoreass with tempercture and/or decrease in stress. In tho
majority of ceses it wms found thot the activation energy for sliding emd
creep were of the game order indicating that the comtrolling mochaniem ney
be the some in both caces. Altoration of either the groin slge or ‘he
compoeition eppears from the information aveileble to effect. A\ in o pimijier
menner as the effect on oreep defomation, for exempie, the incrense in grain
size decreasen both M and the oresp rato,

Severel obgervations heve indicated that there i some form of roletione
chip betwoen sliding end trensgrenuler deformation, 1In gén’eral, an alterption
in sliding rate is eccompanied by a cbi';fe_spdnding charge 4n the creep rate tuch
thet N\ remeined constent. Intrater et i;, however, heve poimted out that
theso observatioﬁs were made on boundaries thet wero undergoing goneesheay
type 6liding and not true sl:lding which they have shown %o be indepondent of
trensgranuler deformation. Idenl sliding is thought to ocowr 4n polyoryetalline
motels only during the very early stages of oreop, being Sransformed into 8onoe
shear type sliding after the initial displacement., This results &4n o
doformetion gone of finite width é.round the boundary which ezhibite noneuniform
lattice distortion and intemse subgrain formotion. The latter hop beon
asgoclated by a number of workers with groin.boundary migration which is thought
to teke place during tho periods of null displecement of the boundary.
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l1s26 le4s Theories of Grain-Boundary Sliding,

~ Sliding ezperiments may be sub-divided into intermal-frictiom
ezporimente and msacuremont of macrosccopic movements observed in blorystals
and polycrystels., Consequently theories of gralneboundayy sliding fall into
two groups; those which ettempt %o ezplain the enslasgtic phenomena end thoge
which attempt to explein macrosoopic sliding,

ié‘gpromaeﬁ that the enslastic behaviour cbserved in polycrystalline
metals could be scoounted for if a prain.boundery behaves es e visocous laoyer
of & fewr atoms wide such thet tranelation of two 'solid’ greins on either
!side could occur by neighbouring atoms squeesing past one anofher. The
activetion energy for such e process would correspond to that for groine
boundary diff‘usi.én. Im‘%g modified ke's model ond suggested thet erens of
gocd vand bed fit existed in the boundery., The energy required for slidigg
wee that required for etome to pass the arees of good £it., Grussord et al
rojected both hypothesces for a number of reasons end presented a dislocation
mochaniem for eliding. I was i:roposed that o normal slipedislocetion yran
into the boundary end split into o number of partials in the bowundary plenc,
Sliding 1c considered to take place by movoment of the pertiels perellel to
the boundary plene. This theory hac been eriticised on e number of points
most of which have been accounted for in modified versions postuleted by
Farmer et ﬁ, Isghidae et ﬁ, and f.g.

Theories of macroscopic eliding may be advided into two basie grcupé;
thoee in which boundary migration is considered to be the rate controlling
peremeter, end those in which trensgranuler elip 4s rote controlling,

Puttick et 22 suggested thot eny irregularities in o greineboundery
would concentrate the stress produced by mnelastic shear in the boundery.
Relief of the strees by boundery migretion would result in the creotion of e

relexzed aree and o new irregulerity. If e constant rate of crestion ond

removal of the irrepgulerities by boundary migretion can be achieved o constont
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rate of boundary sliding can be maintained. Couling et ol suggested thet
macroscopic sliding is composed of numerous small enelastic shears of the Ke
type which ere rendered permanent by capture 6£‘ the cheared area by boundary
migration, On the basis of their activation energy meapsurementec Intrater
et zi proposed thet in ileal boundery cheer type sliding the rate controlling
process is graineboundery migration.  They postuleted thet stress
concentrations at irregulerities were reliwed by anclestic shear causing them
to migrate thereby ezpanding the reloxed earen. Vthon the relazod erea roaches
a criticel size,fracture of tensionatype 'jogs' end deformation of compreossiche
type ‘jogs' occurs to give e pulse of sliding, It was proposed that where
gons-ghear type sliding is prominent the rate controlling process ie probably
transgrenuler deformation,

Rhines et 3 £ind no plece in their model for sliding for boundesy
migration since they observed none in their expesrimente. It was propoged thet
the recovery mechaniem was subgrain formation in e rone in each grein adjacens

k‘ to the boundary end thet sliding *akes place by slip in the zones in o
direction parallel to the boundery, It was suggested thet tho observed
alternate periods of rapid sliding end nuil displecement are dus %o cyolic
hapdening by sliding and recovery by subgrein formetion, Intreter ot 2% have
criticised this mechanien on the grounds that Rhines ot 3 vers mpasuring

31
boundery gonewshear end not true boundery sliding. ‘eertman also asoribed

no role to enelastic eliding, HO BUEE°gied thet macroscoplc eliding is e
chear in the boundary region caused by dislocation movement elong the groine
boundary by a combinatioﬁ of glip and climb, liodifiocd, but essentielly
similar models of disloontion induced 6liding have been proposed by soveral

26,28,29
other workers,

4 theory comprising »7 o combination of the two basic nocroccopic
) 32 83
sliding theories hes been proposed by King ot 8l and also Ly Fezon ot al.

They suggest that enslestic sliding relexes the shear stress in o bourdary
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onto triple pointe end boundary drrogularities, and that further chesr ic
then controlled by deformetion of these irregulerities., There iswm
congiderable emunt of evidence go eupport this theory most of which han been
cunmorised 4n e review by Stevené.

1.2+ 2. Craine-Boundery Migrotion.

Few detalled studies of the movement or migration of greinebounderies
~during creep have been reported; the majority of information aveileble being
derived from obssrvations mede durlng investigetions into other aspectc of
oreep. In general it is considered that only low angled bounderies (lese
than 2°) end high engle bounderies (greater then 15°) show appreciable
migration. Tho intermediato angles ere thought to contein complex dislocation
arreys which prevent thoir movement.,

The literature enumeretes four possible osuses of grain<boumdary
migration during oreep, these being;

(a) To minimise departure from equilibrium stress due to concontration
at triple points; the driwing force being the ezcoss free energy
created by sliding of the boundery,

(b) A & consequence of the formation of subgreins in a gone adjacent o
the shearing boundery. Tho formation of en unequal density of sube
graing -on oither side of the boundery would create e state of none
equilibriun thereby causing migration,

(6) At en attempt to reduce the lattice energy in e streined grain or

- subgrein, the driving force being the energy in excess of the
equilibriuwm energy.,

(d) As an attenpt to reduce the excess surface free energy and atéain
equilibriun angles at the junction of theAse surfaces.  Howover,
eince grein growth in creep has to take place into a streined region
boundary migration cannot be 1ikened exactly to conventional grein
growth. Evidence elso exfists which indicates that the direction of
nigrotion 45 strain influenced 3 that igp the rate of migration in the
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diroction of the epplicd riress 4o groator thon in o direction
_perpendicular €5 it.

Groinebowmdary migroticn, rogardlocc of i%e driving foreco, has ono
'impof:tant effects It e o recovory procesc cnd henes encbles rogiono of
grain edjacont to the boundary % undergo furthor deformation, igration
ic e diffusion procsss which, sinco it is ocecuring tmderdstress will bo
dopondent on tomperature end strein «si:z:;m Guard ob 53: have ghown that the
oxtont of boundery mipgration 4o aleo dopondent on greinm pigo ond tho timo of
Yoct, %he dogroo of prior doformation hac aled been reported o conciderably
influaneing the oxtont of migratiig. The oztont ard direction of migrotion
of a boundery is not usually consbant elong She length of the bowmdary which
eventually resultes in inhomogenotus deformtion both 4n tho boundery ond the
grain, | |

1.2, 8. Fold Formntion,

One couce of recistance %o bowndaery sliding aricos frem the noture of
the boundory 3%es0lf, Creineboundarios under oguilibrliun gonditiono oro
rerely plenar, concequontly the diroction of movoment of the boundary on
alidiﬁg ic uniouws ab evory pointe, Tho other sources of pocistancs Lo £iiding
in f:olycrys'balline metelc aro greinebowrdery’ junchbures whors & change of -
oriontation exiets acrops the boundary or %riple"pomt.l Stress concentrations
ere dovoloped et cuch pointp by sliding of the toundery and con cnly be rolieved
by plastic deformtion in the grein, . The defarmmtion whioch telme place in the
grainc et triplo points nc o rocult of 614ding hae boen tormed o *£e1dt by
Cheng arnd C-mifgo Thig type of localiced deformation e firgy roported by
Eotteoridpge ot zz in bineontimony allgye.

Zho oppearance of a fold tlopendo on tho poomeotrieni reoletionship and
orientation of the groing ond preineboundarios dnvolvod, Furthormore, the

recictenco oncountored to tho initlel process of stroos accommodation ic

cortoin to bring into oparation pooondery modos of doformation., Zhe ovorall



2,
dircotion of o £oid traco on o surfaco of obsorvation doos not nocoscorily
coincide with the greineboundary trace, but tho difforcnco in anglo botweon
those is usuelly vory cmall, baing of the order of o Lo dogroes,

Ia eonclusion, 1% nuct bo pointed out thot although folds have boen
obeorved in & number of‘m'&ala it 4o Aifficult %o envicage cush o mode of
doformation eonbribubing ci.gzzﬂ.fieaﬁtly to the ovorall cresp doformmtion, It
‘is partieuvlarly diffiecult o envieage cush o deformaticn mechaniem boing
opez’at:!;m » in the interior of polyerystnliine motels vhore the reobraining
forcos, partiouvlerly normel to tho fold, are conciderably higher, It 4s
interescting ¢o nmoto thet the metels ond clloys 4n which £old formmtion hac |
boen reported, nomely eluminium, tﬁé.—antimrg elley, sine, and mognesiwm all
roadily form thin tenscious oxide £ilme ot the Gook ‘emperaturo. The
poscibility exickec that i’oldé obeerved on the curfose of cuch mobale are a

roflestion in the oxide £iln of bomo other form of doformation,

1.5. D[ACTORS AFFECTING TERTIARY CREFF,

1,50 1o Stroscs and Tempercturc Pependence,

Very 1ittle informetion 4o oveilable in the literature concoraing the
rolationchip betwoen strecs and femporeture and the rupburs 1ife of e motal or
clloye in gonoral it is found thot an increase in temporature end/or sirocc

of

dooreares the pupture 1ifo of the ppecimon. The rolationschip is found Yo be

linpay end /tha forn;

- AHc) -0
tr 8 8, ompe (F G
vhere A, ic e congbant influvenced clightly by lorge changes in tomperoture and

stropee Deviation from linecrity hac besn obrorved ot vory high tomperaturas
and diFing eon‘atan'b load tegte towmrde the end of the tertiary ctogo whon tho
strogs ic incromsing rapldly with ims. Activabion energion caloulated from
Shic roletionchip ere found to bo olightly higher then that i’o.’f; bull diffudion
of the bace motal, Exporimentelly dotormined voluos, on tho obhor hand, ero

congiderably bolow thoce for bulk diffucica, bub comparable with thoso for
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_ 38 .
grein-boundary diffusicn, %his lozd Hull et ol to suggoct thot groine
boundery diffusicn of vecancies controlp intergromular covity growth durdng
crocperupturo. Howovor, tho oguation as obatod above deos nob provide
specific knouledge concerning vho factors conbrolling oroop nusleations or
growth of cavities during creep, It does indicato, on tho obthor hand, thot
nuclection and growth of cavitier may depend in scxe mannor oa ocroop doforme
ebion. From o practical viewwpoint sush & relctica could be ubiliged in
predicting oroep 1ife valuves by oxtrapolotion in ctresce ond tomperature. It
ic oﬁvibue thet whilet cush predictions ero useful they cannot bo ncoompliched
,raiiably until gpocific informaticn 4c obteined on the dependence of
| pepaneterg &5 H,, and " om girecs, temperature, and strusturcl changes
oceurring during crecp. ' Bz:treme caro muck bo talkon therefore in underidelding

such oxtrepolations,

"1e80 2o Compocition end Nicroctructurel Dopondenco.

| Rupture 1ife, like primary end secondery oreop, 4s very depondent on
ccmposition end m&eeesﬁrua‘cﬁm; em0ll elterations in elthor con omord
congidoroble influonce om the ereop proportics of mary potale and allgys,
partisulerly the complex commorcinl crooperesicting aligro, Ovor the past
thirty yosre o large volume of date hap been published on commoreinl mﬁerﬂ,am R
mo st of the reogults hory’s;x’, are not amenoble Y0 generalisations which lead to
sound eoncoptc of the effect of microctructurc. end composition on rupture
life, lNovertholesc, an obtempt will be made Yo give tome Indicatica of tho
£indings in this arec of ghtudy,

Solid golubion elicying huo boen chorm Yo fmprovo beth the cscondory
creop reato end rupbure 1ifo of oy noneforrouc mg‘?;ﬁe Thio ip found to be
moct pronounced where coneidorable lettice dicbortion ropultsfrom
accommodation of the gpolube abom on the parent Jettice. It 4p genorally

found in ouch elleys vhet clooo packed structuros, £.0.6. or h,c.p., have

groater orecperocictoneco omd rupbure strengbhs then lecs cloompacked
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sbructuros ot tooporeturos ebove abount 0.4 Fpe

The majority of comrmoreiel clioys employed a% hipgh ¢emporaturen eontoin
precipitatos wnifornly disporeod olther in the grolneboundery or the ratrin,
i‘h;: lettor chructure 4o found o impart good erecperscistence emd rupturo
strongth to the banso motal. Tho factors which control frachure ei:mngf:h in
theso elloye havo howovor recoived 3.5.%3.@ attonbion, It 4c bolieved on the
bacio of ¢ho 1lnlbed ezpetimén’imﬁl evideneo aveiloble thet optimrm croop
propertics are obtained when an aligy conbeing herd partiecles dn e co?‘& mabriz
with en intorporticlo cpacing of legs that fivo rdcrom, Tho orecop roocistanco
of such alloye s unfortumctoly rapidly lost ot high Yemporstures whore
resolution end agglomoration of the prooipitates ‘t‘.akes‘ pleco. This problem
has lofd $o tho devolopment of sintored powderedicpercion elloyc which oxhibit
ecaciderably highor fracture strengths than the eementi/g%. proeipitetion
hardenod elloyo. Graineboundary precipitation in ecommorcinl alloye o
concidored Yo exert coasiderable influsnce on tho oreep rupburo-1ifo of tho
moboriels  Sufficlont yeopults oro not eveileble, however, o detorming
quontitetivoly the offect of interparticle spacing on creop-1ifs, It is
gonerally eocepted ';haﬁ e continuous procipitote or £fiim or lov oliing polnt
© . preoipitote ic detrimentel to cerpep~-14£e.

Tho publiched literature fs devoid of any ezteinsive wrk oa the
influenco of grein size on creepe-lifo. Carafalo ot eﬁ roport that for
ctoinlepe steel the influonce of grodn sizo on Ghe tocordary oreope-roto nnd
precumably tho eroopelifo, depends on the toch Yemperature, A% low tonporoburen
tho cooondary creoperato inercases wih incronoing grain cizo, loeding ¢o lowor
croep strongthe. AY intormediats tomperctures the cecordary cz’eop;m{:o
dooreases %o a minimm then ingrences ogein with inorencs 4n greln ocieo, Lt
high temperetures the secondagy erocperato ig found to decreonco with incrocco
in groin cigo » donding to higher oroop ctrongthe ﬁnﬂeewce.grain@d mobals,

43
Similer results have boen roported by Shahinion ot el in nonel,
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1, 4, FRECTURE,

Fracture during croep oy be of 1ittle importance if « oo might Lo
oxpoctod = the ductility of a motnl increased with tempereturc, Unfortuantely,
gonorally the revorse is trus; pavy nmetels exhibibting brittio bohaviowr ot
temporatures in excose of 0«5 Tm. It is ofbon found thot this cobritilement
is escociated with tho formation of eracks amd cavitios on the groineboundorios
of the motel, Roaenhaii put forvard tho £firet rotionnl ozplenation of this
bohaviour whon he suggested tho exlotonee of en ‘amorphous cement® betm;én
oreins,  Whilet thic explenntion ip now discounted the cctusl mochanim by
which grain-bounderies and tholr propertios affoct the crocp frocturo -of netele
15 o411 not fully undorcbood. Compared with tho emount of work dome on the
oorly ctages of high.temperature dofermzbion preseding fracture, very ldttle
work of o fundamontol nature hac been corpied cub on the frosture mechanicm,

1.4, 1o Gonoral Obporvetionec.

A indicated previously, polyerystelline motals moy Cracturo oithor
transgroanulerly or ixztergranulariy doponding on o number of variobics. In
generel, low temperatures and high ctress fevour tronsgranuler fracture
wheroas intergranuler fracturc is favoured by low stressces end high temporaturos.
¥he ectuel conditions initiating the chango in firacture mode ore very difficult
Vo predict dus mainly to the secondery influonce of such factors ao campoeition,
‘grain sige, mioroectructure, ani gx'ainmbomdary daformtion.’

Intorgronulor fracture ic not an uniqus charactoristic of nlil motele
end elloye, Recent work by Gifking, Servi e¥ ig, end Cheng a‘l:_iz hag ghowm
that in ultre«high purity metals trangranuler feilurc occurs ot oll tampemtumsq
It is proposed thet this s due to thore twing 1ittle or mo Aifforenco betwoon
the relativo ctrongthe of the groinsg and groaine<boundories in netels of sush
purity. On tho othor hand, ultrachigh puié{::,f eluniniwm has been reported te

6.

fracture in en intergranulor maonnor ot 40 ke  This ip atbriduted 4o chearing

of the bowmderies by streccos doveloped arownd triple pointe.
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Impurity olemsats end alloying olemonbs have boon phowm ©o ozord
eonsidorablo influenco on rupburp bohaviour, A6 high teomperetures cormercially
pure tungcbon, sireonium, ond tifoniun ore repictent Co groinsbowndery eraclking,
whorens ooppor, niekel, and brocs becono more rosictant as tholr impurity
convont ipg roduged, Rodustion of impuriiry‘level, partioularly gpeec, by
vecuum molting end cagbing hee boon bhomm by many workerp to be bonoficlel %o
the ereop propertics of motalo and ag.‘?:;ge Biluto niekel ellays comtaining
eoppor, magnosium, oé gine heve beon chown to exhibit inbergranules "’aypeﬁo
fracture ot intormediste temporaturos, but trencgrenules ab high %@mpémﬁfzfg%,
Zhis wac ebtiribubted to migration of the gredneboundery emy £rom cavitieo
theraly cbebll eﬂ.n{; then end restoring the strongth of the mborial, Si?ﬁar
rogults cnd conclucions wore errived eb by Chen ot ol 4n commereinl cappcjg,
Daviee ot ol in lininie ggA, and idlendoro et al in dilubo nluminiun 0lloyos
The change in fracturo 4ypo from ¢rancgranuler o intorgrenulor ic moro ebrupb
in complez alloyo thon 4n puro metals or polid polutlon olicyo end 4s usually
accomparded by o pronowecd £all in the duebility of the matoriel. In mary
of theco alloys recovery by gralieboundary migration ocours to an incrensing
ozbont with increasing émera'bum, but the fracture mode 4o foumd to ramin
inﬁox’gxaénulam

& £all in ductility acccnponied by em increase in ereép iife ip ofton
obcerved et o constent temperature 49 the ctreoe is reduced, Thip effoet ip
more ecommon in complexz elloys ot low '%:em@era‘bmﬂes wheve the modo of fracture
changos £rom trencgrenular ©o intorgranular than at high temperatures, It 4o
206 uvnucual in Gheso ellqye to £ind thet ab high temporeturos a dvercare in
ctrecc bringe abous o docrenco in /ducatilﬁ:iry, although the frocture mode © yemning
intergranuler throughowt. Thip /&s'am.buted relmrily ¢o grainebowmdery
6liding boeoming the more prominont modo of doformticn e the strocs 4o poduced.

lo¢e 20 Typos of Intergramulor Frocbure Oboorvod,

From tho exzperimentel obeorvationg diecuscad 4n tho preceding cectim
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4% may bo coneluded thot low patee of dsformabiecn may induce embritticmont
within cortein tompereture rengos in ecomoroicl notels and elloyse Tho
mmiverinle are ductile ab temperatures bolow the criticel rongo end in momy
cngae rogein thelr ductility cbove thic roange. When embribélenont osours
the rupburc 4o ofton found ¢o be of tho ﬁmﬁsergmnum Lypo.e

Receont motellographic ctudies have chovm interprenuler fracturo Yo bo
ono of two basic typeo: wodgo chaped or "Welype'® eracks which are wsmally
initicted ot triple poinbs end eproad more or looe cortimously along $he
graineboundarioc, and rownd shoped or ‘retype’ cavitiotion in which mumeorous
cmell elliptical cavitles fom eleng grein-boundordec, grow with timo, tnd
oventually coalosco o proeipltoto feilure, In gonoral Ueiypo oracking 4o
promotied by low Yomperatures, high ctrocogo, ond high oreoperato, thoreap
r-typs cavitation ic promoted by high temporctures, low ctresn, end low croop
retes. ho exporimental obcorvationo of thecs ¢wo tmele fracturs rmochanimo
wdll bo discucesd coparately, bub becaues of the sloce intor rolotionchip
botwasn the various metellurgleel paramctors on both &ypo of failure theso w41l
be disouscod ac ono, Tho hypothosis ond experinontel evidonco put forwmrd o
oxplein the nucleation ond growbh of retypo ecavitios will, however, bo 4restod
in o eceparoto section,

1.40 8, todgeetypo Crocking,

Ag ctated previously, thip form of fracturc 1s ueunlly indtdoted ab
triple poinbs vhere threo grains meot end propagete aloapg vho graineboundary
away from this point, The diroertion of pmgéqga‘i:ion ic usucliy clong

bowmdaries trancvorss to the ghross axic, elthough prc};@gmtion 1{3_{ sheoy clong
‘unfavourable® bounderiop ic ooeapionally obesrved, Chang ot oﬁ havo

rocently sunmoriced ond prodused a pcohemtic reprocentation of the majority

of wedge=typo savities obsorved during croep fracture, figure 3, Tho diograms
clearly indicate thot grain boundary 5liding end the ereaticn of chross

concentrations et triple pointe ere nocescary for Talypo erack formbicn, I
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follows therefore that any mechamism which redusee the degree of sliding or
the strese consentration will inerease the duetility and creep 1ife of the
metal, Intergranuler wedge-type eracks have also been observed to originate

54
et pointe other than grein-boundery junctures. Weaver observed w.type creecks

et twinegrein boundery intersections whereas emaif and Hnrr:f observed them
at prescipitetes. In general uﬁ'n- concentrations resulting in localised
cracking will oscur on grain.boundaries where restrisction to metel flow is
ensounted,

Wedge-type oracking has been observed in a great mbcr of metals and
alloys, sumariges of which are given by Giﬂdnf and ﬂnnfclo in their reviews

of oreep rupture,

1.4, 4o Round or rstype caﬂ%tion.

In 1954 Greenwood et al roported a type of intergrenuler frecture, now
known to be quite sommen, which results from the formation of emall round
cavities in the grein.boundery. It wae proposed that the cavities inerease
in esize and number with continuous ai«p end eventuelly coalessce to preduce
continuous grainsboundery eracks, These ere ssldom obeerved exoopt at
greineboundaries and ere usually, but not exelusively, found in boundaries
oriented for meximum shear stress, The shape of the cevities ig in dispute,
although from the literature it appears that it may chenge with time or strein
rate, Many of the early workers proposed from optisal observations that
initially eevities were round and grew into an ellipticel form by & eembinmation
2; growth by vacaney condensation end the operative stress system, Nield et
el obtained similer results by X.ray micrographs where it was shown thet
during the early stages of growth the cavities hed a round structure which
grew inteelenticular dise lying in the boundary with its major axie

;g'ndiouhr to the appuod strosss This work has been substantiated by
Hymen and Stiegler et ul who showed thet cavities heve a reguler polyhedral
shape, Pregland et 39 made similer observations in meagnesium and proposed
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that the facos of *’ché poiyhedre) wore low index pleness Rocont obsorvations
by shadowgraph el@ctéon microecopy hagechown That oavitios havo chorp irreguler
ou%lines indieative of growth by mechaniecel means, 57

Since the initiel obrsorvations of retype covitation by CGroenmood et el
cavitetlon of this type has boen reported in e eonsidoreble mumbeor of metalc.
I'any of theso end th’o" conditions gmdueﬁ.ng rebype cevitobion heve bsen

O

sumnapriced by CGifking amd Garafello in recent reviow of ereep Lracturec.

1.4, 6. Initictlion and Propagabion of Imborprenuler Frocburo.

ZThoro 4o pow concidorable evidenco available which chows that intere
grenuler foilure reguires groineboundery sliding, high recistanco %o tronge
grenuler doformation, end the absenco or inhibkion of rocovery by, for examplo,
groin-boundery migretlon, The reletion between groineboundary sliding and
savity formation hoc been reported in the litorature Ly a number of workers.
In the majority of oncep 4% wac found that the incidence of eavitation

decrenced as tho resovery mechenicnm bocamo more prodemirtat,

1.4, Bule Effect of Gomposition eund liderostructire.

- The infiuvence of compositicn end microctructure on the (iniﬁﬁ.ation and
propezation in intergranuler cavitation ic found %o _be more complex than a
cimple compotitive interaction between tﬁe cheay strongth of the groin-boundery
and the flow ctroecs of the matrixf Several chtqrg offoeting eavitation bohaviour .
of e metel have now been establichod, Eeaﬁck ot ag proposad that ths movenent
of e graineboundary cbout o non-wet’cing particleg, cuch ag an 4nclusion or
incoheront precipiteto, can initicto cavitation by triple~point cracking cbout
tho particle. A gohomatio repr&)sentaﬁion of f;his nechaniem 4c givon in
figure 4, Since the obcorvetion of Reenick ob t;?. covitation of thic form hap

88,56,58,65,64,65,
boon roported by e numbor of other workers. ‘ Zho preconce of gralne
bowmdary porticles or dmpurities hoso nlce boen shorm o reduce the rats of
greineboundary migration thorcby redusing tho rote of recovory ond promoting

covitation, In the mejordty of cacos 4t wnc found thet como dogroo of
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ductility roturnod o tho metoriel et high ‘i:empera*’mrés whore groineboundery
migration moy Yeke plece dus to high temporature homogonicabion or recolution
of tho particles. A third factor influencing cavitation bohoviouwr in
complex elleys ic tho co-called @onmndod gono phenomenon observed in euch elloyo.
Thig offect 4c obsorved after coloctive precipitation of rocond phaces at
grain-boundaries which results in a nayrow groineboundary 2ono denuded of mary
of tho elloying elements, The chear strengbh of this pono 4n eolidepoliution
elloyc is reduced by locs of allaying elements, whilet 4n precipitation
herdening olloys it ic reduced by o reduction 4n tho numbor of procipltotes
in tho pone, The offect of thic sono om the duetility of tho Gypes of ellay,
howaver, is difforont. InZhe 501id soluticn elloyes denudeticn 4g found %o
locelico deformation in the rogion of the groineboundary therely promobing
embri%lemogz. InTho procipitation hepdencd ellgrs, on the othér hand,
denudation promotes en insroace 4n duetility by stress yollof deformobion in
thig zosg:w.

Zhe structurs of ti}e @aﬁn-bsunclaxy Lopelf moy hove oomo offect om
cavity formation, l‘ieavng reporbod thet coherent and nooresshereat ¢uwin
boundariec could deley or ctop é propRgabing orack, It wos chomm vhore o
twin traverced the whole grein md wes cufficlontly cocherent to stop o
proplgoating crack o complemontary crock doveloped on %ho oppocite sido of tho
tvln at the other grein.boundery o twin interfocs, It was thought ¢hat thie
vag due ¥o troncmiscion of the ctrase glong <he tw&nningsglwes. S:%m’.z.lag

0 3

obesrvations heve been reported by Holean, Groonwood ot el, end Hull ob al.

l.é, Seo Effost of Temporature, Stresc and Progieain,

It ip Aifficult to goparsto the offectp of temporaturo and stresc on
cavitatica boheviouwr due moinly 4o en inobility o peparote complotoly the
influenco of théss peremeters, for oxample the stress level ot hich o orosp
tect is conduotod is wmally reduced with increcce in tempereture to melntalin

the erecp rate within reoansomeblo 1imitscs, In gonerel 4% is found vhat an
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inorence in Yemperoturs end a decreace in stress promotes retype cavitetion
whilob W-typo oracling is promoted by low tomperaturos and high ctrescs
¥hig ic thought %o b duo Yo thero being a 1imiting tempornture bolow which
the extent of viccour greineboundary sliding beccomes emll theroby rodusing
the mumbor of eavity nueclei formed. Porhaps the moct diroct evidegca of tho
influonco of temperature on cavitotion was obteined by Intrater ob ai woridng
on copper biorystels. It was foumd that the numbor of cavitisco cbrorved amd
the degroo of cavitation for e glven amount of grainetovndery pliding woe
indepondent of tempercture ebove 680°C. A% lovor tomperotures whoro pliding
is strongly tomperaturc dependent this wae mot the eace,

Ae ptated provioucly 4% hao been ectablished thet in the m jority of
motale and alleys retype eavitation ic promoted by low stroscos and wetype
eracking by high .ctresses. The dopendonco of cavity formation on strecs ic
not howaver o cimple dependenco on a ctroco levol since 4% is elso found %o
bo sencitive to the orientation of the boundary %o the stroso axic and o the
migorientation engle between two neighbouring groinse Chon et 2?, for exorple
found that eavities did not form on the boundary of coppor biecryotoale oubjepved
to 'pure' tencion tut did form when ¢ho boundery wap pubjected to o eojhinatidn
of choar end éensile ctrocces. Thoeo observabions indicnte on apparent
roletionship betieon orystaliogrophic elip, groin.boundery siiding end cevity
formavion. %The work of Chen ot if hag beon pubstantioted by Daviec zé°Z§ who
domonsbrated using tencion w corproegsion orecp tesus that a correclation exishs
between the number of cvalloble nuslei siteo é;;%gdby cmygﬁallographié clip,
tho diroction of pliding of the boundary, and the mmbor end piro of the
cavities obeerved. It wac proposed that 4t ig cavily nuclestion which ic
diffioult uzder comprooeive chroscser end not growth op suggeoted by a number
of cther workerse Hull eb ig and Roteliffo ot ol, on tho other hand, hevo
demonstrated by superimporcition of hydrogtatie ctresces on gpocimens 4n voncllo

crecp that growth of retype cavities eon only ocowr under e chate of undoxial

obrost.
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Tho offect of prestrein on cavity formation eppeors 0 have beon
virtually noglogted. Intrater ot ﬁ prebenteﬁ ovidenco that tansﬁ.ie prostroin
could havo coneciderable &nfluen_cp ca avity formtion. %he number of covities
produced by prestraining the biciystalo wap found to be greater than in ‘ae
grovia' boundoriess Thoso £indings wore interpretod np indicating thet groine
boundeyy ledges fcrme_d by olip~boundary interasticn during the prestrain
deformation indtinte the cavitles, This wao cubptantioted by the oboervation
that the ocavity opseing increased ae the coareoe sllp band spacing incmaeeﬂ
with ricing temperature. On the other hend, 4% wao clso cboorved thot tho
cavity spacing in ‘as-gremi' boundaries was gmeller $han the clipband oppoeing
obgerved after tosts It wne concluded tha;% o numbey of ledges must have
becn prodused in tho boundery prior to testing of the bﬁck?yatalsp Zhe
crientation roletionship botwoen the direction of the proctrelin axio and the
crocp ctroos aelo hac been demongirated 4o exert ocoaclderable influence on thoe
cavitetion behaviour of the motalle Davies ot Z‘i, for ozemple, chowed that
under uniazial tencion raxirm cavitation occurred on Wwwnderies inciined
between 00° and 60° to the otroct exic. Prestroivdng in compression followod
by en immediete reversal of tho firess direétioa wee found Yo dncreaco tho
denoity of cavitios formod in bowmdaries inclined botwsen 60° end $0° %o tho ‘
ctress azic. fThic wog attributed o there belng en inorease in tho nuzber of
evaileble savity nuclei sites on such bmmdaxviea after compreoseive presitrain,
This 1o illustrated schematically 4n figwre B. I% wos nlso démonctra‘csd thol
cavitles formed in tension eithor cinteped op grew in oompression creop |
depending/érgethax’ the compression ctrese direction wo at180° or §3° %o the
original Gensile ézreatizia Thic evidenco farther substontistes thob of
Intpater et i; in that ledges formed in tho ggin.boundary are neeescarl/ly for
cavity formtibn. It alco indicoteos thot the dircction of grolneboundary
oliding in relction to boundery iledgés can bo of conciderable importanse whon

cencidering pocsible mucisation citce of eovitios in metals,
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Rocont dnvectigations have demongbrated thet the environment nay offest
theo machanieal properties of motals eand ellgye a6 high as well ac low
Yomperaturogs Eerly studies have chowm ¢$he flow choracterictics of metdn,
partioulerly oingle erycbele, %o be cénsitive o the curromnding liquid or
c0lid onvironment, LAlthough theso recultc congbitube the bulk of the
epvidenco of envirommontol influence en \i‘mcﬂ:m‘e behavﬁ.éur they will not bo
diseucsed in this reoview, rather tho msc;pa will bo limlived 4o ezporimente
concerned with the influense of pnoeous otmocphores on oregp and crecperupturo
propertics of motals end alloyise The influsneo of gacocus envipsrnonts on
tho mochenical properties of motelc end alloys et high tompoeratures hac been
cttribusted %o

(e) energy chonges prodused by the cboorption of meoo onto o

freo curfaco reoulting in Waakeni_ng,
and (b) compositional ohangec predused by diffusion of oeo into tho

bull: motal end pdoclbls gosemotol reactiong,
With rogard Go mochandem (), the curfece cnorgles of motals oro emoll
conpaguencly the emunt by which the sbrength myy be eltored by chenging the
curface enorgy, providing the owfece is craoek froe, is 0leo vory cmil, If,
oz the other hand, inmtergrenuler cracks are produced by the deformntion procecs
the responce of tho strength to wwlace onorgy chonges moy be merked dus to Ato
&nfluonee on the rateo of aock propagation. Thilsh surfoce enorgy offecto
can opercte at all temperoturco mochanien (b) besomos operative only ob high
tomporatures whero the rotes of diffusicn of gncos in mobolc io csonsidorably
inereacods A% thooe temporaturop it ip poosible for ctrengthoning to tako
place as o recult of pacenctol reactiono end tho svbeoquent formetion of
pertioless It ip 0lso posolble for embritblement to ocowr whon tho produsk
of the reaction 45 pltuated near or on the groineboundary., Fhum, whileh onldy-
one nechanicn i in evidenco ab low temporatures, two may be operative ot hich

tomperaturen,
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thehinien ot ol, working 02 niclkel end nickolebnse sllgyo have
invegtigeted the offect of teét ¢onditions on fracburo bohaviour. Tader
ccnditions which wore fovoureble to internal ozidetion, norply intermndicto
to high Yemperatures md low strain rates, concidercble strongthening wp
cbgerved. This was attributed firgt to the prevention of recovery by Eroine
boundary migrotion by ozide particles end sscondly, to the £illing or blocking
of surfece indtiated craske by nickol ozide whieh 'eff.’ecisﬁ.velsr nobed ap o lond
bearing materiel end maintained purface continudty of the cpeeimon, Ghus
roduoing sbross 6o£cenﬁz~ationcg The rupbture 1ifeo of the internally ozidiced
cpecinenyo wac found, howsver, o bo phorter than thoeo tested in vaouum,
| A% high cbrosses incufficient ¢imo is availoble ;I‘or inYernal oxidabion
eonsequently it was found that the eroep cbrength of the mberinl in cly wac
less than in vecuum. Shohinden o% Zg alco demongbrated ot the ebrorption
of nitrogen clong tho grainebounderios of impure niekol hac o cirller offoet
ke ozygen ot intermediete omd high esreccoe oand thet 4% locedo Yo ez;cen'cﬂ.vga
intergrenular oracking when compored with tecbe in voomm., Introtor ob g%
working on oopper bicryctelo Lownd thob the crack epposyrance difforod with
onviromment., In hydrogen 4polated cavities were obgorved vhereat 4n vacuwn
oresks propageting from the purface were found, | ZThe latter effest woo
abtribubted to the aboorpbion of oxygen reduoing the grain-bowdery energy theroby
vaqmomng fracture, Boobiner ot Zg, oa the other hand, found a slight inerecco
in the incidenco of cavitation 4n hydrogen coipared with thet in argen or cir,
It ic dnterecting to noto that the observed ineidence of omviteotion wap higheet
et the cubsurface ond deorenced popidly tovmrds the centro of the cpociten,
In polyeryctelline aoppgs end smvgg ozygen ebsorption nlong the grain
boundorios 4g Yhought %o promsto cavitetion by provenving or reducing £roin
boundary migration.

“he pertiel prossurc of o renctive gos in an cavirommont 4c found to

ozert o pronounced influence cn the fracture behaviour of mony moberiels 4n
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eroop end clevated tomperature fatigus. Thug Blenlmsy found thet the
ductility of oopperrdaeg*wd with docreago in vacuun, In agreemsms with
thoeo rocults &orzﬂgi found that tho fatigue 1ife of nluminiun obocdily _' :
‘incraae@ﬂ wvith decreaso in oir prescure. Similar recults wore obtained ’by
Aghtor ot Z?, who found thot tho fabtigus 1ife of nlckel doponded aa the parbial
presoure of oxygeon in the environmmont. It wap found that the fdigue 1ifo woo
groateoct wndor @ondi’cionuv which ﬁ’avowced ﬁﬁternal ozidetion,

Cthor typeo of gnoeous enﬁmmaent heve been ghowm to affoct intore
grenulor {ractire during oreop of metals ond elloys. For ozomple, otrecce
corrosion oracking can ocour in torvice in mony ‘brasc alloyp' if they are
strecsed in moich nmoas.a-eontaiﬁing énvlromaentse The number of nobole Thet
ere suscoptable ¥o intergranuler fracture in liguid envirommente ic very
largo.  Some of theore iuvolve liquid metels which couce follure by intore
granuler penctration or moss troncport ot high tenporotures. Abgorpticn of
oxygen nlong the groine-bounderioc is found to promnte the former mechoniem

of abtackse

1.4, Bete Potbo of Husleation and Growth,

Zhere have been very few guantitative measuremonbc of cavity nuelection
rotes reported in the literature. Initrater ot :?;% £rom their studiecs of
copper blcrystale conoluded that the nutber of cavities incrensed monotonicelly
with graineboundery sliding end wee independent of temperature, Groenwood
ot g found that the spnoing betwoon covitiee increaced with temporature, but
precice meapuremonte were not mndo ond the rate ot which the cavitios becorw
obeervable was not determined. Denecity msasuromonte have been exployed by
geveral workerc in en attempt to obtain an indication of the rato of
nucleation end growth of p-typo covitiesc. Boottnor ot Zg found that cavitiec
were nucleated during the early sbtages of primary creep, but concluded thet
growth did not becomo epprocicblo until “owards the end of thic poriods ZThe

reto of growth wes found to incrence stendily during gecondery creep, thoan
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follow o porabolic inercase during tertlery orespe. Hull ob ol and Gitiino,

on tho other hand » concluded from their ezperiments that nusleation of

cevities must be continuous thm;xgh@ut the ez'eapalife ond that growth oscurs

at o constant rate, chercaI;y‘; Greeawood ot Zi propose thet tho observed
change in cpecimanif denoity with creop 1ifo camnot bo ascounted for waless both
the rﬁuelea’cion end growth rate vary with crecp life; The literature containg
only ono report of direct cbservations of nucleation end growbh rate el B.type
cavities during oroep. Oliver ob Sg working on cilver found that the number
of visiblo cavities inorsacod rapidly with time then levoled off Yo o consbont
values They conciude that o £ized number of pospible mucleation sites are
presont 4in o moterial for any therml his"cor;y" end that the number of musleld 4e
not depondent on st&ain ot o oonptont ﬁemparéﬁmeo

Tomperature 1o found %o be en important paremeter in intergronular
crecp cince i% influenceo the otraln ot which oavities beoogms viclble, Thuc
o~ bracs doos not exhibit cordty formation wntil BOﬂrcreep strain ot «108°C,
but exhibits eavities after cnly 67 sirain ot 4—8200?0 Similor behavi‘our w2
found by Reid et gi in copper - 207 nickoel alloys tected in Yension at congtons
ctroin retes Thuc the eirain ot which cavities firot becems vislble
epparently inecreases with dforeuse in Yerpepature, I% ic intoronting to
note the work of Davies et ;g who found thet the Gotel ctrein ot tho end ‘of
cocondary croop in pure ond impure nickel and e niekel «1,167 vind alicy woe
the came 4n all eases, indiceting thet the roke of cavity nucleation and
growch differed only during tertieary oreep of thoce matericlc.

A5 in the cace of cavity nuclootion there havodbeen vory fov ryciomitic
stuﬂige of the rate of mvity growth - Greenwood e Zi end pubpeguently other
ngf:g;g?lrepcr‘t thet the sirain ot waich cavitios ore £lret detectable
decrensed with increacing tomporeture, This work au’ggéa‘be that growih roto
increnses with Yemperature, but i% must bo rensmbersd that the c"amiﬁ component

due to groineboundary sliding ic clso increacsd by en ineroaco in temporedure,
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and henee the results do not represent a mﬁu tomp;;atm effect, In
simple shear tests on copper bieorystals Imtrater et el found & lineer
relationship between the degree of sliding and size of cavity formed. They
414 not, however, attempt to eorrelate the rete of grein.bowndary sliding
with the rate of eavity growth, Oliver et :g obtained similer results for
silver and found e reletionship between cavity growth rate and time of the

form,

s

Robs (TR 4o

Where Ropg, 4s the mean observed cavity radius.

¢ is the time of strain,

(T) 4e the growth rate.

Ry is e correction factor for cavity enlargement by etehing,
Wouv:: obtained a similer linesr relationship between the volume of watype
eracks per unit grain.boundery snd both the time to rupture and slongation &t
rupture. The reletionship wes gshown to be independent of mierostructure,
Wleever also reported thet erack propagation may be delayed by echerent
seeondephase particles im the grein-boundery, Noneocherent particles, on
the other hand, were found to serve as nucleation sites for watype eracking,

thereby reducing the rupture life of the material,

1, 5, MECHANISUS OF INTE FGRANULAR FRACTURE,

The experimentel observetions reported in the preceding section show
that there are t::;::m of intergranuler frasture, these being wedge or
Wetype and round or -r-t&pn. The besic understanding of nueleation end
growth of either type of fracture ig very limited because of the lagk of
quentitative theories amenable to experimental verification, There ere,
however, & number of hypotheses based on physical models which define e number

of mechaniems eonserning nuclestion and growth of both these frectwres, The
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uohunﬁuu of nucleation ere based on the generally accepted congept that
plagtic flow is necessary for fracture with particuler emphagis on specifiec
modes of deformation, Thus ereep deformetion and oreep rupture are elosely
inter.related end must be treated as such, This intererelationship is
necessary to explein the initietion and propagation of orasks and eavities
which ere formed at stresses below the theoreticel lattice stremgth., The
difference between the observed and theoretical strengths mey be of the order
of several magnitudes end is often attributed to the creep deformation.
1, Fole Watype Cracks.

Virtually all the hypetheses thet have been propesed teo explain the
nueleation and growth of wetype erscks im high-temperature ecreep ere based on
the model eriginally proposed by 20!:::, figure B, In Zener's model the greine
boundary is considered to be a thin, viscous region in an elastic metriz.
Upon application of @ shear stress both the elastic matrix and viseous
inelueion (graineboundery) deform elastically in the seme manner, However,
Af the stress is meintained the wiseous region deferms to a greater extent
with time, resulting in a tensile strees consentration in the elastic metrix
et the ends of the viscous inclusion. In figure B the grain.boundary AeA’
relexes under the shear stress resulting from the applied tension preduced
by & stress soncentration across boundery BeB', which mey fracture if the
stress concentration reaches the ecohesive strengthof BeB', mf: then
assumed that, et least for an order of megnitude, the viscous boundary eould
be treated as & creck. However, experimenmtal ocbeervations of the conditions
leading to the formation of wetype cracks are not in complete agreement with
this proposal, Flow in the vigcous regienm should be strongly rete.dependent,
and, et high stresses end creep rates little ‘lhnr-ltrou relexation is
expected across & grain-boundery, This is substantisted by the observation
that at high stress graineboundery sliding makes very little comtribution to
the overall oreep strain, Om the other hand, wetype eracks are not observed
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e% low stresses whoro complete or near gomplote reloxeticn aerosso bomﬂw&es
sould be ecxpectode Thore 4o no doub% that rirosc eoncentroticns cre
doveloped at tripleepointio, bub it ic wlikely thot 46 tﬁ:’i.ll bo in the form of
Iydroctatic tencion required by the Zenor model, %ho ctress ccncentrobions
in Zenor's model can be portinlly atéributed o groineboundary cliding bub 4%
ic aleo intonsified by avdcotropie effeetc reloted to the difforing
orlontetion of the adjucont grainc. The formation of wetypo erocke would
elgo be dependent on the pigidity Of, the £liding graing and the rato of
greineboundory migration, High rates of deformbion tend to insrooco the
rigidity of the grains, thot ic dnereaco the resicboncs o transgronuley £low,
end hence promotef croek formation. The offect 0f crecp rate on groine |
boundary migration s mot kmowm, bub novértiw?:esa ‘tho abeenes of eny form of
cavitetion bohaviour in ultre-puro metalc &5 otiribubed porti ally to the
dissipation of stress comcentrationc by plactic flow and {;rain.bom;lary
mdgeation, Tho greater propeneﬁ.ty for vabypo oraolcﬁ,ng in ollgys ic prﬁ.mnfy
attrlbuted to tho increase in the flow chrength of the greing ond oocom&';l:o o
deorenco in the graineboundary mobllity.

The cuontitative tosbting of Zene?fs moded has been vory limitoed.
Licl,ezg has estimtied the minimm ebrese required to form o gooblo oreck ob

838
the head of o oliding bowndery using e modificaticn of Stroh'c equaticn for

'Jz SREL R

TL

bristle fracture:

where fj ic the chear strensc coross the boundary,
Xb io the ourfoco energy por \mi"c area of cvuclz. form@ﬂ in $he boundexy,
% 4o the ehear' mduluo,
K 45 the longth of the c?.:t.dﬁ.ng baundamfe
It woo found that oxcopt in the case of GO’IIplGE procipitation
hardening alloys, the cboorved veluep of mxﬁ.mzm chear stroos wore 4n good

B4
ogroerent tith thoss estimbod frem t’?;e mcd:lf:lad formuleo. Toavor polmted
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out that good agrocment betwoon the cbeorved and thoorotienl mazlmum cheow
strecs in complex clloys is obtelned 4f the interpartiele spacing of the
precipitetor present in the gmﬂ.n-bgundamr ip ocubgblibuted for the leagth of
the sliding boundery, L. Smith ot Si, on tho other hand, calculeted that the
ninimm gtress for nuclenticn of o crock ob thoe intorscoetion of ¢wo cheay
bonds (ennlogouc to triple point cracking) 1o conolderably lose thea that
predicted by ileleon'c modification of Stroh’o equaticn, It was aleo pointed
out that AL the offective fracture curface energy for crack growth 4c greoter
then thet for nucleatlon, then growth is the more diffidult process end tho
crock will only extond with &nsromcing ctrein 4n the shearing elemonto,
Exporimsntal evidence wae presented which vorified that the rato of crack
groweh ot high temperatures 1o coneiderably less vhan thot of o Criffithetypo
unstablo erack. Waddingtgg hac pointed oub thot tho cocumpbion by mcng
that tho curfece energy of the cliding bowdery deop not change with doform-
etlon 4o in;:orrec"do AVIaédingtgg derived an equation baced on the work of
olows and S2th eb oy vhich obbempbed to predict the conditions wder which

wetypoe oracks ero nucleated:-

13 1 S, (0T

vhere < 1c the epplicd ctreso

UL 46 the atomic volums

& X 10 the groineboundeyy width

Q ic the notivation enorpy for self diffusicn

K, 15 o proportionel ccnotont

“z ic o proportional constant dependent on graln pigo

Q 4o the Burgers vecter of the dlslocation in the pilo=up

" 4c the number of dislocetions in the pile-up,

If LHS > FHS then o triplo point crack ip indticted, convercoldy, A€
s < nHS rupture csocurs by tho formation of Patypo cavities. A similor



81.
eoncept of am inter-relatiomship b;‘:wun watype umektng' and retype eavitation
has been developed by Steigler et al. It was postulated thet a balence
exists between the flux of vacansies entering the growing cavity nuslei frem
the grein.boundary, jgp, end the flux of vacancles seross the surfase of the
eavity to reduse the surface emergy, jy If the flux of vesancies into the
cavity is equal to or less then the surface flux, that is 38,4 Jgo then the
eavity will remain pelyliedrel in shape, if, on the ether hend, Jgp > Jp the
savity will grow preferenticlly elong the grein-boundery plane, In the
extreme case where jop>> Jg growth will be very rapid in the plame of the
grein-boundery end in the direction of grain.boundery eliding icading to the
development of w-type eracks at triple points, Thie 1s schematicelly
illustreted in figure 7. A more deteiled discussion of this theory will be
given in the section concerning r-type cavity growth,

1.6 2. Retype Cavities.

At the time of their original observation of ecavitetion fracture
Greenwood et 3 postulated thet the cavities were nusleated by the condensation
of ex¢ess vecancies in the lattise, The vecangy consentration wes presumed
%o arise from the thermel equilibrium concentration et high temperatures plus
any vecancies ereated by deformetion. Greenwood et cf{s quantitetive
arguments in support of the proposal were based on the observeticn thet the
number of vacensies in a lattice increase with increase in temperature and
deerease in strain.rete, Subsequent theeretial mwign:m besed on
nucleation theory showed thet the super-saturation retio of vecencies required
to nucleste uvitioi by condensation was meny erders of meagnitude greater them
that normelly observed in metals, In eddition, as cottn:: points out, there
is good evidence that grein.bounderies are efficient vecenoy sinks providing
yet another reason wlgliwmegmeu: nucleation is unlikely in grein.bounderies.
Finally, Intrater et al heve showm that in copper bicrystals the rete of

nueleation of cavities is imdependent of tempereture over a wide temperature
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range in which voocanoy cencentrotion and nobility would be expecsted Uo ries
gharply _W:ﬁih tomporature. As o rocult of those obeorvations the originel
concopt of Groemwood et g;i hae boon generally cbardoned ond it 4o now acoumod
that submieroccopic cavities are elrecdy preigngf ors oreatod A:gip groine
‘boundary iﬂ%erii%ggn, or thebt hé?f;@geneous nucleation may cccvr ab oopond

‘ ~ 56,68,68,76,89.

phace or nonewetting particle interfaces,

In pure metels and alloye couboining porticle-froc bounderics the moch
ecfopted mode of nucleation of r-type cavities 4o by the iuteraction of lodges
formed by tronegronulor siip end groineboundary glidinge Thio mechanicm of
oavity nusleation was first prepnoed by Gifldgg who poctulated that ledges
could bo formed in a groin.boundary by clip accommodation acmsé the boundary .
the otrepssc field developed by diplocations rumning into the plieaup that
originolly formed the clipestop plus the ctroso dus to loti'c ‘creos of miofit’
in the groin-boundary wac ccnsidered oufficient o couco fracture of tho ledroe
motpix interfoce, figuro 8. Crowth of the cavity nuclei wos conscidered $o
ocour by graineboundery ollding, Chen e% 2%. peinted out that 4t wop highly
uniikely thet tho ctrecsc dovelopod by the mochoniem proposed by Gﬂﬁ.ﬁgg e
of cufficient mognitude to inltiete fracture of the lodgeenatriz dntorfece.

It was propossd ‘é:haﬁ 6 strecs of cufficient magnitude %o initlote frecturc
sould be developed acroct the ledge imterface by ciiding of the graincboundary.
The direction of sliding relative to0 tho lodgo.matrixz interfoce top chowm o
bo of greet importonece, [Frocture can only ocour 4f the direction of sliding
ic cuch thet tensile stresses arc doveloped aoross the interface, rovercal of
the oliding direction recults 4n ccnpreosive seresoen under which Lracture
cannot oceur, figure 9, Gifl:igg points out thet such o confipureticn et the
grein-boundory will tond to be ollinimnted by grain-boundory migration, and
thorefore, 4f the ledge io to porsict long onouch fer o cavity to bo nusleated
the rotos of groineboundery migrotion must bo low rolative to the robos of

o2
boundery sliding, leoLoen egtimatos thot for vbability the ledge hoight much
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bo grester than four atomic dinmsters. Chen ot ol and [oild et nl have
0l6o dissusced cimllar modele inwolving irreguloz=ggﬁgﬁJxaundariea and <he
offectc of groineboundery sliding withowt specifyring the origin of the
irregulerition which serve oc covily nucleation piten,
A number of objections have beon mode to the icdpoe0liding nechenicn
of eavity nucleation propossd by Gifkigg end Cheon ot 2%0 Firet, Introtor ot
gi have demonotrated thet eavities ore nusleated in prestrained coppor
bicnyétala ot intervals approximtely oqual to the esorso clip band opaocing,
but in the 'ap-grown' boundories tho obeerved cavity epaciné wae lose then tho
clip-band width, I% wap propoced thaﬁyth@ ‘agegrown® boundory eoggained
‘ecbrycenucled!, but tho form of those woo not epeoificd, = Cobirell, ucing
Stroh's oriterion for brittlo froeture, pointed out thot 1t is highly uwnliloly
that barriero in the form of ledges con nucleate froeture ot strosces bolow
that for triplo-point crocking., Soith ot gg, hoever, hove chomn thot Stroh's
oriterion cannot bo appliod directly $o erocp fractwro and thot the truo
stroes required for cavity nuelention ig ot leagt ono order of mopnituds lowop
than thot predicted by Cottregg. L third possible ebjecticn is that in Lary
polyeryctalline metolg grain-boundaxy deformobion sonss poveral microns Lhiol
ore chsorveds In viow of the severeplastlo deformetion taking pince 4n theso
genes It isc unlikely thuot ledges of the order of F0=100 2° in hoight will be
formed, or if formsd will remein ctable sufficiontly long o nuslonto o cavity.
To date no work on the sbabllity of ledpes in e 'dynamie cheor gons® has boen
reported in the literatwres In an ettampt o ovefeome “hio objeé%ﬁon EELGSE
propoced thet inctead of ledges narpow obeps, approxinmotely 100 A° ong end
20 £° high, capsble of nllowing 61iding on either oide exict 4n tho boundory,
llo presented o esnleulation which indiccted that 4n o mgnesiumebaco alley ond
e Himonic alley reaccmable rotop of groineboundory sliding oxceeded tho rate of
sintering and was thug capable of nucleating a eavity, Harggo, polintod oub

en error in lieleon's enlouloticn which whon corregted indieatep epparently
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vnrealistlic rates of boundsry sliding, Recent calculetions by Smith et el,
however, have shown thatasliding rate of the megnitude required 'by Horris con
be achieved during intermittent periods of rapid eliding of the boundery
whilet the overell sliding rate moy be considerably lower than thet reguired
" to nucleate & cavity.

Preglend ot eexg have suggeted that cusps formed et the subeboundery
grein-boundary interface are poeysiblevnucleation eiteo for cavities in
magnesium, The possibility of cusps being nucleation pltes for cavitios hee
been dismissed by Harrfs who has shown on the basis of tho filgures presonted
by Preclond et 22 that the distance between the cueps is for too emell for them
to ect o5 nuclels A possible objection to this ergument ie that 1t 4is assumsd
that every cusp actez'as a nuélaj;swhich de highly unlikely., A farther
objection to the theory is that cavitation occurs in pure copper which does
not readily polygeniss, whereas it does not ocour in pure aluminium which
polygeniges extensively during corcep deformation, ; v _

Iﬁ.eld ot 2‘{ do not fevour nucleatién of éavities elther by vacancy
condensation or by direct consentration of the low strésaes ezperienced in
cresps,  They explain their observetions of cavitation on the basic of o
balance between relexation of the boundary-trensition gone by self-diffucion
and grain<boundery migration, It is proposed that the relamts.on process
aets up tensile end compressive stresses at boundery irregulerities which,
unless boundery migration coours, mgy conﬂaine with the stressos due o boundery
sliding end nucleate cavities at the sites of tensile stresges, - The mechonism
ep proposed by Nield et :Z eppears to b'é,a goneral statemont of o mechaonienm

~of the type described previously end retoins the major eritiolem in that no
indication 4s given as to the form of the irrogulerities which eventually act
es the nucleant,

The possibility of cavity nucleetion sites being precent in situ in

materiels prior %o creop in the form of subemioroscopic pores has been
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repudidated by Cottrell who hac pointed oub that guch emall pores would be
expected to disappear by sintering because of their smll oipe eorly 4n the
creep process. Also, if the nuclel were submicrosropic pores petype cavitiec
would be produced under all conditions of temperature and stross, and not, as
obgerved, only under certein conditions.

There is coneiderable evidence in the literature that nucleatiom of
cavities in complex nlloys and impure ﬁetals moy tole place by sliding of fha
groineboundary ebout nonewetting particles or‘precipitates,'a gchematic
repregsentetion of which is given in figuré 4, liuch of the evidence for this
mecheniem of cavity nucleation ié indireoct, for example, en incrense in the

44,47 ,48,66,79.
purity of most metals is accompanied by en increase in‘cregp ductility.
It has been argued tﬁat thie is due directly to the removal of inclucione
vhich would otherwisa cct as cavity nuGIZ:a It hae olco Beon puggested that
the obeerved improvement in ductility ic e consequence of enhanced groine
boundery migration in the purer raberiels relieving local strese concontrations;
but this explenation is not necessarily at verience with the concept of cavity
nucleation et secondephase particles. The pregence of oxygea in the

46,73,76,77, 75 '

environment surrounding specimens of copper. end nickel during creep has
been ghown to enhence cevitation. It is proposed that this is due to the
formtion of oxide particles which act s nuclei in proference to ledges, thus
causing the observed rates of cavitation, ’ Cottragg suggested that the degres
of cohesion between e particle and thé matrix may influence 4ts ebility to act
88 é nucleds, In support, he pointed out that pure cluminium, the oxide of
which is strongly coherent, does not cevitate during oreep. Thic hypothesis
could also explain theAabaense of intergrenuler failure in high purity lead,
It must be pointed out, howsver, that both leed and nluminiun ezhibit very
high recovery rates such that stress concentrations gufficiently high to
nucleate cavities moy never be developed, Further indirect evidence for

£3 : .
secondwphase particle nuclection is provided by Eborall who suggested thob
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pure titanium does not cavitate dn oresp duc to & ability to digsolve itc
on ozide ond similer compounds.

The mejority of the mechenisms proposed for nuclentica of both vty pe
and r-type fractures depend on the seme oriterion of grain.boundary sliding
end concentration of the normnl stress ot line or plemar obstacles. lome of
the proposed mechanisms are able to predict or explain directly the observation
}that Wwetype oracks cocur predominently ot high streasos and low temperatures
ond that retype cavities ocour et low stresses and high temperstures. A
fensible explanation may not be possible without further knowedge of the
effoct of the rate of deformation and temperature on the relief of stress
concentration at triple~points, grein-boundary ledges, end grainaboundery:
particles, |

s~ The problen of how cavities, once nucleated, may increase in size and
the influence of stress on this process has been the subjest of o great number
of investigetions, Two mechaniims hove roceived considerable attention in
the past decede, these ‘being growth by condensntion of vacancies end growth by
continued sliding of the greineboundary, - Beccuse of the conflicting nature
of these two theories the evidence for end egainst each theory will be
discussed separately end an .qspessment of both made st the end,

Greenwood et asz in their original proposal of cavity nucleation by
vacanoy condengation postulsted thet growth would oecur by continued
condensetion of vacancies. moLegg eleo assumed that the covitios grew by
the condensation of vasancies and adopted the Naberrowtorring cnnlysis for
diffucion oreep to the analyeis of the problem of cavity growth in or;ier .to
take into account the influence of the cpplied stress. CGifkins et ig have
0lgo exemined the influence of stress on cavity growth using the Nebarroe

Herring analyeis end derived o critical stress reletion for the growth of
38
cavities baged on the cavity dimensions. Hull et el have extended this

enalysis by assuming that in the Vemperature renge in which cavity formation
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oceurs greineboundery diffusion ic the only important diffusion mochanieme A

36 .
cimplified form of Hull ot al's expreccion for cavity growth ic oo folloves

'(6‘—?)2‘31
. G
where o is epplied strecs,
P 4& the hydroctatic gtress ezperienced Ly the cavity,

¥ is the surface, enorgy of the cavity,

i ic {:hgamdiuaof the caviyy.

 Hull et el predistod and pubsoquently demongtrated thot wmder gonditions
where ﬁhe. hydrootatic stress P wa;i equal to the princip%é-stresa o cavitios
connod bo formed, It wop propoped that thie is duo to the inability of
vacancies to diffuce under a hydrostetic strocss However, from the some
canlysin, for o constant volue of (s - ) ‘E;herup’i“‘,uré timo chouild remadn
constont, Experiment hag chovm thic not %o be co. 4 corrolabion betwesn
prédic‘ced and experimental results sould cnly bo obtained if 4% 4o csmmod
thot the number of cavitios increared with & et o congtont value of @ —FP 38
4 cimiler onalyeic end gerdes of experiments wac condusted by Reteliffo ob Zi.
It wac demongvrated that cavities muclected under norml tencilo eroop
conditions coneed to grow on the supereimpocition of o hydrosteblo cbrose
equal to the prineciple otrescs, The »inveatiga‘boro concluded that the growth
cdvitﬂ.ee ceaced due to the proventicn of vacency ddffusion, This, 1t is
eleimed, pointc to waeconcy cca@emm:%om belng en important moghanicm ef cavity
growthe.  Tho work oi‘ Ratbeliffe ob Zil: sufferé, howover, £rom o slmiler
critiocicm e that of Hull eb ig in that o correletion betwoon theoretical
prodictionc and oxperimontol obgorvation ?.n obtelned only 1€ 4% 4o aaeim@d
thet the mumber of cevities formod incronces with time,  Spoight eb Si have
conducted o forthor theoretionl enclyelc of tho form derived by Hull et Zg

end eonclude that the gpacing between neighbouring cavities con conrlderobly

influonce the growbh pete of the-cevities, -
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The observavions of Olivor ot el on silver lood 4o gomewhat Aifforont

conelusions to thoeo of Hull ot ii and Spoight ot gio Oa the basieo of |
oxporimontal ovidence it wnc concluded that the nuele;&ua size ip almost Boro

ond that the x'ate of cavity growth :la ind@pendent of intorecovity cp"cingg
.remlning comtant even when the eavities are in gontoct, . They porbulated
| - thot 4 eavﬁ.ty grorfth dopended on groinebeundary diffucion of vaﬂaneﬁ.éé the

| gmvrth‘raﬁe sheﬁ;.é docrecee os the ﬁ,n erecavity spacing decreaced sires tho
%olume of greineboundery mnberial pugp;yimg the dofects dooreacos. In thelr
cbudy of éavi%y @mh 2o puch c‘é«a@x’egse in the roto of growth wao cboorved.
| It wac concluded thet tho vosonsles mict be diffucing from the bull: grain to
VI aaﬁéa ‘cévx’.w (;z'o':r‘ch, and from i;heﬁ.r analysis of the kinetics of eovity growth,

that divaeancies ore i;he noct 1ikely ﬁﬁfﬁ‘uc*ng ds:afeaw .
| In th? cnalyeds of Groenmood et 2% Hull ety ;8 Paticllffo b Z?: and
Speight ot gi i% Lo ocoumed thet tho sourco of weancies o deformtion by
aliding in the grain,bmmdqxw Atpolf,  Boottner ot zg ueing convidorably
lorger séeoﬁ.men_a then these dnvesbtigators found that o subotentlolly higher
eavi%y volmne ez;ier'cs in tho surfece £one Hhen 2,17. the contre of the spocimennse
‘”’hia wag interpreted ag indicating that 'Lha surface of the rpocimon, and not
th@ gmﬁ.n-bcundary, is the major cource of vaoanoeies.

Tho evidonce for cavity growth by vaeeney eondencotion hap been verified
mﬁy timeg, bubt wmlortunatoly cach invectigotor hac olightly modified the
equéiménts conduc_ted previcusly without otterpting o different. fundinonteld
approash, Conaoqusnt}.y each puscessive ezporiment has retoined come of the
ma jor eéiticissna ‘oi‘.’ the o_ri@nal vorke For crample, although oxecllent
‘agreemén% with theoretical predictions for the offect of cupereimpoced
lﬁdrosﬁu‘bia ctreos has beon obbalned, the models cosumed that ecavitien woro
at ail .i:vimaa ’sphe_z'ical amd that growth wng entirely by vecangy eondencobion
it h lﬁnking by sirmple nsrging both of which nou appear tmtomb'ieo Tho
' mjorﬁ.‘é:y of invastﬁ._gators hovo empleyed thin wire cpecimens, but Boobtnor ob
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el have subseguontly de-nons’cmted that tho depgree of cavitation eon vory
ooroce the coction of o thick eposcimen cnd hove hed Yo conciderably m@ﬂﬂééy
exicting concoptec to acoount for thic observation. In nddibien, l'ochlin hag
pointed out thobt a pupor-impossed hydmctatic presmzre will 1imit gro*rbhaof |
| eavﬁ.ties by any mec!mniam, cf dmc*tile ﬁ'ao'uureo | mmzy, Intretor éﬁ: a%
have chown ‘hot over o wide tempemture range the growch of cavﬁ.ties in
N .ecpper bicmatalo i s.ndepsndent of mampemture bus depen&ezxt on obe degz'ee
' ai’ grain.boundaxy sliding.
In his origiml h@rpotheuia of cavﬂ.’by nucleationn Gﬁ.fkigg pfoédsed thet

’E,'PGW?;h eecum'eﬂ by eontinumd graﬁ.n-boundary slqding ai‘bez' nuclea‘b:lon of the

| eavity. "’he argmont ccntinual&f put i’om:ard agoﬁm:t thia ahcnﬁ.cm Gf
crow{:h 16 that co.vitiee are not observecl ln compreosion ereep ‘%es‘%ao | Davﬂ,es
et Zi hevo 'pointed oub tha‘i; thig my be duo %o a ﬂii‘ficulty of mclea%cm, not
gro'n‘:h. To teso thic hypachesﬁ.s oavities were formefi ﬂ.n e upeeiman 7
teneilo creep whieh wos then subjested %o ocmpreocﬁ.on Crogcps. 1’% wes found
thot when tho direotion of tho compreasive streaa wae diroct :W opposito the
direc‘bidn of the or‘sgﬁ.naz tencile stress the cavitdes olosed and sintercd,

but when the two directions Rre perpends.culur €0 ono :mother eavﬂ.ty grovth
wag obeerved, I‘o wag proooced thet 4n the former coco "c.he boundar@r alﬂ.aing
direction was z*eversed on appl&ea'bion cf the comprenalve ctreco, bub in tho

| latter it was in the £OmG CONCYe mplﬁ.n et 2% dispute this observakion and
eﬁzggect that the shrﬂ.m;age of tho covitien wes due to localised plastie
deformntion and ‘va'cancy diffusion ond ﬁo-é & roversal of the boundery eliding
direction, It wos also eug'gesfed hat tho ovity growth obgorved 4e dus 4o
vaeancy eon:d'encat‘ion', growth by bowdaﬁy £liding éerving only %o balaneo
ehranimg@‘ by cintering, L;@Legz ondoreed the views of Giﬂdgg ond Davies ot
Zg and ghowed thet cavity g"ovfch e poaaible by a eo:abﬂ.na‘bion of tronsgromilor
deformation and continued gmin-ﬁomdax*y e1iding. Gamfalc; ntro?ngly‘ dppaaes

thic moshanigm on the grownds thot 4f this were tho only mochonicm of prowih
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the cavitios would be ézzpaoted %0 medntaln o plate.lile chope which hog boen
obsorved conly cn rore ocousionc, The cavity chope usuelly obgerved is o
lorbiculor disc of thiok coction end 4o very often cwost cpherical. Thic
he argues indientes thot curfoce diffusion tende 0 epheroidire tho cavitios
to mﬁ.nimce the totnl surface onergy . Zhe ooscrvntlm that those co.vztieo
| grev below i,he critical Gz*&ffi{:h mze ic maﬁ.n‘?:as.neﬁ ao gno’cher zc’eaaon w’a;/ no
| eign,.ficent gmm,h by ‘Lhis meeho.niem cocur e Gara.{’alo e wgzmen’c aonoeming
| ‘the chape cf %he cavitieﬂ is ﬁ.nvalidatad if one coneﬁo@rs enrefuny the
geo:stz-y of cavitieo producad by Lowangg mechaniczn, Since the cavitﬂ,ea ore
of the form of thin 1enticular diiees %he poaclbﬁ.lity of oboerving a plm@? or
near planar coction of mzch o dips fin o cmvan"cionall,; prenared m..oro sec'sion
5.:: negligmble, he‘aee the rarlty of the obsex”va‘i:ion, S,mlww, the cwew‘u
tho:h tho mojority of cavii;ies abcer\;el ore either reumd or thich 'éenisiculas’
digog oy be accounted for .x.f one co"m‘l derg the poseiblo geoﬁ'etricml sectfq.cnc
of o thin 1entieulur dioc and tho oxbtent o whioh the outlines of mmh cheped
covitios moy be dictorted by meeham.ca’l and/@r elootro poil ﬂhigzo ”ho
possﬁ Bility doee exigh, howevor, thet come found:’s.as-off" of’ the cavitios moy
occur by vacency acﬁdenmtion or surfaca dlff’us:lon, but it ic wnlikely that
%his will conismbm,e much %0 the grow‘bh x*nte, | o
LsLean eb Ei have prosonted a theory o£‘ eavity grcw’ch w‘aieh theoy €lninm
overcones the diff.e.eul‘b&eo of both the vacaney emdoneation and gréin=boundery
51*3 dﬁng, theories, J.hey pwcpoce tha-c é*c oeations nove along thoe nofml glides
plansg under the 5.nfluence af tho applicd ctrosn until they ore z;wppcd Ly <he
graﬁ.n-bounmwy, £1 gure 10a Under the netion of tho appiied tongile o’sx’esc
the dieloeations ‘uhen tend to move nloau the boundery 4n the direct’aon
indicated by the arrew, eausing nlidi.ng. However, ac the @ram»bomdazfy' dozep
not cpntaﬂ.n o) glideaplazge the movomont of tho diclecotion along tho b‘ozﬁﬁary
45 o cozbination of glido and oliwb and emits vecencles ag 4% m@veso It thue

tho
tondes 0 open up the eavity, ce shown in/figure, chond of 4t, Tho width of
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the covity 46 concidered o inereacse by omno atomic loyor for evory disloecaticn
entoring tho covity. Congoquently, as the «vity dicmeter inereases o doos
‘he ‘i:himlmeséx, the ropulting chepo being e lenticular dico.

Cavities of the ohapo pocﬁbula‘cad by lislean have boon obrorved by lideld
47

6o
et el ucing X-reg micreacepy, by ?realand ot £l using thin £6i1 miorocoopy
o6 29
end mre recentlj by 'Ee.plﬂ.n et 6l ucing thick thin fpil nicroceopy and
100 e €0

froctogrephye Proslend ot ol showed the precenee of polyhedraleshoped
cavit ies in mag;nseium tho faces of which 4t waoe puggested iore low index plones,
lideldd o% :z Gbrorved similer choped eavitios bub made no corment en the form
of the wallo. The chape cobrerved by T mplzg (];go ol wac found o be on irroguler
euguler plete of finite thiclness rather thon the letiouler dico predicted by
EcLeagie It wap proposed that thic wor due %o quenching imsdi&sri&'} o
unloading the ocpecimen. It was oonsidored thet wnder less'dractic cooling
conditiono cufficliont curface diffusion end ciress rolief deformibion could
oceur %o "round off" tho cavitios end produco %ho poiyhedral end lenticulay
dicc choped oevity obsorved by cthor investlgabors.

0n the booie of cbservaticas mede during o fractogrophie investigetion
into orosp frocturo in tungeten Sslegler ot eﬁ proposed that ratypo cavitation
end vebypo cracking cre the rosult of the sems deformbicon m5do,  From Hull
ot al'p am:yaig they obteined o rolaticnrhip bebween vacangy fiux and growth

of tho eavity of tho form:

v _— , :
g P (c-n- 2¥)
g r
where 3gb is the vecangy fiuz into tho covity,

ng ip tho diffusion coefficient 2n 4ho boundery,
E 4o the Boltzmum'e censtont,
e ip the imtercavity scpacing,

¥ ' ip the temporature,
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whore Sn ip the ctrecs normal to the ecavity, ‘
& ic the curface enorgy of the eavity,
end g 4ip the radius of the oavity.

o 16 wap proposed thet 4f the cavi%y ie {70 mointein o opher"i ool or
polyhedrel chape vacancies entering 4t rmm"u 'be disﬁribuwd over tho curface
of tha cavity oo ropldly eo they enter e If sm*'i‘aee diffugicn is thoe
predomirant moghanism of materia!l 'izmnspsrt the Gurface current or £iux of

veconelies, 30, io given by %he ea:zpresm.on

S% DsYNAr K
) KT 33

@

wher D 5.0 the curfece c.iffusion coofficiont,
Y  ic the number of o:i:.oma per mfxi'is o.reo.,

JU 45 tho atomle voiums of the fiuming matex‘iaL,

1)_( 15 the rate of ohange of z*adlun of cuwmure Wi‘uh recp@c‘t o
S ohange in pooition on the surfaee oi’ the mvﬁl‘i?;gro

I'o chould bo noted vhat l‘his expresa.«.on ie independom, of the epplied siross,

o wnlike the f'omer, and depenﬂa only on tho temperature and chope of tho eavity.

Zhe ehape ef' the cavities obecerved by other inves'tlc;msrs con now bo
ez:plained in torms of tho roletivo ﬁmpos'tanee of the Vaetmey f‘lmz in the
graineboundery, 3@, and the vaczmcy £flux across the cav%y ourf’ace, dpo undep
& given oot of cresp conditicne, _ '

I Jg io high enough to aecc:nmﬁa%e all the vacanciec arr?v*‘lng ot %ho
cavity then the cavivy will rmintain e palyhedml shopes I ¢ho voconey flux
into the cavity imereaces due, sty to en increcce in ctrese, euu.lﬁbviw
botweon ng ond 5 g connot be minuainel end the eavity vill grow p:eim iy 4n
“wo directions along the groineboundary. %ho highoer tﬁ:reaa noy aled lend %o

~on epprecicble growth componont from diploeation motion ond g4 d..'ag af tho

boundary. Depending on the x'ela sive rotes oi’ those 'Lwo gz'ow'uh co:g*me_l%;c

growth 2y be throo dimongionnl, 4. polyhedral chaped cavit ies, or two
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dimeneicnal, do. lonticwlar dice chaped cavitidos. The formop condition 4s
mot likely Yo provall under conditions of low sireps end high terperatursc
whilet the latter ic mors Likoly to exict under comditions of high stress

ond moderate temperaturso.
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m 2.
EXPERIMENTAL DETAILS,

During the last two decades the problem of imtergranuler defermstion,
pertisularly cavitation, has received inereasing attention from investigetors
of sreep deformation, The problem hes been approached from two main
directions, either on & quantitetive basis ueing high purity metels and
alloys in en attempt o eveluste the mechanisms or kimeties of uuw;iau.
or, en & more gualitetive basis using commercisl metals and alloys in en
attempt %o determine the effects of metellurgicel and externel persmeters on
caviktion behaviour, To this end thomsjority of tests have employed
uniaxial Yension es the means of applying & load to the specimen, although
tests involving the use of unisxial compression have been reported in the

71.78
literature., The form, location end degree of cavitation have been detere

nined :ui:l.y by conventional metellographic techniques, although X.ray
ahronm, electron m:mm and density nﬁ.&ﬁ have also been
ubilised,

During the course of these investigations & number of workers have
studied the influence of environment on cavitation beheviour of various metels
end elloys. In generel e redustion in the degree of cavitation was observed
when specimens were deformed in enviromments from which oxygen hed been
partislly or completely removed, thus indiesting s relaticnship between oxygen
and cavitetion or the emhancement of evitation, It has been proposed that
this may teke the form of the formetion of disereet partisles by chemical
reaction and the subsequent formation of a ecevity by grein.boundeyy sliding,

& reduction in the graineboundery emergy thereby meking lhn: of the boundary
easior, or stablisstion of cavity muclei by surfece condensation of gas stoms
or molecules, The main eriticism of many of tlint invegtigations ig that
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cavitetion behaviour wes studied on s gualitetive basis gnd thue no elesr
indication wap obteined es to the extent to which en enviromment may influense
the deformetion characteristics of metels and alloys undergoing ereep.
1% was therefore degided to M‘DMO e progremme of work designed to give a
quantitetive indiscetion of the extent emd mode of influence of the enviromment
on cevitation behaviour in metels end elloys.

2, 1, MATERIALS,
2, 1,1, Alloys.

Preliminery investigations of cavitetion were carried out om O — brass,
the analysis of which is given in Teble 1, The results of this investigetion
indicated thet under the eonditions required o produce éxtensive r-type
sevitetion ia the alloy, that is high temperstures end low strein rete, the
oxidetion rete of the alloy was such that it was extremsly diffieult to study
the behaviour over long periods of time, Comsequently it wes decidad te
employ sn alloy which wes omait"tly oxidation resistant and which did not
eontein grain.boundery particles. BSuch en elloy was found in solution.
troated 18/8 niobium stainlese steel, The slley has the edded edvantage of
undergeing extensive bulk-grain prosipitetion of crbide partisles without
graineboundary m&y&@tt«u in the temperature m employed for the
invertigation, Comsequently micleation of savitiss at grain-boundery
procipitetes could be evoided, The amelysis of the slley employed in the
investigetion 48 given in Table 1.

oz 1,
Element ., o - Drasgs. M
e - 0,048
si - 0,570
lin 040008 0,7670
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TABLE 1. ‘-(GOR’bd © )

Flomonb. | NQbrass. 1p/8 stosl,
P 040020 0,020
s | - - 0.0060
Cr | | - 1‘?.&;6
m . | 9.0750
m - 0,760

w - 0.0850
Fﬂ | | 0.60520 | | balencs
I 0400110 .

B 0.00460 -

Cu -, | baiance | -

Zn . 20,886 o -

Roth elloys wore received in the forn of halfeinch dicmebor hord

drawn bar.

fre11 teneile spocinene of the Qimemsicns indicated in Pigure 1l.

were maghined from this bar 8&061‘. The gauge.length dienmeter wne ini"‘ially

machined clightly oversige to allow for a f£inel heavy eleotrc.palie!’ beforo

’cestmg o remowo ‘any surfeco artifa.cts Geveleped during the heat.‘%:raamn%.

The speci.mens werd heatetreated in 'Lhe followﬁ.ng mermer:

(=)

(b)

ol ebraes:

Solutionatroated 'foz- tw houre under ergen 6% 700°C.
Vetorequenched to ro&g tomperature, Thip troetment woe
found to produce en oquinxed grein structure of 0.5 nillirotro
diemster s determined by the line ﬁ.n%roopt mothod,

18/8 stainlesa steols

Solublonetroatod for thirty-giz hours et 1300°C v goaled

eilice tubos combeining e pertial prescure of ergor, Tho
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spocirmone wore quenched o roometomporaturo by breaking the
silica tubes undor vmbtor. - 691:1031 anﬁ’electron notallography
indicated thet > 977 of the carbide particlos in tho initinl
:étruc%ure had been telen into polution by this hoatetrectment.
The microsstructure after the trectment was found %o be an
. oquiexsd gredn strushire of spproximetely 045 millimetro -

diaﬁeﬁér .

EN Eoiroment,

| AB iﬁdicaﬁea proviously, the mejority of tho literature indieatos

‘bhat ow(;en ms.y ini’luenca the deformstion-behiaviow of metals or alloys
durin‘., ereep. It wap therefore decided bo ‘conduct o eéries of tosbs under
as neay id;antical conddtions 86 amperime_ntany possible in both air and
vacuun to ellow e direct comparizom Yo to made a6 to *chq eztent and mdda of
inflvence of o gaceous envircmment, nemely mitrogon end ozygen (air), on the
'aefom“tion beheviour of tho olloys To osbeblich whother eny obgerved
.,nf'luence was duo to & 'reaction ef‘fect' or due entirely to ths prosenee of e
gaseoue anvironment e cimiler _sa_z'ias of tosts wore conducted with pure argon
(< 4 ppme Oz, < 6 ppme Bg) a€ tho envirémomt,  If any obcorved differenco
‘;‘.n' deformbion behoviour ic duo toa 'reaction é_f“_i‘eg:"_h' “thon no difference in
behaviour ghould be o‘bsarvéd ‘_‘bg??:gen gpaeimgns ia;ted in vacuun or argon,
Conversely, if the effect is duc entirely to the presence of & gesoous
environment ther no difference dn behaviour ehould be obsorved betwaen

specinens tested 4n eir or argon.

2. 2. APPARIZUS.
2+ 2414 Proliminory ork,

The proliminary Anvestigetion to ostablich tho optimum conditiong for
caﬁta'bion in tho motorisls under tort wore carried out on o Houncf‘ield

aome‘ber the drive of which hod boen modified to give a renge of’ CrO0Cw
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hosd: gpeecdg within the rengo. 0.00035 to 5.0 ‘inchespsr hour, Spocimsns
wder tost wore reised to Yemporature in e emall furnece supported on the
v;élido bars of ‘the tencomoter, tho tempersture of which was controiled to
within * 20° by meens of o proportionsl controller, The Epecimens woro
hold in positian in the li“‘ux'naca by meens of Nimonic splitecup grips end
eztonsion rods, figuro 12, The tonporsture of the spocimen during tho
tost wag meamu-e_d by @ thermosouple attacked to the gaugoeiongth, Thin wae
found to bo within 1.5 C° of tho pot %omporaturo ana/%ry by locs thon 1 ¢°
tlong the pougomlensth, '

2. 2,2, Creop Tiork.

The investigation into tho. eavi‘oa%;ipn end mechanigal beheviour of tho
alloy during croop mgy be subdivided into eir ezporiments end ergon end
vacuun ozperiments from the point of view of the apparetus employed,

Tests conduoted with air ae the currounding envirorment were enrried
out on stendard Donison minieturo atreés-ruptum nachires (bypo $47.De)e
Tomporature control of the furnnce wns echioved by meeng of o differontiel
ozpansion.ourront 1imiting device which varied the current in the socondory
windings of the furnnce, Tho operating Yomperaturo wap nchieved primarily
by o eot of primary windings controlied by & Varieo, the gecondary windinge
noting only es a moans of temporaturo control in the manmer indicated, The
tomperature control band by thic technique was * 1.5 C.

¥he spocimen wnder tost wes held in position by neant of splitesrips
of the type omployed for the hot tensile tests, Specimen temporsturs meg
agein moagured by e thernocouple attached 4o the geuge-lengbh, Initially
e mumber of thermocouplos wore omployed for this purpoece, but exzperiment
chowed thgt the %:emperature varietlons elong the geugeelength e < 0,5 co
aend oconsequently the number wes roduced to one for convenienco, Fomperaturo

verietion et the specimen throughout the tost wes * 1 ¢°,
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Extonsion of the gcpecimen during the test was moncured by e springe
loadod diclegauge moving egeinst the loadenrm of the machine, The aceuroey
of the dinl-gauge was estimeted ot * 0.00005 inch,

' Tho vecuun and argon enviromment tosts ware conducted on o modified.
verpion of the stenderd sbrogs~rupbure machine desoribed provioucly. The
furnsco end temperature control unit wes ropleced by o furnace wit designed
to ensble & vacuun capsule to be £itted en the tosterig, figuree 18 end 14,
The capoule consisted assenticlly of @ steinless tube (L) tho ends of which
were cloted by y‘mterc.oooled denountable closure pletes (C) which supportoed
& vecuun Béal'designed ‘Yo provide o dyzamic geal bétween the moving vode ond
tho capsule body. This conelsted of o coriet of ‘o' rings end bress dizes
which were tightened ontc the extonsion rod by means of e cerew coller (B).
“he gpeoimen wag supported on the capsule during the tort by meens of Nimonic
oplit-cup grips.  The tomporabturo of the spocimon was mensured by an
Inconel gheathed thermosouple (E) coldered into the closure plete,

The capsule was evacusted from both oends ¢o e working. vacmm of
2 %10 torr by an Edward's pumping unit, figure 13, Argon enviromsont
' ‘tosto were conducted by introducing gas into the gystem vie o noedle velvo
et tho lower evacuation points %ho uppor ewmcustion point wms connected to
6 gns waghebobttleo containing glycorol through which tho gos wes pasted. This
ensbled & enall positive prescure to bo maintained in thoe system,

The epeocimon wae raised to the tesct tompersturo by means of & Kemthel
- wound furnace surrounding the copsules The furnace windings wore spaced
such that e uniform hot gone of two inchos was obtelnsd., Control of the
temperature wms aechieved by a pigtimm re_eie'banee_ thormometor (K) and 6 £o1id
ctato conbtroller, This gystem achieved e temperature control band width of

<21 0.5° et the epecimen,

The furnnce end cepsule were supported on the ebrepesarupturse nmochins

in the conventional mammer. Extension of %he specimon during the terct wue
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‘agein mengured by e springelonded dicl-gouge moving sgainst the lever arm
'0f tho ‘cregp-maching, | | |

2. 2,5. Eléotropolishing,

11 ‘epecinens prior to being deformod wore slectrapolished to remove
ony ‘éurfece arbifacte developod during the hostetrostments The conditione
employed were e follows: |

7wo hours in a'hxém;ggetic ecid solution b 23 volts, Details of
thié golution are given elnewh:g: . '.t'hi'é_ él@éﬁrolyte wao euployed in
proferonce ¢o other more rapid poliqhingeleotrolyi’:ea boceuns of itc mbility
to produce large aroas of pitefrec surface and the emse of control of the
poliching conditions, | |

A cirouler ctainless cteol eathodo which complobely surrounded the
cpocimon was ezployed in preference to sheot cathodes in order to obtein
uniform poliehing over the whole of the specinen surface,
- Specimons of the steinloss sboé;t for treneaiosion electron microcoopy
wero prapered from thin strips épark.'nﬁchinea fifdm'tiz'e gaﬁga;leng{:h of %ho
ereep spooimen after teste Priom to eloctro-poliching each strip wat
chemically polished to appi'ozir;mtely f£ive' thousandthe of en inch thick ucing
the'féllowing golution: -
285 m/A glycorol .
1285 ml/1 100 volumo hydrogen peroxide solubion

285 ml/1 water ' N

166 nl/1 concentrated hydrochlorie cold

Tho temperature of the solution throughout the thiming process wme
mainteined below 80°C, After chemicel thimming specimens for 'thick' thin
£oil electron microscopy were prepared from the strips by o minmature 'Window'

%eélmique. The polighing conditions employed were es follows:
Electrolybe: 645 ml/L Orthophosphoric acid
866 ml/1 sulphuric ecid
9 m1/1l liothonol
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Voltege: 7 voltse
Current: 1 expo/ etuere cenbinmetve.
*he sbripo were poliched unbil several cmall holer were observed.
Srall gpecinmens were then cubvfrcm the vieinity of the holes for exemination,
The theory of the "thick® thin foil techniqus for obeerving enclosed eavities

1s given in the eppropricte Exporimentol Prosedure caction,.

2+ 3+ EXFERIUENTAL PROCEDURE,

2¢ Bele Prolinminary Vork,

4 preliminary invesbigetion wae conductod to determine ths conditions
reguired for extencive retype covitotion in ot <brage snd 18/8 steinleps cieol.
Thic was approached from two dircctions,

(o) doterminetion of the strainerste at which eavitles are

forned ot o given tempercture,
and (b) dotermination of the temperature ot which eovities ore

formed ot & given sirainerote,
The cloce intereorelationship betioen these tests enabled the required
paremotere to be determined from o single cerien of experiments, Tosts were
corducted on the o wbracs et 100 €° intervals in the range 0°C %o §00°¢ end
on the gteel et the came tempersture intervels in the rengo SOOOG o 1100°¢.
The streinerates employed CGuring both series of testc werc wi%hinjgg;ge
0.00005 in./hr, t0 005 in./hr, increasing by one order of megnitude inbervelc.

Prior to tecting the geugeelongth end diameber of each gpacimen wore
meesured by means of d travelling nicrosoope end micromster recpectively,
Yhroughout the investigobtion e ebandard gauge=longth of 20 millimstrer wag
employed. Ag indieated previoucly, cpeeimens wader test were hold in pocition
in the furrace by Nimonie eplitecup grips end extencion rods, the latter
boing attached to the croscehends of the tensomevor. An indication of the

load atteined during the tect war obbeined from the tencomsier in the usmnl
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On fracture the ductifflity of each gpocimen was determined, the
gpecinen mounted, sectioned, end prepaved for metallographic exemination.
Details of this~process ere given in tvhe metellogrephic cechion.

2o 362 Creep Techs.

The regults of the preliminary investigations indicated theb largs
retyps cevities were formed in ¢ abrass providing fhe strain rete was less
then 0,01 in./hr, ond the temperature iu the rauge 850 to 750°C, and in 18/8
steinless steel at strainerates lepe then 0,005 in./hr, erd temperntures
in the range 700 to QOOQC.

4s indiceted previoucly the initial results of the creep ezperiments
on o «brass indiceted thot under the conditions required to obtain
‘extensive eavitation the oxidation rate was far oo high for the type of
experirent envieaged for this investigetion, It wag therefore decided To
concentrate the investigaﬁion entirely on the influence of enviromment on
the cavitation behaviour of 18/8 niobpiun staplised stainliess cteel,

As the investigation is primerily concerned with the 3rnfluence of
enviroment on cavitetion behaviour it follows that the test must lmst o
cufficient poriod of vime for diffusion of the constituents of the envirorment
to the centre of the specinen., Calculations based on ava%lable deta for
greineboundery diffusion of oxygen and nitrogen in <)’-ii2; indicated that
this was approximstely 1000 hourc et BOOOC,, It was therefore decided thab
the majority of tests be conducted at this temperature for this period of .
tims, The use of higher temperctures would require modification of both the
vecuun cepsule end specimen grips Lofore o satisfectory tesct could bs conducted,
Lower temperatures, vhilct practicael frem the point of view of the equipment
ovaileble were considered impracticnble from the point of view of the time

eveilable for each tegh.
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20 BeR6ls Alr Testc,

A ptandord gaugeweiength of *’cz*:entynﬁllﬁe‘bres veg merlted off on each
cpecimen prior %o insertion into the tosterigs The temperaturs of the
cpecimen woe raiced ab epprozimately 150 c® per hour Vo the tect temperature.
This eomparatively low rete of heating wap employed to avoid thermal ghock
end poecible cpecimen distortion wilch are somobimes acsociated with high
rates of heating. The séecimn wag hold ot Yemperature for twenty=four
houre before opplication of the loed o allow the gystem %o obtiain Shormel
equilibrium. The loads employed during the tesbe renged from 2.0 tepebaio
TG0 860 topoBeleo

| initially tvhe extencion of the ocpoeimen was rocorded every quarber of
en hour, After two hours the bims in‘tarval was extended ‘o one hour and
eventunlly to twelve hours, On failure, or completion of 1000 hours, which
ever wag the gooner, the gpecimen was romoved from the tesberig ond guenched
%o room terperature. The ductility of the specimon was then messured, The
gpeciren was subseguently mounted, eectioned longitudinelly, end prepared for
metallographic examination,

A minimum of three tests were conducted et each loed employed, A
grecter number of tests were carried out if the correlebion between the
resulls of the three teshs was poor,

2o 3220 Voouun Tests,.

Specinen preparation prior to insertion into the test-ripg wae the sams
asf%ﬁle eiratest specimeng.  Loading of the speeimen into the vecuun capgule
was echieved by inserting the extension rods into the sleeve of the upper
clocure plete (C), e cenl bebween the two wre obtained by means of *0° rings
end brasc pressure dises described proviously. The whole eecembly was then
pocitioned cn the vacuum capsule body by means of six thumb gerews., The
lower closure-plote ras sited in o ginilor menmer,

24
-2
On reaching the working vocuum, 2 X 10 torr, the temperoture
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of the opecimens was raiced %o oOO C end held for epprozimately an howr %o
fecilitateo outegoceing of the gysbem. The specimen temperature was then
reised to the tect-temperature and held for twenby-four hours before
epplication of the loed Yo enable thermal equilibrium to bz ettained in the
gyrsten

The load wee epplied to the spocimen by means of e universal Jjoint
attached to the loadearn of the crespe:mnchine., Thiso was employed in
preference to o normal unidirectionsl jeint because of ite 2bility to obsorb

e2lignment in the epperatus without gtraining thp specinen. Qpec man
extension cn loading was recorded in the sams momner ee 4n the air teostge

On completion of the test the load was vemoved from the spcci;nsn and
‘the gystem cooled to room-temporsturs under wvacuun, The speciman was then
rexoved end prepered for metallopraphic exeminetion.,

The ezperimentel conditions of the wacuwa tostc wore mnde s nenr
identical os possible to those of the eir tests 4o ensble o direct compariscon
of the beheviour of the alley in tho two exvironments to be made,  The
problem of friction in the extension red sealg was overcome by leading the
loedaeorn of i:he croep-machine wnbil the extencion rods just moved Through
the sealss Helf this loed wos added o the bost load to compensate for
the frictional dreg in the upper seel during tho test,

26 89203. Areon Tes’ts;

The methed of essenbly of the testerig for argon onvircnment bects
wae iden’clcal with thet of the vecuun test Initielly ‘the gystem wag
evacuated end flushed with nrgon et etmospheric prossure, This vas repeated
& number of times before £inally evecuatiag to e presscure of 2 X lO”S Tory,
The 'Lemperature of the cpecinen wag then raised 4o the test temperaturs in
the some menner as in the voouun tests. On ettaining the test temperature
ergon at a smlil poesitive prescwre vas inbdroduced inte the greten.  The

gyeten was held at temperature for twentyefour hours before epplicetion of the



Qe

lead to the specimen to allow it to reach thermal equilibrium,

This precedure was adopted in preference to heating the specimen
totally under argon since any 'vapour' due to out-gassing was removed
immediately and hence eould not comtaminate the enviromment,

Wr completion of the test the specimen was eooled to room.temperature
and prepared for metallographie exsmination in the memmer described previously.
2, 8.8, MNetallography,

The metallographic investigation of eavitation in the alloy may readily
be divided inte optical and electron miecroscopy. The former was employed
primarily to obtain an indication of the size and distribution of the ecavities,
and the latter to obtain w indication of the morphology of the cavities.

2, 8.8.1, Optical letallography.
Specimens for optical metallography were mounted in bakelite, sectioned

longitudinelly, end mechanically polished to 1/4um. dismond finigh in the
oonventional menner, The time of mechanicel polishing was kept to & minimum
to reduce the degree of distortion of the ecavities, To ensure that the
centree«line section of the specimen was being examined the specimen width wes
carefully measured during the mechanieal polishing process., After mechanical
polishing each specimen wes electro polished in the Ay Disapol solution ab

23 volts for three seconds, This technique of 'shock' elestro.polishing

was found to remove the work-hardened surface layer without merked distortion
of the cavitles, After the electro-polish sach specimen was electroestehed
in 104 Oxalic secid solution at 6 volts for twelve seeconds, This again was
kept to & minimum to reduce cavily distertion,

A statistical survey of the distribution of savity size and number was
oonducted on each specimen by means of o Reichert Projection Microseope fitted
with e miorometer stage and e graduated soreen., Twenty grain.bounderies
whieh intersected the surface of the specimen were traced from the surface to
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the centre at & magnification of X 600, The number of true grain.bounderies
surveyelin one specimen was in the region of ome hundred, a grain.boundary in
the context of the survey being composed of four or five successive true
greineboundaries the path of which extended from the surface to the centre of
the specimen, A minimum of three specimens were surveyed in this manmer
produeing in all over sixty results per umit depth below the specimen surface,
This number of results wes considered sufficient to produce an sccurate
representative meen which took imto account the verietion in cavitetion
behaviour with oriemtation of the grain.boundery to the stress exis. The
following Mu were measured;

(2) the number of cevities per umit greineboundary length,
and (b) the mean size of cavity per unit greineboundary length,
The unit grain.boundery lemgth employed was 0,166 millimetres, ie, 100
millimetre divided by 600 times magnification, The mean values of these
parameters were plotted against distance ‘tron the specimen surfece, The
overall reproducability of these paremeters was assessed at * 107,

2, 8.,3.2, Electron Mllloggm ®

Replica Teshnique,
Specinens prepared in the memmer deseribed for opticel metallography

were replicated by direct carbon deposition, A thick deposit was employed
Yo feeilitete easy removal from the cevitated surface, The carbon replicas
were removed by electroeetehing in 57 Nitel solution et 70 volts followed by
immersion of the specimen in distilled water., After washing in 507 anitric
ecid solution and distilled water the replicas were ceught on copper grids,
dried, and examined in e J,E.N.8@. slectron microscope et 80 Kv.,

Seanning Technique.
A number of specimens were removed from the bakelite mounts and

fractured by impact. The frectured faces were then examined by conventional
metallogrephy for cavities, Little successwas achieved due to the small
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size of the cevities end the short fecal length of the objective lems
which prodused the required magnification, This difficulty wes overcome
by use of & Cambridge scenning elesctron microseope. Specimens which had
been tested in air and wouum et 2.0 t,p.s.is Wore examined for sise and
distribution of cavities by this means,
Thin Foil Technique,

The main difficulty of exemination of cavities by thin foil electren
microseopy is thet the diameter of the mvity is usually greater then the
thickness of the foil which can be pemetreted by the oiutron beam, This
difficulty has been overcome to some extemt by Taplin n'::l who developed
& technique of shadowgraph traneuissicn electron mioroscopy. Basically,
the specimen for examimation is thinned such thet the eletron beam penetrates
only where e cevity is enclosed, Thus an outline of the enclosed cavity is
produced

Several specimens were removed from the bakelite mounts emd sectioned
longitudinelly into thin strips by spark machining, These were then thimmed
by ehemicel and electro-polishing until it was considered that e section was
sufficiently thin for examination by the shadowgreph technique, This
section was removed from the strip by cutting with o sharp blade, mounted in
& specimen holder end examined in a J,E.M, 66, electren mierossope at 100 EKv,.
Deteils of the polishing solution snd conditions employed are given in the
Experimentel Deteils = Blectro-polishing seetion,

The main eriticism of the technique is thet it is difficult to
interpret whether an observation is of e totally enclosed cavity or a partially
englosed cavity the morphology of which mey have been distorted by polishing,
2, 8.4, Activation Energy Determination,

The activation energies for creep in eir and vecuum were determined by

e modified version of the temperature change-oreep rate change technique
102 i
originelly proposed by Dorn, This teehnique ¢nvolves the determination of
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the minimum creep rate before and after a sudden change in temperature,
The eactivation emergy of the process is determined from the equation:

nH - RL(% (L -4y

where P, is the minimum ereep rate at temperature !'1
Py is the minimum wﬁp rate at temperature !‘z

If the means of the minimum creep rate of a number of tests at
different temperature are plotted in place of Py and Py then the mean or
average activation emergy for ereep in tixo alloy may be determined by e
graphiecal change in temperature rather than e physical change,

A number of tests in both alr and veeuun were conducted!700°C and
9oo°c at 2 load of 2.0 t.p.ssdl,s The use of g temperatures above and below
the major test temperature emabled an average value of the sctivation emergy
et 800°C to be determined, A minimum of three tests were conducted at each
Yemperature, the mean minimum creep rates of which were employed for
caloulation of the activation energy.

2. 3.5, Ges Amelyeis,
To essess whether gas had diffused into the specimens during the air

best or vice versa during the veeuum and ergon tests en oxygen end nitrogen
analysis was carried out after emch test, A series of specimens were also
held at tempereture in air for different periods of time to obtein en
indication of the rate of diffusion of the gaspes into the metal,

The oxygen content of the specimens were determined by & vecuum-fusion
technique which entailed the melting of & known weight of metal under vacuum
in e graphite cruecible. Any oxygen present in the specimen as gas or oxide
reacts with the ecarbon of the crucible to produce ecarbon monoxide., The
concentration of carbon monoxzide im the evolved gases was then daiornimd
by an infre.red absorption spectroscopy technique, and hemce the oxygen

concentration in the sample,
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. The nitrogen content wes debermined by the Kjeldohl technigue which
io ecpentially basged on tho converslon of the nitrogen in the cample into
ermonie, the consentratlon of which ic dobermined by tyitration, hence the
nitrogen concentration in the soyple can be caleuwlated,

The difficulty of both techniques of enalysis ic thet they cre subject
to lerge oxperimental errors, particulerly when cmall ceneeﬁfcmtiozm ore
being neagured.  The inherent errors of the 'beplmique ere aleo enhonced by

the emall sige of specimen evaileble for the enalysis.
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Chapter 3,

RESULTS OF PRELIMINARY WORK,

As the greater proportion of the work im this thesis has been devoted
%o 18/8 niobium stebilised stainless steel the results of the preliminery
investigation employing o¢ -brass will be reported and disecussed enly in
this chapter,

8. 1, MNechanical mnd Metallographic Exemination of X brass.

The overall effect of variation of strain rate snd temperature om the
ductility end eavitation behaviour of the elley appeers to follow classiecal
lines, figure 15,

At temperature below 0,4 Tm (A 200 C) the alloy feiled in a ductile
manner at ell strain rates, Above this temperature e repid fall in ductility
accompenied by a change in fracture mode from transgrenuler to inmtergrenuler
was observed, The degree of the loss of ductility emd the form of the inter.
granuler deformetion was found to be dependent both on strein rate and on
temperature, Thus, whilst no variation in fracture mode with strain rate
was found et 0.4 Tm (s 200°C), the fracture mode remaining Wetype cracking
throughout, figure 16, a variation was observed in the ductility of the alley.
This was due to opening of cracks end transgrenuler plastic deformetion at
the higher strain rates. At 0.5 Tm (a 350°C), on the other hend, both
ductility md fracture mode veried with strain rate, The fracture morphology
was found to vary from a 'ragged or scalloped-edge' form of Wetype cracking
at low strain rates, figure 17, to classical sharp outlined Watype cracking at
high strein rates, The 'ragged' toﬁn éf Wetype ocracking (hereinafter referred
to as pseudosW-type cracking) was associated with a grester loss of ductility
than the classical form, The scalloped appearance of this form of eracking
suggests thet it mey be the result of either rapid growth end coslescence of
retype cevities in the plane of the grein.boundery producing Watype cracking
of the form postulated by Stiegler et 5-(191, or tearing of the boundary between
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isoleted rotype cavities under the influence of the epplied shear stress,

At temperatures in the range 0,55 to 0.7 Tm (400 to 600°C) & Purther
fall in ductility et ell strain rates was noted, lMetallographiec examination
indicated thet at low strain.rates the fracture mechanism was one of growth
and coalescence of isolated rtype cavities, figure 18, whilet at high strain
retes it ook the form of propugstion of pseudo.W.type cracks, The strain
rate at which the transition from true r-type eavition to pseudo-W.type
eracking ocourred wes found to be dependent on temperature, Thus et 0,55 Tm
(400°¢) the transition strain rete wes epproximately 0,008 whilst et 0.7 Tm
(eoo°c) it was 0,02,

A small increase in ductility wes observed in specimens tested at high
temperatures, 0,85 Tm (v 800°C) and low strain rates. Metelloggraphic
examination of the fractured specimens showed that extensive grain.boundary
migration had teken place under these conditions, This appeared %o act as
& stress relief mechanimm thereby inhibiting eevitation and promoting ductility,
At high strein retes fracture by propagetion of pseudo.l-type cracks was egain
observed suggesting that insufficient time wes available for stress relief by
grain-boundery migration,

8. 1.1, Disoussion emd Conelusien,

Examination of figure 15, together with the metallographie observations
indicates that there exists an optimum renge of both temperature emd strain rate
for failure of o ~bruss by r-type cevimtion., This is illustrated
schematically in figure 19, Analysis of the results felling within the rtype
cavitation sone indicates thet r-type cavities ere formed in the alloy at
VYemperatures within the renge 350 %o 750%C at strein retes less than 0.02,
Unfortunately e direct indicetion of the varistion in ductility with
temperature at & given strain rate cannot be obtained from these figures, It
is possible, howsver, to obtain & plot of this form by transeribing the plots
of figure 15 at a consteant strain rete, A typical example of the form of
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curve obtained is illustrated in figure 20, The curve shows & maximum ot
temperatures below approximetely 0.4 Tm (/v 200°G) corresponding to ductile
frecture and & minimum corresponding to the development of intergranular
eavitation,

The observed chenge in fracture mode with temperature and strain rate
follows the general trend reported in the litereture, That is, st low
temperetures and high strain rates where stress relief at triple points by
plastic deformation is difficult fracture ocours along grain-bounderies lying
in the plane of maximum sheer stress, In the system investigated this appeers
to be et approximately 90° o the applied stress exis, The forms of Watype
oracking observed in the course of the investigation are typicel of those
reported by Chang et ﬁ, figure 3,

Cracking of the norpheleg'of the pseudo-W-type cracking, figure 17,
does not eppesr to have been reported in the litermbure. Its' appearance, as
proposed previously, would suggest that it is the result of either rapid
growth of r.type cavities in the plane of the grain-boundery resulting in the
formation of Wetype cracks by the mechanism proposed by Striegler et fg or
alternatively tearing of the boundery between isolated cavities under the
combined action of the applied gtress and grain.boundary shear stress,

Deformation of the alloy under econditions of high temperatures and low
strein rates is found to produce failure by growth and coaleseence of r-type
cavities in bounderies lying at epproximetely 90° to the applied stress axis.
The mechanism of formation of this form of feilure, es pointed out in the
literature review, is in considerable dispute, Resniek et ::, and subsequently
many other workers, proposed that r<type cavities ere nuelested at non-wetting

80 ol
perticles lying in the grain.boundery, Gifkins » end later Chen et al, on the

other hand, proposed that nucleation of retype cavities is the result of
fracture of ledges produced by slipegrein.boundary interaction.
lMetallogrephic examinetion of specimens failed by retype eavitation
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showed thet many of the cavities and oracks eontained an oxide ﬂlg. It was
thought that the film wes & product of oxygen diffusion after cavitetion and
not & prerequisite for cavity nucleation as no discreet oxide particles were
observed in grain.boundaries which were not cavitated,

4 nmumber of grain.boundaries which did not contein r<type cevities
were observed to eomtain reguler shaped serrstions, which, in a mmber of
cases, were aceompanied by small reguler shaped cracks, figure 21, The
width of the serratioms was found to be approximstely 2454~ and the height
1.8um o A mumber of '1::;2: have shown that the height and width of slip
bends in metals end alloys increases with inerease in temperature and/or
decrease in strein rete, It follows therefore that the serretions observed
in the grain-boundaries sould be ledges produced by slipegrain.boundery inter.
action, The height of the serration is unfortunstely approximstely two orders
of magnitude greeter than that required for stebility in the cavity mueleetion
models of euu:. Chen ot 3, and nm::. It is possible, however, that the
true height of the serration is considersbly less then the observed height due
to the angle of the grain.boundery to the plane of section,

Theorstical models of r.type cavity nucleation propose that nuclestion
occurs by fracture at ledge.grain.boundary interfaces under the influence of
shear stresses developed et that point by grein.boundery sliding, Growth is
thought %o eceur by either continued grain-boundery sliding or condensation of
vecancies, If the former mechanism is correect then plastic flow of meterial
around the ledge intprface must take place to maintein meterial eontinmity,

I% follows therefore, that if such plastie flow is restricted stresses of
sufficient magnitude to initiste fracture may develop at thet point, This is
illustrated schematically in figure 22, It is proposed that the cracks
observed in figure 21 were formed by such a mechanism,

8. 2, 18/8 Niobium Stabilised Stainless Steel.

The temperature range employed during the preliminary investigation of
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the fracture bohaviour of 18/8 stzinless steel was entirely above 0.5 Tm
(600°C), conssquently no ductile frilure was obgerved, figure 23.

The chenge in fracture behaviour of the steel with veriation in
strein rate end tempereture was similer o thet obgerved in « «brass. Thet
is, et low strain rates the fracture mods is observed to progress from truce
Wetype crecking, to pseudo-W-type cracking, end finally Yo rtype caﬁta‘bion
with increase in temperature, The ductility was observed %o deoreajse
ropidly to e minimum end then rise egein et o slow rate with change in
frecture mode, figure 24, The minimum of the curve wos found to correspond
to the formation of psoudosWetype cracking in the temperature renge 0.5 to
0+55 Tm (~s 600 to 700°C) end the risce to the fornation of r-type covities ob
temperatures ebove this range, At temperatures sbove 0.65 Tm ( ~ 900°C)
oxtencive grain-boundory precipitation wne obsorved, Precipitetion of this
form hes been chovm to produce o denuded zons in the boundary which ig capeble
of undergoing extensive plastic defornation end stress relief procesces thus
inoraasing the ductility of the ma‘gg;gglo Finel failure was observed %o be
the growbh ond coelescence of cavities nucleated et the precipitete partieles,
figure 26, The nuclention mechfnism is poesibly of the form proposed by
Recnick et ig, figure 4, A% very high temperatures > 0.7 Tm (>~ 1000°C)
e further increace in ductili‘by viag observed, Hetallographic exeminstion
indieated thet this was due to resolution of somo of the precipitated
perticles thus increesing the ductility of the meterial by first incronsing
the degroe of plastic deformetion which can bs eccormodated before nucleation
of e cavlty, end eecond by reducing the resistonce to stress reiief by greine
boundery migration,

£% high sbreir rates the fracture form was found to dionge from truca
Watypo cracking at low temperatures to poeudoali-type ot high temperstures,

Tho change in fracture morphology was nssocicted with o fall in duetility.
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The resultc of the preliminery investigetion into the cavitation
behaviour of 18/8 niobium stablised stninless steel indicete that feilure
oceurs by r-type cavitation within the temperature range 700 to 80 0°C
providing Yhe strain rate is below 0,005, Because of the possibility of
modification of the fracture mechoanisn abt the two extremes of this renge and
difficuldy in construction of epparatus for prolonged tests at the higher
end of this range it wao decided thet the ma jority of the envirommental creep
tegtc be conducted af 80_000. Celoulations based on eveilable dote for proaine

boundary diffusion of oxygen end nitrogen in ¥ -13322 indicate thet et 800 C
e period of epproximately 1000 hours ic required for diffusion of these goses
%o the ocentre of scpseimsns of the size o be employed in the creep tests, I%

wap Yherefore decided thet the majority of the envirommentel creep tests be

carried out for this period of %time,
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Chepter 4,

CREEP RUPTURE OF 18/8 HIOBIUM STAEILISED STAINLESS STEEL.

The results of the creep tecte conducted in air et 800°C are roported
grophically in figure 26, Varietion in load bolow epproximately 4,0 bepeBel.
eppears %o have little affect on the form of the oresp curve until the -
gpeeinen is into the tertiory crecp stage., Heore the creep rate increncos ab
e groeter rato in gpocimens subjocted to the higher londs., This would
suggest that the deformation mode is independent of stress during the
cecondary period, but is strese dependent during the tertiery ctage,

£bove 440 t.p.6.ie o moarked incrense in both minimum oreep rate and
ductility with load wae observed suggesting that o difforent deformation mode
vies operative to that at lower losds,

Verletion in tempercture wap found to exert conciderable infiuence on
the form of the creep curvo under o given load, A typiecal exemple of the
forn of varietion eacountered is illustroted by Ligure 27 which shows the
types of curve obteined under e load of 2.0 tup.teles It cen be geen thet en
increase in temperature brings ebout an increase in the minimum ereep rate, o
thorter gecondery ereep period, greater overallereep rete, and larctly grestor
creep ductility.

Aotivation onergies deternined from these plots by the method desoribed
previously give velues of 6845 and 75.8 Keonle./mols for e temperaturs deecrcass
and inorease rospectively, figurc 28, It is propoged that the mesn Talus of
thesé, 7243 Ko.cals./mol., is the mean volue of the ectivation energy for creep
ab 80000, ie, the main test‘tempera%ure.

4, 1. Optieel lMetallography.

For convenience the results of the optical matollographic investigetion
will bs reported in three goctions, firat the invesbigetion into cavitebion

v o
behaviour et 800 C, socond the influsnce of temperature on the fracture form,
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end finally, fractogrephy of specimens broken by impect,

The observation made during the mechanical tests that specimens tested
et loads in excess of 4.0 t.p.s.i, appeared to behave in a different memmer
%o those tested et lower loads wes confirmed by metallogrephic examinetion,
Exemination of specimens tested above 4.0 $.p.s.i. indicated that failure was
by the initiation end propagation of W.type oracks. At 8.0 t.p.s.i. these
were found to be extensive throughout the specimen section and appeered to be
initiated et triple points emd to propagate along grain.boundaries perpendiculer
or near-perpendicular to the applied stress axis, figure 29. lMany of the
eracks in the bulk of the specimen were observed to have interlinked %o
produce & single orack several grain.diameters in 1nn5th.ﬂ Exeminetion of
carefully prepared sections of specimens tested at 6.0 %.p.s.i. showed that
although Wetype oracking was in evidence et the surface and mideredius
position in the section small 'pits' having the appeerence of rtype cavities
were observed at the ecentre of the speoimen, Laok of resolution at the high
megnifications necessary %o observe this feature, > 1500x, prevented definite
identification of the 'pits' as r-type cavities or otherwise,

Specimens that had been deformed et loads less then 4,0 t.pen.i,. were
found to contein numerous r-type cavities the mejority of which lay on
bounderies perpendicular or neereperpendicular to the applied stress axis,
figure 80, Many of the grain.boundaries were observed to contain orescks the
appearence of which suggested that they were the product of growth and
coaleseence of r.type cavities, figure 31,

The results of the statistical survey of esvity size end nmumber in
speeimens which hed failed by r-type cavitation, figures 32 and 33 indicate that
these parameters are sensitive to position in the specimen section, It was
found thet both ere at & maximum at the surface of the specimen and a minimum
et the centre. The effect of stress on the magnitude of the paremeters appears
to be negligible, the spreed of the plots for both paremeters falling within

the experimentel error of 10%. This suggests that stress, within the renge
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employed, hes 1ittle or no effect on the number of possible nucleation sites
end/or the growth rete of retype covities, Surfece cracking prevented
ellocation of e value to the paramecters at the gubsurfece position in the
specimen,

All the spocimens deformed during the mechenical tests 4in eir were
observed to contein crecks in grein~bounderies emerging st the surface of the
epecimen the eppearance of which was found to wayy with load, Above
epproximetely 4,0 t.p.s.i, Where the fracture mscheniem wes the propagetion
of Wetype cracks the surface crockes hzd tmooth outlines indicative of failure
by chear of the graineboundery, AL stross below thie value the surface
emergent crecks were observed to have e seallopsd appearance indicative of
feilure by cosleoscence of retype cavities, figure 34, This was confirmed
by the observetion of & numbsr of bounderies which conteined ‘embryonic’
surface cracks iﬁ the process of formation by r-typs cavity coalescence,
figure 85(e) end (b).

A number of the tests conducted at o load of 2.0 tepuSoi, Wore
i’n'berrup%sd at frections of the total test time, namly250, 500, end 750
hours, and mé‘ballograplﬁcally exemined, The results of this inve stigation
chowed thet the r.type eevities firet becams ‘optically resolvable! in
curface emergent groinebounderies and that the point of 'recolvability® in the
cection moved towards the contre of the specimen with increnss in time, That
is, the time required for a r-typs cavity to be nucleated and grow to e
recolvable gize increased with increase in digbance fram the gpecimen surface.
Figure 36 (2) - (o) illustratec the form of the veriation observed,

Temperature variotion was obssrved to have conciderable influsnce on
the mode of fracture of specimens tested under londs of 2,0 C.peCaice

A% 700°C cavitation‘was found to be of the form of emall Wetype cracke
initieted et triple points, figure 87 (2) = (b). The rmnll size of thosoe

together with the obsorvation tnet propggetion of craecks along the boundery
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away from the triple-point wes very restricted suggests that crack growth is
very difficult at this temperature, The absence of any resolvable rtype
cavities, on the other hand, indicates that this mechanism of failure may be
more faiourable then rtype cavitetion uﬁder the test conditions.

Cavitation beheviour ot 800°C has been extensively reported previously
and consequently it will be summarised vory briefly at this stage, Fracture
at 806°C was observed to occur by the nuclestion, growth, end eventually
coalescence of r.type oavities, the majdfity of which lay on greinbounderies
perpendicular or near perbendicular to the stress axie,

Extensive grein-boundary precipitation wes observed in specimens tested
et a temperature of 900°C. The particles were found to act both as a cavity
nuclei and e creck arresting mschanism, as illustrated by figure 38, It can
be seen from the photomicrograph thet whilst en inecherent particle may
nuclente ear~type cavity,its' growth mey be restricted by the next partiecle.
Tﬁis is thought to te due to the partiecle remaining coherent or semiecoherent
with the matrix end hence restricting erack propagation,

Optiecel frectography, as pointed out previously, gave little information
of ecavity distribution end morphology due to the short focal length and the
narrow depth of field of the objective lens it was necessary to employ to obbain

.the required magnification, Figure 39 (a)=(b) shows the form of structure
observed, As can be seen from the photomicrogrephs the structure observed
does not lend itself readily to interpretation, It is suggested that the
large disc.like structure, a number of which sre arrowed, are large r«type
oavities, end the small elmost irresolvable cavities in the motal between the
ductile fracture about cerbide particles, The digtribution of the disc-like
etructures was found to be fairly generel with no proferred orientation.,

4, 2. EBlectron letellography.

Electron metellography, with the possible exception of scanning electron

micro-fractography, cennot give & direct indicetion of the distribubion of



70,
cavities in a specimen section, It oan, however, show the verietion in sige
and morphology of ecavities formed in the metel in a given enviromment,
4o 2,1, Replica Netallography.

The usefulness of direct garbon replisation of polighed sections for
study of retype cavity distribution end morphology wes found to be very limited
owing to & 'keying in' action of the film in the cavities themselves, This
resulted in either tearing of the sarbon film or ta;ling over to producs en “
Inpenstradle eres of film on removal from the specimen surface, The technique
did, however, show that meny of the eavities were lenticular in outline, figure

40 (2) = (4), the major axis of which lay in the plane of the grain.boundary,
The derk areas within the outlm of the cavity were congidered to be an area
where the film had folded over,

From the shepe of the cavities observed by this technique it may be
argued that the mejor growth direction lies in the plane of the grain.boundary,
It must be pointed out, however, that the technigue ean only give a two
dimensional view of & three dsm’-nntml paremeter, and consequently sonsidersble
care must be taken in interpreting the results obtained frem it,

. 4. 2.2, Soanning ,nomMewmom |

Seamning electron nioretmatamﬁﬁr enabled the fracture surfase of
specimens broken by impact to be exemined at high magnificetions without the
diffioulties associated with optical fractography, The specimens were moumted
in the mieroscope with their axzis, ie. the stress axis, ”nll-on} to the electron
beam, This enabled observations to be made of bounderies lhioh are known %o
be favourably or unfavourably oriented for ecavitation,

Figure 41(e) shows & typicsl erea of the frasture surface, the stress
exis of the specimen being perpendicular to the plane of the photomicrograph.
It oan be seen that oavities are present ever the emtire surface of ell the
grein facets with the exception of those inelined et a shallow engle %o the
stress axls, area A, Examination of such a facet, figure 41(b), showed thet
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re-type cavities were present on the facet only in the vieinity of a grain
junoture, This is possibly due to this being a sone of considerable lattice
digtortion resulting from slip grain.boundery interactions by neighbouring
more favourably oriented grains, The apparent ebsence of rtype cevities
elsewhere on the facet could be due to either the grain being unfavourably
oriented for ecavity nucleation, or alternstively unfavoursbly oriented for
growth, It was diffiocult to debermine which perameter was operstive since
the expected size of o stable cavity nucleisis less then the size of the
cavities due to ductile fracture,

Exemination of e typical triple point, figure 41(e) (area B) showed
thet the majority of cavities on a given fecet lie with their mejor axes
perallel suggesting some form of erystallographie reletionship, In the region
of grain junctures no such orystallogrephic directiomslity wes observed, This
was possibly due, es proposed previously, to the high number of slip systems
operative in this sone,

A% high megnifications two forms of r-type eavitation were observed
u;mm on the orientation of the grain facet to the stress axis, Grain
facets ;Moh were inelined at epproximately 45 to the stress amis were observed
to contein ellipticsl shaped shallow cavities, figure 47(d), between which
existed extensive arees of ductile fracture., The base of each cevity appeared
to be deeply striated, the stria being epproximetely at right engles to the
major axis of the cavity, The vidth of the stria waw found to vary between
4.6/. m, Facets which were perpendicular or near perpendisuler to the stress
exis were found to contein & greater number of cavities than those inelined et
shallower angles, figure 41(e). The shape of these was found to be an
irregular polyhedron, ususlly e distorted hexagon in section, the major axis of |
which lay perallel to one amother. Many of the surfaces of the polyhedren
were observed to be striated, the stria of neighbouring eavities being parallel,
The width of the stria, however, appeared o be less than thet observed on
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cavities formed on lower angle bounderies, 1-3/;:1 compared with 4.8 A

To ascertain who’cl;or the areas of emall cavities observed between the
retype cavities were due to ductile fracture or cavitation e specimen which
had been subjected to the same thermal oonditioms as the creep test specimens
was broken by impact and the fracture face examined, figure 41(f)s It oan
be seen thet the frecture contains numerous small cavities due, it is proposed,
to fracture sbout preecipitates,
4, 2,8, Thin Foil Electrom Metallography,

The preparation of thin foils from ereep specimens for transmission
electron mieroseopy has been laboriously tried in this investigation with
little success, Tranemission electron microscopy should show the structurael
changes taking plece during creep but the areas of interest, namely the grain.
boundaries, inveriably contein eavities, These cevities made the preparstion
of thin foils of such srees impossible dus to preferential thimning in their
vioinity, Exemination of this orea was found to be possible, however, by
the 'thick' thin foil Yechique developed by Teplin et :: .

Typicel shadovgraphs obtained by this technique are shown in figure
42 (2) - (d). The profile of the cavities cen be geen o be irreguler but
not to the extent reported by Teplin et :19 in & <brass and copper. This is
Shought to be due to the eooling rate from the test temperature being
sufficiently slow %o allow some annealing of the eavities to bake place,
Teplin et :: have shown this to result in a smooth rounded profile.

The elongation of the eavities observed by this technioue eonfirms
the observetions made during the fractogrephie investigation in thet the
cavities are elongeted in the plane of the grain.boundary.

In an attempt o obtain an indicetion of the morphology of the cavities
from these results a series of optical demsity measurements were taken across
the photographie plates, The readings were plotted ageinst position in the
profile and a model constructed frem the resultent curves. The general shepe
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of the cavity by this teehnique would appear to be an oblete sphereid, the

$wo major exes of which lay in the plane of the grain.boundary, Pigure 43
1llustrates the form of model obtained by this technique froe 22 wr» 42(d).

4, 8, Gas w.’-.t
The oxygen and nitrogen contents of the specimens before, during, and

after completion of the ereep-rupture tests in air are reported in Teble 2,
It is obvious from the Table that both the oxygen end nitrogen econtents of the
specimens inerease steadily with time at temperature, Over the test period
of one thousend hours the oxygen content wes found to inerease by 1177 ,that
is from 0,008 in the fully solution-treated condition before the test to
0.,0187 after completion of the test, The corresponding ineresse in the
nitrogen content was from 0.088% %o 0,048 respectively, an overall inorease
of 887,

Temperature as expected, was found to exert considersble influence on
the rete at which the two gases diffused into the stesl, Thus et 700°C the
oxygen and nitrogen contents increased by 674 and 3/ per thousand hours whilst
e 900°C the rate was fownd to have increased by 400% and 467 per thousand
hours respectively.,

4, 4, Discussion,

Both forms of intergranuler ereep fracture have been observed in the
steel on testing in eir. Wetype cracking wes found to form under conditions
of low temperature end/or high stress whilst r.type cavitetion was observed
at high temperatures end low stresses.

Wetype oracking observed during the course of the investigetion may be
divided into two forms., At high temperatures and high stresses the eracking
was found to be of the classicel form and to be very extensive throughout the
section., At low temperatures and lower stresses, on the other hand, it wes
confined elmost entirely %o the triple point,

These observetions could be a combined effect of both temperature and
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ctrece rather then & single purexﬁtere_ The requi?emsnts for nucleation of
. @ Wetype crack avo the development of e strecs concentration ot e triple point
by groineboundery sliding end thab this chould not be relieved by plestic
deformation, For propagation tho stress should be sufficiently high ¢o cause
shear'ofbthe grain-haunagny without extensive trensgranuler deformeticn, It
ic thought thot both these conditions are satisfied in the high temparature
tests, 800°C et stresses > 6.0 %.p;s.i.,’but thot only the first ic sobicfied
in the lower temperature tects, 700°0 at 2.0 topesels. Honce the feilure of
erackes nuecleated unﬁer thoso conditions %o‘propagaﬁe eleong the graineboundesy.

The obgcerved change in frecture form et a conctont stress with incroass
in temperature would suggest thet the mechenism of fracture operetive at &
given tempereture depends on the ability of the matericl to plactically deform,
Thet is et low temperatures tho bulk grein of the motoriel is recistant to
plestic doformation end eonsoquently the nejority of deformotion is concentreted
in the grein-boundery., Under such conditions the meil degrees of grain;
boundary sliding thet ocour et these Gemperetures are ocapable of developing
sufficient ctresc concentrations nt triple points to initiste fracture.
Propdgetion of eracks 6o initiatod is thought to cceur by the development of
ctress concentretions at the crack tip by grein-houndery sliding end the epplied
stress, end propagetion of the crack until it ig stabilised. Furthey
propagetion may theﬁ oceur by repetiticn of the cyole,

A% high temperatures transgranular defommation can ke plece glviag
rise to ledges in the greineboundery. Cavitier erc thought to bo initinted
et these by grain.bowmdary sliﬁing; Strescs concentrations of cufficient
megnitude Yo initiebe cracke et triple points ero not developed et these
tempernburee in spite of the inecreased degreec of groin-boundery sliding dus
Yo the high rates of stresc relief by pleostic deformobion.

- RaTyps cavitation hee been observed to form in the materiel et low

cbrecces at 800°C ond 900°C. Formation ot the latter temperature vios found
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to be sssoelated with the precipitetion of earbide particles in the graine
boundary, The mechanism of nucleation would appeer to be of the form
originelly proposed by Resnick et :la, that is grein.boundery sliding ebout
inosherent or semi-ocherent pertisles, Nucleation of eevities at 800°C hes
been shown by optical and electron uﬁlleyaphy not to be associated with
this mechanism, It is thought that the operative process is grain-boundary
sliding sbout ledges,

The observed continued fall in the magnitude of the measured esvitation
paremeters with increasing disgtense from the surface of s specimen suggests
that either the nucleation mechenism or growth mechanism is sensitive to
position in the section, A review of the literature indicates thet this nay
be by ons or more of & number of mechemisms, These inelude the diffusion of
reactive gases to form particles in the grain.boundary by chemicel resction,
for exemple internal oxidation, and the subsequent nuclestion of a cavity by
grein.boundary sliding, the diffusion of gases into g« embryonie nuclei thereby
stebilising them and promoting growth, end finslly redustion of the surfece
energy of existing cavities by gaseous condensation and thus promoting growth,

All the aforementioned mechanisms ¢uvolve the diffusion of e gas from
the atmosphere surrounding e specimen to the site of e ratype cavity, be 1%
en embryonie nuclel or & stable one. Since diffusion isabims dependent process
it follows that the length of the diffusion path is also time dependent, It
also follows that if either x_mo)_.«.tion or growth ere affected by gaseous
diffusion then a veristion in the degree of cavitation scross the specimen
section should be observed, and thet the degree of cavitietion should be =
maximun et $he surfece and e minimum at the centre of the specimen section,

It also follows that the gas econtent of the specimen should ineresse with tims.
The observations mede during the course of this work have shown that such
variations do exist and growth of r<type cavities is time dependent is
illustreted elearly by the advencing front of 'resolvability' of r.type
cavities observed in the interrupted tests., It may be argmd'afut the front
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'rorolvability' of relypo cevitiec coineides with the gacsous diffusion
front, but no direct evidence wop obbainad from this investigetion %o

substantiate thie,



TABLE

Influence of test conditions om the Oxygen and Nitrogen eontents
of a 18/8 niobium stebilised steinless steel.

To?utuu :::;c::- Environ Omygen Nitrogen Increase Increase
("C). ture. -nent, Content Content in Oxygen  in Nitrogen
(houre), wt, 4. wt, %. Content % Content %.
Bar Stoek - - 0.006 0,038 - -
Solution
treated - - 0.006 0,034 - 340
800 250 Air 0.009 0,086 50 5.9
800 500 Adr 0.013 0,087 116,58 8.9
800 750 Alr 0.014 0,041 133,8 28,5
800 1000 Air 0.015 0,044 180,0 30.0
800 1000 Vecuum 0.008 0.034 0 0
800 1000 Argon  0.007 0.084 16.5 0
800 1000 Air 0.080 0.049 400 &5
900 1000 Veouum 0.008 0,033 33 0
700 1000 Ar 0.010 0.085 66,7 3
700 1000 Vacuum 0,006 0,034 0 0
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Chapter 5,

CREEP RUPTURE OF 18/8 NIOBIUM STABILISED STAINLESS STEEL IN VACUUM AND ARGON,

It hes been established by testing specimens in air that the degree of
intergranular cavitetion can be correlated with incresse in the nitrogen and
oxygen contents of the steel. It follows therefore that if the geseous
environment were removed, thet is the gpeeimens tested in vaouum, then no
miation}"umo with position in the specimen section should be observed,

To test the validity of this argument a seriss of tests were conducted
in vecuun under the same conditions of temperature md stress ss those in air.
To determine whether any difference in eavitation behaviour was due to e
‘reaction effect' or due entirely to the presence of o gaseous envirornment e
similar series of tests wore conducted in pure ergonm,

6. 1, Creep Rupture in Vecuum.

Figure 44 shows the form of oreep rupture curves obtained on testing
the materisl under various losds at 800°% in veouum,

Veriation in loed below approximetely 6.0 t.p.s.i., was found o exert
little influence on the form of the surve whilst the specimen is wndergoing
secondery oreep., On entering the tertiary stage, however, the ereep rate
was found to inerease rapidly with load, Above 6,0 %epesoi. & marked increase
in both the minimum ereep rete and ductility with load was observed, This
rapid change in the form of the ereep ourve with load would suggest that the
deformetion mode is stress dependent; that is, at high stresses deformation
and eventual fracture oceur by a differente mechanism to that et low stress
levels,

4 similer eriticel condition producing e merked chenge in the mechenical
beheviour was found on varying the tempersture et & constant load of 2.0 topes.d
Thus ab 700°C and 800°C 1ittle difference was observed between the form or
mageitude of the two ereep curves. At temperatures above this level, however,
the materiel was found to undergo a marked inerease in the minimum ereep rate
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end ductility which were accompenied by e decrease in the creep life. The
forn of the eurves obbained from thic section of the invertigation ore
illusbreted in figure 45,

Activation energies‘determined from thess plote by the method
described previously give values of 75,58 K.eals,/ﬁol. end 74,88 K.cale./mol.
for e temperaturs incresec end decrease respectively. It ig proposed that
the mean velus of these, 75.28 Kecalt./mols, 15 the mean ectivation cnergy
for creep in vacuun e% BOOOC, figure 46,

For convenience the resu;%a of the optical netellogrephic exanination
will be reported in the same pequence as in the air tosts, that is firct the
investigetion into ecavitietion bohaviour et 80000, second the influsnce of
temporeture on the frecture form, ond legtly, fractogrephy of specimens
broken by impect,

The possible existonee of o chenge in fracturs mode with lond at 800°C
indiceted by the mechanical testo woe confirmsd by the metallographio'
oxemination,

Specimens tested ot strecces ebove approximatoly 6.0 tep.reie were
found %o heve foiled by the initietion and propegetion of Viatype cracke.

These were confined meinly to the surface region, elthough e nurber of
comparetively mmaller cracke of the clessieel form were observed in the bulk
of the speoimens, figure 47,

Deformtion et strossee less then 6.0 t.p.é.i. ves found to produce a
cperse wiforn distribution of retype eovities throughout the ppecimen., The
méjority #ao Pound to lie dn grein-bownderics porpendiculer or near perpendic.
uler to the epplied stress exie, figuro 48, With the exzcepbion of spocimens
Yosted ot 6.0 top.s.i. no cfacks wore obssrved in the spocimen sections exemined,
the cavitier remcining es dicereto enté?tiee throughout, At thip stress level
o oymbor of emell wide surfece crocks more indicative of feilure by shear

rather then coslescence of r-type cavitiec were found, figure 49,
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The statistical survey of the mumber and size of eavities in gpecimens

whieh had failed by ratype cavitation indiceted that the megnitude of these
perameters wes little influenced by position im the specimen section, figures
50 and 61, A sligh% rise both in the mmber end size of r-type cavities in
the region of the surface uw;': obperved, This mey be due to there being a
greater degree of freedom of movement in surface emergent grain.boundsries
compared with those of the interior,

Stress appears from the plots to have little effect on the megnitude
of the parameters except in the region of the surface, the spread of the plots
for the major portion of the curve felling within the experimental error of

T10%. This would suggest thet under the conditions of the experiments
stress has little or no effect on the number of possible nuclestion sites
and/or the growhof r.type cavities.

With the exeception of specimens deformed et or above 6,0 t.p.s.i, no
fracture of the surface emergent grain.boundaries wes observed, The form of
the fracture at 6.0 t.p.s.i., smooth, wide end shellow is more indicetive of
failure by shear than by growth and goalescence of r-type cavities, It
would elso suggest that once formed these erasks are repidly stebilised, At
stresses above 6.0 t.p.s.i. fracture appesrs to be entirely by & mechanism of
nucleation of Wetype erscks, It is interesting to note in this respect thet
the surfece hes the greater propensity for fracture by this mecheniam,

Varietion in temperature wes observed to csuse eonsidersble modification
of the mode of fracture of specimens stressed at a constant load at 2,0 t.p.s.i..

% 700% oavitation was found to be of the form of fine Wutype ormcking
confined almost entirely to the triple.point, figure 62, Little or no
propagation of the cracks away from the nuclestion sites was observed, It
would appear therefore that ofack propagation et this temperature is extremely
difficult. Similarly, the absence of r<type cavitation would suggest that
failure by this mechenimm was also diffioult under the conditions of the
experiment,
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Cavitation behsviour st 800 C has been reported extensively elsewhere
and oonsequently it will be summarised briefly et this stage,

Frecture at 800°C wes observed to ocecur by the initiation end propogetion
of retype cavities primerily along grain-bounderies perpendiculsr or nearly
perpendicular o the applied stress axis,

Extensive grainboundery nigration end preeipitation waes observed to
heve taken place in specimens bested at 900°C, figure 53, The grein-bowndery
migration would appear %o have acted as a stress relief mechanism as fracture
sbout precipitetes was considersbly restricted compered with thet observed in
specinens tested under gimiler conditions in eir, Final fracture is thought
%o be the propagation of cavities initiated et the grain.boundsry preecipitates.

Preeipitates both in the matrix end grain.boundary appear to inhibit
the extent of migration of the boundery resulting in 'bowing' out of the
~ boundery ss shown in figure 54, In this respect grain.boundary preoipitates e
appear to be more effective in restricting migration then metrix precipitates,

Opticel fractography, as pointed out in the previous section, gave little
1ntor;ation of cavity size, morphology, or diltrimm due to diffioulties
with the optical system it was necessary %o employ 'ho obtain the required
megnification, Figure 55 shows the form of strusture observed, As oen be
seen from the photomicrograph no obvious r-type cavities can be seen, the
structure being entirely omne of cavitation due to ductile fracture ebout
precipitates. Caloulations besed on the results from the eonventionel
optical metallography indicete that the sigze of the r.type cavities present
in the material are epproximately equal to thet of the dugtile fracture
cavities, consequently identificetion of a r.type eavity on such a frecture
surface would be extremely difficuls,

5. 2.8, Eleectron Mullogap&:

Electron metallogrephy, as indicated previously, is very restristed in
the emount of informetion it can give on ecavity distribution. It ean, however,
give some indication of morphology and size of the cavities.
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5, 1.8.1. DReplice Metallogrephy.

Considerable diffiéul‘by wes ezperienced in removing the deposited
corbon f£ilm from the cpecimon surfece dus to ‘keying in' ot the envities
themcelves, This resulted in cithor tearing of the filnm or produvction
of o impenetrable erea of £ilm dus to folding over.

| Cevities observed by this technigue were found to be rounded or poly=
.hedral in cection, figure 56, It it possible that the observed shape is due
%o either artificinl 'rounding off' during the poliching procesces or to
eintering of the cavities during the clow cool from the test temperaturs
necessary to maintain the vacuum, Thisg hes been shom to produce conditione
of sintering in vhich cavities attein their equilibrium gbructure, that is e

regular polyhodron,

Ge 1.2.2. Scamning Electron Micro-Fractogrephy.
' Scenning electron microfractogrophy confirmed the results obbeined
from the optical fractography investigation in thet the cize of the retype
cavity due to intergrenuler feilurs vas equel to or loss then theb of eovities
due %o ductile fracture about precipitates, TFigure B7 shows the form of the
ctructure 6bserved by this techniqus,

It ic obvious from this photomicrograph thet identifieation of en re-type
cavity on such & surfecoe is impossible,

5o 1,2+5. Thin Foil Electron Microscopy .

It vas thought thet the emnll size of cavity formed in the material undey
the conditions employed for thic pection of the investigotion would ollow foils
of the grein-boundary region %o be preparsd with conparative ecoee,

Unforsunately this was not the case, the meteriel preforentially polic;hed in

the region of the cavities and provented the production of o suiteble foil.

Consoquently the 'thick' thin foil techmique wae employed to ctudy this region.
edowgrophe of eevities obbained by the tochniqus showed them ©o heve

o reguler outline vYending towards en oblate gpheroid, figure 58, Thirp ic
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thougls %o be due to sintering teling place during the slow cooling proceas Yo
rocm tempsroture necescory to meintain the cpeeinen free fron oxidabion.
Fhic phenomenon %ogebher with the sll cize mekos it very difficult to draw
eny ccnolucions to the trus morphology or cice of theo cavities precont in the
material,

S¢ 1s5¢ Gas Analyeic.

Ges anelysis beforo end efbor 'i:es'i;:_'mg in vecuun wac uneble ¢o detoct
any change either in the nivrogen or the oxygen conbventc of the epscimenc,
The veluesobteined wero of the game order of megnitude ae obtained for the
eolubionetrented meterial end the 'eg-recoived! bar stock, Teble 2 chows

the recults obtained,

6. 2., Cresp Rupture in Argon.

The form of the oreep-rupture curves obteined on Testing the stoel in
ergon ebmsephore at 800°C ere illustroted in Piguro 59, Load would appoap
from Shose plots %o have iittle effoot on the form of the creep curve unbil
the material hes entored the vertiery creep stege, Here the ereep rote was
found ¢o increace with ineresse in load,

Be 201, GptiQQl ﬂetallog?ap}{fo

Optical metellogrephic oxemination of specimens tested in argon wore
coniinced to conducting & cbatictical swrvey of rtype eavity sire end number
by the teohnique deseribed previously. The wesults of this tuIrvey ere
illugtrated in figures 60 end 61, I% is immsdietely obvious from theee plote
thet the magnitude of the paramsters it not vory sensitive to position in the
specimen csction, the majority of the paramcbers ottoining e consbant velus
just below the surface,

Verietion in cbress eppears from thoe pio"cs ‘o imva 1ittle effect on
the magnitude of the paremeters ezcept in the reopgion of the gpecimen surfeoceo
wvhere the extent of the deovistion increaces with ctress. At the high stress

levels rurfece cracke were observed, The morphology of the cracks was found
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to be indicative of failure by growth end coslescenco of retyps cavitios
rether then chear of the boundery uvnder the influence of the epplicd s‘srésn,
Cavitetion at low sbresses wae found to bo of tho form observed in specimens
toctod in vecuum, thet is & wniform distribution of r-type eavities,

e 2.2+ Gas Analysis,.

The results of the enelysis for the oxygen end nitrogen econtents of the
cteel indicate that the oxygen concentration in the steel increaces slightly
over e period of one thoussnd hours. The megnitude of the increanse, 16%,
is oconsidered Yo bo Just outside the experimental error of the tochnique
employed end consequently it ic Thought 'bhat no great significance sheuld he
ettaghed Yo it, The actual omygen end nitrogen figures cbtained fran the
analyecie of the spoeimens ere reported in Teble 2.

A possible source of the oxygen is thought to be -bhe argon iteolf vhich
wer ctoted to heve en oxygen content of lost then 2 ppeites Whilgt this ic
vory cmell in itself it ic lorge compared with that in vaouum of 10"5%:0:‘9
where no inoreesecwns detected,

6. 8. Digcussion, |

It has been chowm during the cowrss of %his investigetion that both
Hetype end retypo intergrenuler fracture moy occur in specimens tegbed in
vecuunm or argon depending on temperature end load,

Wietypo erecking wes found to occur in two @’Qms deponding on ‘the
‘temperature end sbress, Thus et 800°C cracking was found to be initiekted at
the surfece of specimenc end to & lesser extent in the buik neteriel et loads
in excoss 0f 640 tupeBeies At 70000, on the other hand, Watype creclking was
initiected o low et 2,0 tepebeice Propagetion of the eracks et this
temperature, however, wms found o b3 very limited., Tho extent of propagation
frem the triple pointe wac considerably losc then that obsorved :ln‘ gpocimeng
tested in eir under similer conditions of tomperature end stress, figure 37 c.0.

figure 52,
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The eonditions for the initietion end propagetion of o Viatype erack
in the steel in vacuun or ergon chould be ddentical with those for orack
formetion in air, It follows thereforeo thot eny varistion in the fracture
bohaviour of the steel in Yho different #nviromments must be releted to the

onviromment itself., It is not intended to oleborotc this argunent fgrthexf
et thic stege es it will te dicecussed ot length in the next chapter. “

Retype oavities have been observed 4o form in the material a‘ﬁ lowr
stress levels at temperatures in excoss of 800000

Cavitation ot 90200 has boon thom %o be of the form originelly
propossd by Remnick et ;i, that ie fracture due 'bs_ grein-boundery cliding
ébou"c particles. Tho extent of cavitation would eppsar limited compored %o
thet in specimens tected in eir under the same conditions of temparature end
ctrecs, Thic could be due partially %o grain;bolmdary nigration ascting es
o stresc relief mecheniem, ligrotion of the groineboundery ic *bhoug;ﬁ'b %o
reduce the stress concentretions arownd e particle or a growing craclk 'bhéreby
promoting an increase in @ictility end fracture life, Pinning of the
nigrating boundary by pazfticles is thought %o Aprevent total strose relief by
Yhip mechaniem end concdquently failure by propasation of cevities can take
plece,

Fracture et 80000 heg been chomm %o occur by the cosleseence of r-typs
cavitioe et stresses below 6,0 YepeBeies The najority of the cavities
observed were emell end isolated compared with those obsorved in specimensg
tosted under the émne conditione of tempereture end stress in eir, This |
would suggest that either the nucleation or growth of r-type cavities in the
sbeol in en ergon or vecuum envirommsnt ic more difficult then in eir, Thig
io cubstantiated to goms extent by the failure o obcerve'r-'type cavitics by
fractography end the gmell size of cavities observed by trensmission electron
nicroseopys

Zhe elmost conebont mmber n:cld_ sizo of r-typs cavities eoross the

specimen soction indiecates that nucleation end growth must occur at the some
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rato in 01l positions in the section. I this ergument is velid it follows
thet 21l the cavities muct be nucleated in e ghort poriod of time from ons
enother, say 1le27 of the total creep life, the remeinder of the 1ife boing
compoced of cavitation growth and conlesesnce Yo produce cracks which
eventually preeipitete feilure, |

The clight increase in cavi’tyv cige and mumber in the surfaco region
ney bs feadily eccounted for if one escumes tlm"ejbhe suriace emorgent graine
boundeyries have o greoter degree of freedom of movement cempared with those
of the interlor, If this is correcy then cavity growth thould occwr &% e

greater rate in thece regiont due %o inscrossod greine-boundery sliding end

ghear of the boundary,
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Chepter G,

GENERAL DISCUSSION AND COICLUSEQHS,

Comparicon of tho ereep eurves obteined on tecting the cteel in the
different environnmentes eb 80090; figure 62 () = (0), ghowe that et the ctrecs
levels emplojed in Yhic envestigotion 1ittle difference ozistc between tho
oreep behaviour in vecuun or argon, but that considerable difference ezists
betweon thess end the behaviour in eir,  Specimene tested in air exhibit
higher minimum crecp reates, highor creep ductilities, end ghorter secondary
cregp periods then corresponding specimens tested in veewum or argon.

VA ‘The inflvence of the enviromment cn the ereep bohaviour of the scteel
ghomm 4n the form of the ereop owvevs is reflected in the ploi:s depicting
the varietion of cavitétion degreo with position in the tpscinen goction,
figure 65-65. Very little differcnce was observed betwoon cpecinone tested
- in veouun end in ergon, whilst conciderable difference wees found betweoen
these end the mognitude of cavitetion in spoeimens tested in eir wnder cimiler
exporimental conditions. (Cavitation in the vecuum and ergon onviroments
vae wiforn throughout the majority of the erossesection with o very slight
riege in the dogree of cavitetion in the surface region. Cavitationm in
specimens tected in eir, oil the other hond, was found to be very dependent on
the position in the section, cevitabion being et o mezimum e% the surfece end
ot & minimum et the centre of the pection,

Figuros 66-68 chow o sceries of photomicrographs of the surfece, mide
radius, end centre positionc of specimenc tested under the gome conditionsg of
terperature ond ctresec but in different environments, Surfece eracking is in
evidence at ell strecs levels in specimens tected inm nir but only et the
highect stresses in those tected in either crpgon or vecuum. Similerly,
comporicon of the cavitation behoviour in the rmideradius ond centre poeitionc

ghows thet considerable growth and coalesconce of retypo cavities has teken
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place in specimens subjected to an eir enviromment whilst in specimens
tosted in argon or wouum the cavities have remsined to e great extent as
diserete entities.

The influence of the envirenment om the cavitation behaviour and hense
the oreep behaviour ean be readily illustrated if the difference betwesen the
minimum oreep rate in air end in vecuum, henseforth to be termed 'enviremmental
factor', is pletted against load, flgure 69, The form of the surve would
suggest Shat the influence of envirenment on the ereep behaviour deereases
with inorease in load, This is thought to be due to o decrease in the
contribution of greineboundary siiding teo the total ereep deformation with
increase in load., Thet is, o8 the stress is increased the contribution of
greineboundary deformation, ineluding cavitebion, to the overall creep deform.
etion decreases. Hence whilst a difference exists between the degree of
oavitation in specimens tested in alr end in vacuwm at all stress levels the
effect of this difference decreases with inerease in stress.

Extrapolation of the plots shows thet at epproximately 7.0 $.p.s.i. the
environment hes no effect on the cresp beheviour of the steel, that is the
oresp behaviour is the seme in air and in vecuum providing the fracture mode
remaing the seme, However, at epproximately 6.0, tep.sei. & marked change in
the direction end magnitude of the 'environmemtel factor' is observed, Optical
metallography has shown this %0 be due to & change in the fracture mode of
specimens tested in edr, Below approximately 5.0 t.p.s.is the fracture
mechanism of specimens tested both in air and in vecuun was found to be retype
eavitation. Above this stress level, however, fracture of air tested specimens
occurs by the initiation and propagation of Watype eracks, Practure of
specinens in vacuum by this mechanism was not observed except at stress levels
congidersbly greater than 5,0 t.p.s.i.. Plastio deformation accomparying
feilure by W-type oracking is thought to give rise to the very high creep rates
observed in specimens failing by this mechanism, Hence the megnitude of the
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‘enviromentel fector! et the trensition stress level. '

The portiel dependence of tho erecp boheviour end frecture beheviour
of the a‘he’él on the test environment observed ot 800°C wag obsorved to e
greator or lecceextent at othor temperatures, For exenple, triple point
oracling was obcerved in all gpecimsns tested ot 700°C, but tho oztent of the
propogetion wac found Yo be depondent on the test envircmment, Crecks formed
in cpecimenc tested in rir were found to have propageted an average distonce
of holf e grain diemstor away from the point of initietion whilst thoss formsd
in spseimens subjected to en argon or & vecuun environment feiled to propagote.
An indicetion of this phonomenon esn bo gained if e comparison is mede betwoen
figure 37 ond figure 52.

The ereep behaviour of the steol at this tempsrature was found to be
reletively incensitive to the ternt environment, little difference exisbting
betioen the form of the oreep curve in eir end thet in veeuwm ot the samd strece
level, figure 70. It 4is interepting to note %hot the difference betivwon the
inerease in the cxygen oontent of the stesl aftoer testing in eir and thet in
veowum et this temperature is wery 1ow_eompared with thet et hightetemporetures,
667 : 07 ec against 1507 : 0% trb 800°C, end 2007 : 857 et 900%.

At high %empera'bures, 9000.0, enviromnent wag found to exert considerable
influence both on the forn of the ereop cuwrve, figurs 72, end on the creep
beheviour.

Fracture in ell enviroments wme found to cccur by the growth end
coalesoence of retype cevities initiested ot precipitetes, Speeimens tosted
in vaouun, however, exhibited hightsminimum crecp rates, increased ereep
ductilities, and reduced 1i§ss compared with specimens tested in aivr,

Optical matellogmplfw of ppecimens tested in wacuum ot this temperature
indicated that the greineboundaries had vmdergone coneiderable mipration. No
extensive rdgretion was obcerved in epocimens tested in ecir, T4 ic thought

thet the greineboundery migration coted es o ctress relief mochanicm thereby
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redueing the degree of grain.boundery deformetion and the proponcity foy
cevity nucleetion oboubt particles, Hence the observed incroace in creep
ductility end the ninimm creop rats. A reduction in the creep 1ife of the
cpeocinens ic thought to cecur due Yo the developzment of o ctete of 'plaghic
incbabilitvy', that is the ereop reto of the matoriel insresces due o the
inereags in du"*cn.li.w cnd the presence of growing ecavities unbil o point ic
resched et which the groten is wmable %o support the stress £lelds surrounding
the cevitiec, Those then propogate repldly along the grain;la cundaries in o
'bri"ctle' nevner o preeipitvete feilure,

Goe analysis hag chowm o greet increnes in the oxygen cantent of specirens
tested 4n eir, This vas found to be s;ppmz:é.mtely 4007, It ic 'bh}o},igh‘h on.
the bacic of the work of Shehinion ot ;g that eztensive internel oxzidetion
had teken plece in the geelren, elthough no obvious oxide perticles wore
obgorved in tho optleal smd electron microestvuctures, The precénce of fine
particles formed Wy internel oxidation have been chowm to reduce the exbent of
greinebyundory migration end hence raauoing the creop ductility; and o
strengthen both the groinatoundary ond the mbris thereby redusing the cisop
revo end increacing the creep life of the ppscimen,

%het the envircomsent may influencoe the crecp beheviour end the fracture
mechenicm under p given set of experimental conditions has been establiched,
The gimilarity of iché nmegnitude of the ectivebion energies for creep in oir end
in veouun, 72:15 end 75.28 Kecals./mole. respectively end thet for solf
diffusion of ¥ eiron, T4.2 Keonls./mole. et 1000 %?9 would suggest thet the
nschenicm of tranggrenuley creep ic not censitive to the ezternal onvircmmont,
It followe therefore, thet the enviroament must influence the degree of greine
boundary deformation, nemsly sliding and cavitation,

The epparent depsndence of the ceviitation behaviour of tﬁe cbeol on the
tect environment would suggest that pgoceous diffusion into the specimen bakec

place during the air tesbc. Analycic of the ges content of the cpecimen
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before, during, end after corpleticn of the tests hos ghowa that both ozygen
and nitrogen diffuse into the cteel throughout tha peried of the elir torts,
but not during the Vecﬁum or ergon testc, The vesulits of the gos annlysic
ere reporsed in Table 2,

FThug 4%t hap been extebliched that & correlation existe between diffusion
of oxygen oand nitrogen into the gpecimen end its cavitation behoviowr, It
follows, therefore, thet eny eccoptable theory of cavity nuclestion emd growsh
nust egcownt for this dependence cn environment, It rmust also be able to
cccount for the varietion in cevllation boheviocur with both temperature end
environnment,

Fracture et low vemperatures, 700°C, it found to occur by the initietion
end propagetion of Weblype crackss fic the temporature ic reiced the fracture
rnodo ohengep to retype cavitetion md £inally et high temperatures to fracture
ebout groineboundery particles. Thus threeo different frocture mochaniems are
observed in thy come environnent dopending cn the terperature. It follovs
therefore that three different mechanicms of nucleationggow%h all of which
noy be influenced by the exbornel enviromment must be operctive.

It ic proposed Yo discuce the influence of environment on the three
besio fracture mechonisme indicebed nbove soporately ocnd o draw general
cenolusions et the end of the discuscion. It is thovght thet in doing go o
glearer Indicatlon of the ocombined influence of tempersture ead envivomment on
the fracture bohaviour of the gtesl will bs obtained then would bes 1€ they
vere disousced op one,

It heg been indicated ebovo thel the steol shows Vatypo erocling in
ereep ot 700°C both in oir end in voouun cnd theb propagetion of the erack in
cpecinens tosted in vesuum it very rostricted compared with thet in eiv, If
the ecteblithed theories of Vatype crocking ore to bo accépﬁed then they must
be eble %o ezplein this phencmenon,

82
Zener propoged that tousile stress concentrations of cufficient nagnitude
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o iniblete fracturs ere created across groineboundories porpsadiculer to the
gvrecs ezic tnlees plastic defoﬁaaision taloo place in the graing ot the ends
of the graineboundoriec gubjeoted to ghear, IMany of the simple and more
compliceted Yypes of eracl: initintion by this mothed ere thom cohormibically
in Ligurs 8,

Once & oreek hag been initloted vnder thgz correct toct conditions at e
g:«:aiﬁ-bomldary perpendieuler to ‘the sbress ozig, it propbsga'biw, o rerullt
in vltimete intergranuler frocturs, hos to oscur along both the trangrercs
bounderies end thoge inclined %o the girese cxip, Ite propcga'bioﬁ along an
inclined boundery ic cohieved by chear clong the bowmdary, The enorgy
reguired for thip process is considored to be greater then theb for froctuve
of o troncvores boundary.

70
lioLean propocedl en the bacleo of Stroh's equation for britiile fracture

thet tho minimum ciress reguired for the initietion of o erack ic given by

0,2 [3h4]

here ,js is the chear giress acroes the boundary

the oquation:

Xb ie the surface energy por unit orca of creck formsd in the
grain-bovndary
13( i the gheor nodulss
. kA 1o the length of the cliding boundery,

Smith et 21, cn the other hend, calouloted that the minimum strens for
nucleation of e crack et the intersection of two ghosr bondg (ennlogous to
triple point erceking) ic conciderably locs then that predieted by this
equation, It wap elgo pointed oub thet if the effective fracture surface
enorgy for erack growth Lo grember thon thet for nucleation, then growth is
the more difficult procese and the creck will only exbend with increacing

ctrain in the chearing elerente,
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0n the basio of the reculte obtsined from the ezperimontal work
reported in this diswertation it ip difficult %o aseortain whether nucleation
or propagetion of the ecrack is tho more difficult procesec.
From Melean's equation it con be goen that o redue'bicn of the grain-

boundery energy, X would induce o reduction in .95‘ o thot is incrensge

» .
the propensity for zucleation of gralneboundary craékc. Rotherhem e'{;l:g
end nore recently Hondriilhave ghown thet the graineboundery energy of o
nstal i redused by the intergrenular diffusion of ozygen. Analysic of tho
specimens before ond efter e test has chowm thet both the oz;ygeny and the
nitrogen contents of the gbeel increase with tims of test in eir, but remain
oconcbent in veouun end argon. It i thersefore proposed that éhe diffusion
of oxygen end nitrogen into the steecl during e test in air effectively reducon
the groineboundery energy of the metal, Thus the chear strain necessery to
initinte fracture ic achieved sommer in spocinens bected in nir then in
specimens tested in en ergon or vecuun enviromment under the cemeo conditions
of temperaturc eml stress. Hencoe cracks will be initisted soomer in specimens
gubjected to an air envircmment them in speeimens Yested in vocuwm o argon
wder the eamo experimental conditione end, ccouming e constont growth rote,
will attein e gz‘eiter slge in a given period of tims,

Snith et Si, on the other hand, heve pointed out thet propagabion of
the erack may be ivhibited if the energy for the crection of e new curfece,
ie. orack propogetion, ic greeter than thet for initiebion, However, if the
greinebowdeary encrgy ic reduced by geseous diffusion or condencation then
orack ﬁroPantion may readily bake plece. Thue it is possible thet cracks
ere initinted et the came fraction of the creep 1life in 21l environments, bub
thors formsd in gpecimens tested in vocuum or crgen foil %o propagete dus %o
the energy for propogetion being greater then that for nucleation.

I%¥ my be concluded thet ot low temperstures creck initiation end

propogetion occurs by the samo mechemicn in nll enviromente, thet ic the
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development of tensile stress concentrations &t the ends of sliding graine
boundaries, The shear strain xioouury to initiste and/or propagete a erack,
however, may be reduced by grﬂ.n—bomdnry diffusion or condensetion of oxygen
or nitrogen, thereby promoting intergranuler fracture,

As the temperature is raised so the resistance of the bulkegrein
meterial to transgranuler deformntion is reduced, Consequently the stress
concentration conditions for the initiation emnd propﬁgntien of Watype cracks
cannot be developed, Failure under these conditions is found to oceur by
the nuclestion, growth, and eventual coaslescence of retype cavities.

Two basic mechenisms heve been proposed to acwunt for the nuclestion
of r«type cavities in metals end slloys., Resnick et :?,, and later meny
other investigators proposed thet cevities ere nucleated by sliding of the
grein-boundery about ingoherent or semi-coherent particles, Thilst this
mechenism may be operetive in many commerciel metale and alloys it cennot be
operative in high purity metals and alloys, many of which have been shown to
fail by retype cavitation, No p'ain;bo\mlary perticles have been observed
in the gystem under investigation either by optiecal or electron metallography,
consequently it is considered thet this mechanism of nuclestion of r-{ype
cavities is not operative in the steel at or below 30009.

The most sccepted mode of nuclestion of rtype cavities in pure metals
and alloys containing particle-free grein.bounderies is by the imteraction of
ledges formed by transgranular slip end grein.boundery sliding., This
mechanism was first proposed by Gifld.:g who postulated that ledges could be
formed in e graineboundery by slip sccommodation across the bowmdery., Chen
et fi proposed & modified form of Gifkins' concept to overcome the criticism
that the stress concentrations developed in the model were insufficient to
nusleate fracture.

From the literature it would appear that the height of a sbable ledge
decreases with increase in the bulkegrain stmength of the meterial, Stable
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heights varying from 20 Ao %o 100 A° have been quoted, Oonuguonﬂy it was
not expected to observe ledges in the steel specimens, Figure 21, however,
shows what are thought to be ledges in X .brass immedigatly after fracture.

Both of the mechanisms of cavity nucleation outlined above involve
the shearing of twe interfaces. It follows therefore that if the energy of
the interfeces is reduced by gaseous diffusion then the shear strain necessary
%o initiete fracture is reduced, Gaseous diffusion, however, is time
dependent end consequently cevities are not nuclested simultaneously throughe
out the crossesection of specimens tested in air, but are nucleated first in
the surface region where the graine.boundary energy has been reduced end last
at the centre of the section, This hypothesis is substentisted by the
photomicrographs of figure 36 which shows that the depth of the 'sone of
resolveble cavities' inoressed with time end gas ebsorption.

Assuming e oconstant growth rate it follows thet nuclei formed early in
the creep life, that is those of the surfage region, will attain a greater
size in a given period of time then those formed at a later stage of the creep
life, Also, since the cavity nuclei are sub-microscopic in size it follows
thet in s given period of time a greater number of cavities will heve attained
& resolvable size in the surface region of the specimen compared with the
centre. Henee the variation in cavity number observed in the speeimen, mey
be only an apperent varistion and not e true represenstation of veriation in
the number of cavities across the section, The observed verietion in sise
however, figure 32, is considered to be a true phenomenon,

Specimens subjected to an argon or vecuum environment exhibit an elmost
uniform distribution of cavities indicative of simulteneous nucleation through-
out the section., The smell size of the cavities formed in specimens subjected
to these enviromments is thought to be due to their formation requiring e
greater shear strain than those formed in specimens tested in air under

identical conditions of temperature end stress, It follows therefore that the
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time required to develop the necessary shear strain must be greater in
specimens tested in vacuum or ergon than in air, end hence the fraction of
the total test time aveilable for growth of the cevities is reduced, Assuming
that the growth rate is the same in all environments, the observation that
cavities formed in specimens tested in argon or vasuum are smaller than those
formed in specimens tested under identical conditiomsin eir can thus be
accounted for,

The problem of how cavities, once nduleated, may increase in size has
been the subjeet of e great number of investigations, Two mechenisms have
received gonsidersble attention in the past decade, these being growth by

88,57,86 21,90,96,97
condensation of uunnin and growth by continued sliding of the grainboundary.
Because of the conflicting nature of these two theories the evidence for and
against each theory will be summerised before the influence of enviromment on
each mecheniem is disoussed,

57 58

Greenwood et al, end later McLeen postulated that growth of r.type
eaﬂttu could occur by condensation of vesancies, Baluffi et :g examined
the influence of stress on cevity growth using the NabarroHerring analysis
and derived a oritical stress relation for growth of cavities based on the
cavity dimensions, Hull et :: extended this anslysis by e ssuming that et the
temperature of formetion of cevities grain<boundary diffusion is the only
importent diffusion mechenism., A simplified form of Hull et al's expression

for eavity growth is as follows:
c-P =327
r\

where o is the applied stress
P is the hydrostatic stress
¥ is the surface energy of the savity

T 1is the radius of the cavity,
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Hull et ig predicted and subsequently demonstrated that under sonditions
where the effective stress is szero cavities camot be formed due to an inability
of veocancies to diffuse under a hydroststic stress. Reteliffe et ::.
subsequently confirmed these results, Unfortunately the equetion is valid
only if it is assumed that the growth rate of the eavities remeins constant
end that the number of cavities increases with time, Oliver ot 22 heve
pointed out that thia};nuhly eince the area of grainboundary supplying
the vacancies decreases with increase in the number of cavities and the sise
of the cavities, In addition, mhlgi has pointed out that e superimposed
hydrostatie pressure will limit the growth of cavities by eny mechanism,
Finally, Intrater et nlmhan shown thet over & wide temperatwre range the
growth of cavities is independent of temperature unlike vacancy diffusion but
dependent on the degree of grain-boundery sliding.,

From Hull et 3?.'- analysis it can be seen that & reduction in the surfece
energy of the cavity, ¥ , would induce an incresse in the growth rate., Thus
cavities growing in grein.boundsries in which gaseous diffusion was teking plece
would be expected to have a grester rate of growth then those in other
bounderies. If this ergument is valid it follows that the growth rate of
cavities formed in specimens tested in air depends on whether or mot the
'gaseous diffusion front' has reached the cavity, the depth of diffusion being
time dependent., If all the cavities initially have the same growth rate 5
assuming simultaneous nucleation throughout the crosse-section, then as
diffusion ocours the growth rete of cavities in the surface zone is increased
by reduction of the surfece energy, With time the growth rates of cavities
in the remeining section are similarly increased, However, cavities in the
surface region will have been growing at the higher growth rate for e longer
period of time than those at the centre and consequently will have attained o
greater size in a given period of time, Hence the form of the d stribution of

cavity size observed in the course of this investigation.
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In his originel hypothesis of cavity nucleetion Gifkins postuleted

that growth occcurred by continued grain.boundery sliding efter nuclestion of
the cavity. noLof.;’x endorged this view end showed thet cevity growth was
possible by a combination of trangranuler deformetion end continued grain.
boundery sliding, Whilst a number of objoatims‘baud on the form of the
eavity produced by this mechenism have been raised, uﬂ:%:;ojtg'gﬁz;otom
postulated by lMcLean have been observed by a number of investigators. It is
considered from the theoretical consideretion end photographic evidance
published in the literature that the cavity forms shownin figures 40.42 are
of the form postulated by MelLean,

Growth of anr-type cavity hy grain.boundery sliding requires the
ereation of a new surface, It follows therefore that if the energy of the
new surfece were reduced then the shear strein necessery for its crestion is
al 80 reduced, Hence if the energy of a grein-boundary containing cavities
is reduced by gaseous diffusion then savities may grow et either lower sghear
straing or at greater rates if the shear strain remains conmstent, Thus the
influence of grain<boundary gaseous diffusion on the cavitation beheviouwr of
& metal or alloy may be twoefold., It may reduce the energy required to create
& new surface and thereby reduce the sheer strein necessery for its ereation,
or, elternatively it may reduce the activation emergy for sliding thereby
inereasing the rate of sliding under a given shesr strain end hence incresse
the rate of eevity growth,

If these hypothesks are correct them, following the argumemts developed
previously, the movement of a 'gaseous diffusion fromt' scross s specimen
section would ruhlt in a veriation of the growth rete of the cavities in the
section., In a fixed period of time this would result in o eavity size
distribution of the form observed in specimens tested in air, figure 32.

In the absence of grain.boundary emergy redustion by gaseous diffusiom,

for example in speeimens subjected to an srgon or vecuum environment, the

eavity growth rate would be expected to be independent of position in the
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specimen section, In practice & slight rise in both the size end number of
cavities in the region of the surface is observed, figures 50, 51, 60, and 61,
This is thought to be due to the grain.boundaries in this region having
greater degrees of freedom of movement then those in the interior resulting in
increased rates of cavity growth., That is the slight rise in the rate of
cavity growth in the region of the surface of specimens tested in argon or
vaguum is due to 'mechanieally’ incressed rates of grein.boundary sliding end
not to & reduction of the grain<.boundery energy by gaseous diffusion,

Stiegler et 3 proposed thet rtype cavissbion and Watype cracking are
the results of the same deformetion mode., From Hull et al's analysis they

obtained a relationship between vacancy flux and the growth of a sevity of

.vab(q_g_z)
A

where 33" ie the vecancy flux into the cavity

_thc form;

j p 18 the diffusion coefficient in the grain.boundary
\(9 is Boltzmenn's constent

is the intereavity spsocing

is the temperature in %

is the stress normal to the cavity

b(:ol A.—Q

is the surfece emergy of the cavity

and 1 is the radius of the cavity,

If the cavity is to maintain e spherical or polyHedral shape vecancies
entering it must be distributed over the surface of the cavity as rapidly as
they enter it., If surface diffusion is the predominent mechenism of msterial
transport the surface current or flux of vaecancies, Jgs i8 given by the
expression:

DYy oK

o

y KT =
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where Ds is the surfece diffusion coefficient
Y is the number of atoms per unit area
Jl is the atomic volume of the fluxing material
and 2K ig the rete of chenge of radius of curvature
i with respect to change in position of the surface of the sevity.

Stiegler et al postuated thet if 3. was sufficiently high to sccommodate
81l the vacancies emtering the cavity then the cavity will meintein a polyhedral
shape, figure 41, If the wacanpy flux into the cavity is increassed thenm the
cavity will grow primarily in the plane of the grain<boundary producing first a
lenticular dise, figure 42, end finally Wetype cracks, An increase in the
vacangy flux into a cavity may be achieved by either increasing the spplied
stress, C , resulting in an apprecieble growth compenent from disloeation
motion end sliding of the grain.boundary or by reduction of the surface energy
of the eavity, X ‘o Reduction of b by gaseous diffusion would result, from
Stiegler et al's analysis, in an increese in the flux of vecancies inte the
cavity, and also & reduction in the flux distributing the cavities over the
cavity surface, Depending on the relative rates of the two growth oomponents
growth may be three dimentional, ie. polyhedral shaped savities showing
erystallographie facets, figure 41(e); or pseudo two dimensional, ie., smooth.
walled or irregular-walled lemticular dise shaped cavities, figure 42, 1In
the extreme case W.type oracking may be produced,

Temperatures in escess of 800°C were found to induce extensive graine
boundary precipitation of carbide particles, Cavities were observed to be
nucleated at the particles in the memner proposed by Resnick et :18, that is
the development of tensile stress concemtrations et perticles by grein.boundary
sliding end the eventusl fracture of the particle.matrix interface. It follows
that if the energy of the imterface is reduced by geseous diffusion the shear

strain necessary to induce fracture is reduced, Phence the formetion of a
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cavity by fracture of a particleematrix interface mey take plece more readily
in specimens tested in an eir environment then those tested in either argon
or vecuum under the same conditions of stress. Similerly,once nucleated,
the surface energy of the cavity mey be reduced by gaseous diffusion resulting

in en increased rate of growth,
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The genersl conclusionsare as follows:
Temperature, at a given strein rate, has considerable influence on
the form of failure in & 18/8 niobium stebilised stainless stesl, At
700°¢ fracture occurs by the initiation and propégation of Watype cracks;

et 800°¢ by the initiation, growth, end eventusl coalescence of r-type

'euvitiug end finally et Sempersturesin excess of 900°C by the initiation

of eavities at grain<boundary perticles, md the propagation of the
cavities to preecipitate failure,

Specimens tested in air at 800°C exhibit higher minimum ereep rate,
shorter secondery ereep periods smd higheoreep ductilities then specimens
subjected to an argon or a vecuum environment under the same conditions
of stress,

Specimens tested in air exhibit a higher degree of cavitation
throughout the cross-section gompared with speoimens tested in an argon or
e vacuum environment under the seme conditions of temperature and stress.

A oontinued decrease both in the size and number of cavities from
the surfece to the centre of the section is observed in specimens tested
in eir., No such large veriation was observed in specimens tested in an
argon or in a vacuum environment umder the same conditions of temperature
and stress,

Gas analysis has shown that both the oxygen and nitrogen contents of

the steel increase with time of test in air. No such en increase was

detected on testing in argon or vacuum, .

The retype ocavities observed during the course of the wark reported
in this dissertation are considered to be initiated at grain. oundary
ledges since no cavities were observed to be associated with perticles at

or below 800°C.
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Little evidence has been obtained to indicate the growth mechaniesm
of retype cevities either in o< brass or in stainless steel, The
general shape of earstype cavity from the work reported in this dissertation
would appeer to be an oblate spheroid, On a single grain facet, however,
the cavities are elongated in a preferred direction suggesting possible
growth by grain.boundary sliding.

Gaseous diffusion is considered to reduce the greinJoundary energy
of the steel thereby promoting orack initiation mmd growth, No information
hes been gained to suggeet whether the observed influence of grain.boundary
gaseous diffusion on the eevitation behaviour of the steel is due to

modification of cavity nucleation rate or modification of cavity growth

rete.,
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PHOTOMICROGRAPH S,

The stress axes and where appliceble the directioms

of graine.boundery sliding ere indicated in the photomicrographs,



Figure 1.

Form of the idenl creep ourve.

Figure 2,
Possible forme of grain.boundary displaceinent -
tine curves,
7
(after Stephens).
Figure 3.

 Huoleation of Wetype cracks at grainebowmdery
triple-points. '

, . S 58
(efter Chang et al),



TIME

TERTIARY CREEP

‘TIME

e
" NOISN3LX3  AIYONNOENIVHO

SECONDARY CREEP
|

PRIMARY CREEP

prop——

s a5



Figure 4,

Nucleation of cavities by greinsdboundery sliding
ebout perticles.
48
(efter Resnick et el).

Figure 5,
Influence of stress direction efter compressive
prestrein on oavity formetion,
71
(after Davies et al.).
Figure 6.

Initietion of crack et a greineboundery .
82
(after Zener).
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Figure 7.

Development of Wetype oracking from rtype
cevitation,
59
(after stiogler et el),

Figure 8.
Nuclestion of retype cevities by grain<bowndery
ledge interaction.
20
(after Gifking).
Figure Oe

Influende of the diroction of graineboundary sliding
relative to the ledge on ratype cavity nucléation,
2

(after Davies et nl).
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Figure 10,
Growth of & ratype cavity by glide of dislocations.

.., 97
(after MoLeen et al).

Figure 11,

Form end dimensions of the specimen used throughout
the ‘experimentel work,

Figure 12,

Specimen mounted in the grips ehowmng the p081tion
of the thermocouple, . ,
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Figure 13.

Vecuun systen employed for the vacuum emd ergon
tests.

Figure 14,

Schematic representetion of the sbove.
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Figure 15,

Variation in duetility with temperature end
ttrainarate in o .bmss. ,

Figure 16,
Wetype cracking in « =bress,

Vagnification x 400.
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Figure 17.
Peeudo-fwetype cracking in <. «bress,
Kagnificetion x 400

Figure 18,

Coalescence of rotype cavities to form continuous
greinebo undery cracks in X «brass,
Magnificotion x 600
Figure 19,

Schematic representotion of the Duotility.vhxemparature
end Strein-Rate plot for o =bross.



DUCTILITY (ELONGATION %)

ool
DUCTILE FRACTURE
a
sol &
e, —_ ——_—— T T - - - T %
[+ 4
w
3
6ol W TYPE CRACKING l,a_J
e e — - ——- g
- 2
- w
40 | — @
- O
- w
”" (=]
- PSEUDO W TYPE CRACKING
”
W ———m— —m = = - - = ——— - |
~
\ N
R TYPE CAVITATION N {
~
- ~
(o] | 1 1 ) d A
ool o1 10 100°0 10000

100
STRAN RATE (INS/INMR XIO°)




Figure 20,

Varietion in the ductility of o abress with
temperature, o .

" Figwre 21(a).
Graineboundery ledges in o =bress.

Hegnification = 2000
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Figure 21(b).
Grein<boundery ledges in W bresse.

Vegnification z 2000

Figure 22,

Sohematic representa‘bion of the formation of the
ledges ghotm in the above photomicrograph
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Figure 23,

Verietion in the ductility of e 18/8 nicbiun
stabilised gtoinless steel with temperature
-end “gtrainerato,

Figure 24,

Verietion of the ductility of & 18/8 niobiun
stebilised stainless steel with temperature,
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Figure 25,

Cracking ebout :{’ine gram.bcu.ndaw part.f.cles
(arro:’ﬂﬂi)

Magnification X 2250 .

Figure 26,

Creep ourve of o 18/8 nioba.um stebilised stainless
stoel tested in pir,
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| Figure. 27.

Iﬁfluénée' of tém?eréture on the forn of the creep
eurve of e 18/8 niobium shebilised stainless
steel tected in eir at o stress of 2.0 t.p.Beles

Figure 28,
Derivetion of the ac{;iva.tion enorgy for ereep of s

- 18/8 niobium stebilieed stainless steel from
the ebove curves.
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“Figura 29,

Figure 30.

Figure 81.

Watype oracking in o specimen of 18/8 niobium
gbabilised stainless steel tested in air et
80000 end, 6.0 tQPQSQiQ

Magnification x 20

Retype ocavitetion in a specimen of 18/8 miobim

stabilised stainless steel tested in eir at
800°C end 2.0 tepeseis

Magnii‘ioation x 180

Cracking of e grain<boundary by the growth end
coalescence of ratype cavities.

Hegnificetion = 600
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:Fig’ure 320

Variotion in the size of eavities with digbance
from the surface in gpecimene of 18/8 niobium
stobilised stainless steel tested in eir et
800°C end 2,0 t.peseie

Figure 83,

Varietion in the number of cevities with a4 stence
~ Irom the surface in specimens of 18/8 niocbium

#tebilised stainless steel tested in eir at
80000 and 200 ‘bcposo-o '
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~ Figure 34,

Cracking at the surface of specimens tested

' in air et 800°%C end 2.0 tepeSeis’ due to
coalescence of‘ r..type cavzties. -

he_.gnif‘:.cat:.on xz 600

Figure 36,
Surfece grein-bounderies immedically prior to
 orackiug showing the presence of
isola'bed r-type oavi'bies.

Lagnlfica'bion % 550






Figure 36,
The follo#ﬁ.’n’g ere & ceries of photomierographs
of the surface end centre of speoimens

tested in air at 8000C and 2.0 t.p.s.d.
for S

0 hours

250 houre









Figure 36 (otnd.)

1000 hours

Megnification x 600

Figure 87,

Wecrackes formed in the steel on testing in eir
et 7009C end 2.0 tepes.i,

Magnificebion = 485






Figure 38,

Cracking about graineboundery particles on
testing the steel in air at 900°C ang
2,0 topoSoi-‘

Magnification x 1000

Figure 39,

Optical fractographs ghowing ‘dise-shaped®
feature (errowed),

Magnif‘ication X 750






Figure 40. The following ere & series of direct cerbon
‘ replicas of electroepolished and etched
sections of test specimens showing lenticuler
sheped cavities. The specimens were tested
in elr at 800°C and 2,0 tepetedes

Vognifications x 10,000
x - 14,500 and 20,000
respectively.
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Figure 41,

The following ere e sgeries of electron microe
fractogrephs of specimens tested in air
et 800°C and 2.0 tep.s.i, and broken by
impact.

(e) General fracture surface structure
showing n wniform distribution of
cavities, - The stress axis of the
specinen is approximately perpende
iocular to the plane of the '
photomicrograph, ,

Vagnification x 130

(b) High magnification view of area (a)
in photonicrograph (a) showing the
ebsence of cavities on grain
facets al low angles to the
stress exis.

Magnification x 700






Figure 41 (otnd),

(o) High magnificetion view of & triplew
- - point, orea (B) in photomicrograph.

(a) Hote thet whilst the mejority of
The major exes of the eavities
lie parellel to one enother on e
given facet, they ere of random
orientation et the grain fece:
~ Junctures end ere not continuous
from one grain facet to enother,

Mapnification =z 800

(d) Grain facet vlying 8t approxinately 45°
to the applied stress exis,

Hote their shallow lenticuler disce
like ghape end the presence of

ductile fracture.porosity between
the cavities,

Yagnification x 800






Figure 41 (otnd,)

(e) Gram fecet Iying ot approxima‘bely
90° to the epplied stress exis,

lote the faceted polyhedral shape
end the ebsence of extensive .
inter-cavity ductile fracture
¢f, facets oriented at 45° to the
epplied stress axi.s, photomcrograph

- (d)e
‘ - Magnification x '1400

(f) Surfece of & specimen subjected to
the samo thermal history as the
oreep specimens end broken by impect.

Note the fine porosity or cavitietion
due, it is thought, to ductile
fracture about precipita‘bee.

Magnificetion x 1650






Figwe 42,

The following are e ssries of transmission
electron micrographs of foils containing
cevities, The foils were prepered by the
‘$hicks thin foil technique,

Magnifications x 116,000
X 150,000 end x 45,000
respectively.






Figure 42 (ctnd,) .

Covities as observed by the 'thick' thin
‘foil technique,

Magnification x 40,000

Figure 43,

Model of e cavity produced by optical density
measurenents across the elebronemicrograph
shown ehove, The lines of the scen sre as
indicated on the photomicrograph,






Figure 44,

Creep ourves of a 18/8 niobium stebilised
eteinless pteel tested in vacuun et
800°¢c,

Figure 45,

Influence of temperature on the form of the
creep curve of & 18/8 niobiwm stabilised
steinlese steel at 2,0 t.pes.i, in veouun,
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Figure 46,

Derivation of the ectivation energy for creep
~of a 18/8 niobiun stabilised steinless
steel et 800°C and 2,0 t.pes.is in vaeuum
from the shove curves.

Figure 47.
Watype eracking in the steel on testing in
vacuum 6% 800 € and 6,0 t.pl.s,i,
Cf. thot in eir, figure 29,

Nagnifieation x 20
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Figure 48, .

Retype cavitation formed in the steel on testing
in vecuum et 800°C and 2,0 tepeseis |

Magnification = 600

Figure 49,

Stabilised surface cracking on 'hesting the gteel
in vaoumm at £00°C end 6.0 tepeBei,,

liegnification x 600



Tigure £O,.

Veristion in the size of ratype ecevities with
‘distence from the surfece in specimens of
'a 18/8 niobium stabilised steinless ctesl
tested in veouum et 800°C,

Figure 51,

- Vebietion in the number of ratype cevities with
distance from the surface in specimens of
‘& 18/8 niobiun stebiliced stainlass sbeel
tested in veowm et 800°C. , o
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| Figure 52,

Figure 653,

Wetype cracking etiriple points in the steel
on testing in veouun et 700°C &1id 2.0 tep.sei.
Note the restriction of erack propogetion
canpared with that in eir, figure 37.

lagnification = 800 and
% 6500 respectively.

General structure of the steel on testing in
veouun ot 900°C and 2,0 tepesei, showing
directionel groinboundary migration,

Vagnification =x 150






Figure 54,

High megnificetion photomicrograph of greine
boundery migrotion in the steel at 900°C
ghowing bowing out of the boundary between
perticles. :

Magnifica‘bion x 400

Figure 55,

Opticel fractograph showing the absence of eny
feeture resembling rtype ocavitation, The
fine poroeity iz considered to be due to
ductile fracture sbout precipitates,

Hegnification = 900






Figure 56 .

The following are o geries of direct corbon
replicas of electro-polished and etched
gection of test specimens showing -
'rounding' of the cavities.

The specimens wers tested in vacuum et 800°C
and 2.0 t.pogoio )

Hegnification = 14,000 |

12,600 end =x 18,000
respectively.






Figure 57.

Electronemicroefractogreph of a specimen tested
" in vacuun 8t 800°C and 2.0 tep.s.i.

agnification x. 1500

Figure 58.

Trensmission elec'bron-micrographs of cavities
formed in specimens of the steel tested in
vacuum,

Magnifications x 10,000
end x 175,000 recpetively






Figure 59,

Creep ourves of o 18/8 nicbiun stebilised steinless
steel tested in ergon at 800°C,
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Figure 60.

Varietion in the size of ratype eavities with
digbence from <he surfece in cpecimens of
2. 18/6 niobiun slebilised sbtainless steel
tested in ergor at £00°C,

Figure 61,

Verietion in the nunber of ratype cavities with
~ distance from %the surface in specimens of
e 18/8 niobium stabilieed steinless gbeel
tosted in argon at 800°C. ‘
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Figure 62,

- Comparicon of the creep curves of & 18/8 niobium
stebilised steinlesc steel tested in air,
argon, end vacuum et 800°C end 6.0, 44,0,

‘ a.nd 2.0 t.p.e.:.. respec‘bively.
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The following plots ere comparisons of the veristion in
retype oevity size and number with distance from the sﬁrféca in
specimens of & 18/8 nicbium stebilised steinless steel tocted ab

800°C in enviromments of eir, erpgonm, end vecuun.

Figure 68,
Temperature SOQOC. '\

Stress 240 Teposels
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The following three figures ere composite photomicrographs
lﬁowin; the degree of cavitation et the surfaece, mid.radius, and
centre position in specimens of 18/8 niobium gtebilised stainless
steel tested at 800°C.

Figure 66,
Temperature 800%.,
Stress 2,0 tu.p.s.i.
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