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A ~lqi~ Analysisof Wile Fhcture

by 14imxoid -~

By: J- H. tie Jr., LCS Al- NaticmalLakmatory

E Alams, W tico, 87545

PBsmAa

A ~lqiml a.mlysis for ductilefradxre by mi~ id malescenoe

ispresentitiqxm the *ofWi*ard Knottwhich mates

thatmicmvoids linkwith a pqati.xq mck if they lie withina

~in infraction dktanm of its plain.A 3+inEnsimal analytical

expressim for d.i@e density- skpe is developedfzunthis -l

usirgpzoj- imagerelationship for a thin slab.Void nucleation

ad - am inmrpora- intothe analysisushg ~i-

inqtim of the i?i~q grwth quation over thi apprqriate

strainrarqe.Tts pramters requird for appli=tion of the analysis

iml*; nunberpr unit V131UKM3an5 vol~ fractia of rnuleathq

particles,the fractia of prticl- n.icleatiqvoids,a ruxleation

ndel or masurwd data for uleatia rate as a tiicm of plastic

Smin, tk fmcture s’tmin,the in@ractAm di~ for mkrmmid

Cmal~,ardthestmss aml strainmmiitions involvedin the test.

An evaluaticmof W ~lqi-1 approachis given us- tensiledata

fruna spkroldlzd 1045 stxel KO prdict the effe~ of h~tlc

P~ q tb dimpledemity. w analysis,whId-Iis ~istent

with ~ed mrrelations lx~ dinpledensityad ~ ~

particledensity,is sham to pruvldean estimtes of dl~le size am]

the mlrrm~= pra.mter USA in l-l staretiels for mi~’old

c=31e:imm =.
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~lx!cmqJ

The ductilityad fracture~ cf a m30rlty of eng~uq

alloyswhich failby nuauvold axil~ (WC) are Wntrolla by the

disprsiom of SMXX5 ~ ~lcles. This is a ~ of the

nucleatmn ard _ of micruvoidsat ~icks dur~ plastic

defozl’mtlon.- laal damage~, wlu* am statismaad M

nature,ocmtirueuntil ~ qp of ~11 ity or flow l-izatla

~~P tmpm3uoeam~ ic crackor frachxe. = nu6t

oummn i.nsubilityinvolvestk li.nkiqof ma.rest~ighbr mxrovoids

w~ofti~ natrixqi~. [:,2]Its oomrmme k

~iati with the - fmn ~ic plastlcflw to l~izd

defoxmaticmwjtlun a thin layerwlu~ foznsthe fM dinpledfracture

surfaoe.Btperum2ntalOkerwKim W clearly~lti that such

ducule f-ue surf~ - p~ bya suMen”intenseldlzed

mdmgofthe ~idmatrixacmss a~oftni crwuoids.?hus M.’C

K mn.fmad ~. exclusivelyti a tlun layeradla-t to the f-

fracturesurfaoeas ~d qumrtally[ 3]. The ~ional

ndel d-i-bed b< Thmason[4,5] for ~ msta.billtywithinthe

mt~nold matrixof a simplembc arzayof ~l:e 5*~1cal voxk

e@aslzes the ql-bf of W problemof estilishuq U= cmmhr ions

that lead to lts reset.UnfortuwKely the a prioriste=lql=l

assurpuons do not all- dlsprsla eff- _ as a rangeof

nucleatlm strzuns,ami the size a.mispklal dl=-timn of

m.Lcmvolds,w be incl@ed. It alsoa~ Wt currentd~latint

plasticitynukls[6,7] for durtllefractureVla MUC do not furrush

=llstlc prdlctmns of void volune fractionsof 4-5% as ~r~d at

the onsetof male5m=. [9,~]In adltlon nom of the cllrm-ntI’fKxic1-=

~m:lde estLIfkir- or prmdlLctlonsfor dlrq.leS1:GSad the mq-as
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~ ~ ~ fra~ -aoe, mr * they providea basis for

urderscardiqthe lirk:=mrrelation ~sd btween planarpa-icle

densityad dimpledensity.[10,11]

The st~lcyiml q-~ p~ intispa~is~~n

the geumuic raxielp~ by Widgeryard KrkXt[12],whereinvoid

mal~ ~ withina thin Volurmelemnt tia thicla’Ess

m~ to a @ysiA ~cticm di~ ~ti for mkruvoid

axLlescx3xe.Hence ~ ~ili~ b wnf~ - the continuous

thinsdimensionalintewoid matrti~tiq ~ mi *r voids

withinthe volum elm bxrxkd by tk ~cticn ~. This

uxxliticmgives a unique definitim for the mi~ size -e

involvd in void -~, arrlthus it =y fuznisha dwzacteristic

Myth, as di~ by FU=[13], maid for Aat@ mi~

ard fmctu.m parameters. The htemctim ~ ~aw by this

nm3el- not rqxesent an a prioridefinitionfor the critiail

wrditiom or titims ~ for the instability.It ~,

houwer, ckffi a daracter=txc lengththat is amt.mlled by *

titions which am ~ ad sufficientfor resetof tlw reck@

imitability.~ admnEqe of this agpma~ lies in ths abilityb

masum interactia di~[ 12], an3 tkmby providea rationalbasis

for evaluatirqm-d ~ the criti~l ~itims. A@i=tion

of thisgeamtric *1 for ewluatirq the @ysirml ti micrcstructuml

factorsthat are involvd in the ml~ P~ ad in mntrolli~

dimplesize ard shapew1ll & descrikedin this paper.

stereokgi~alW.!2LX!21..M@3W1.. gl~

W qecmtrlc ndel for coal~ withina thin volum elOmnt,

with thicknesst qJAl w the intera~tlordls~, furnishesthe

follcwirqpm~ectd inkqert’latlomshlp[14] kctwecnvoid dcmslty,

-)-



~, a-d aqected dinple d=nsity,~A>, on * fm~ --2,

a~(al-)~ = Nv(mi-1 (q(m*)> + t) ..(1)

l’hisquation istiqmna th-m-icm thmxghamxlcxu ~ion

of mnvex micmvoids with a~ * iperdiamtex, ~, runwl ti

the -is, as illustratedin Figure1. %ysiWly tM relatimship

ainfinesthe~~ility ~tbirxtxmm id mtrix p~ikd by

nearestneighborvoidswithinthe plamu ir@raction volum. ~ the

c.lal~ P~ is limitd to a statisti~ sheetof rnicrovoidsas

Suggesti by othermcdels[s],ad as o&ervd qinEnwly[3].

Project.dvoid densityat the ~t of ~ility is thereforeequal

to the expeded dinple*ity m the fracturesurfaoe.This is

illustrate SchenWi-ly in Figure2 khich shinsa projti vie of

voids amtained withina thin tiicm with their~ mighbor

mqions delimatd by D&ichlet cdls[15]. The ~ili~ is thus

envisiti as tb ~ dixmsimal @ysiti p~ tit ~tes

amt~ )nif~ ri*, classi~ly cksemcd m =ile fractmre

surfaoes,by ndcbq alcq * Dirichlet-1 Ixamiari=.

Equatiom(1)a be exp~ in term of ~icle density,

~(p), W a ~iml- th.i~, k, by *fM,

W“) = q%(p)

k = ~~(V)>

* “m is h frictionof puticles that nucleatevoids.‘Ihus

exp=td dinpledensityis givenas a simplepruiud of @ysi~’ ard

Inicrmtnlcturalparanw!tersas,

~A(tilx) > = ~’~(p) ●%(v) >*(k + ~j . . (2)

l’k s+~lqical assu@ions involvd in this relationshipp are a

thin volumesa.nplingof the void di~lon, W cmnvexvoid shaps.

The @ysi=l cxrdltionsimpllcltIn equation(2)are: tht ~lmq
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instabilityis mmtxa~ withinthe plararvolme ehment, that t

is mntrolled by * criti- titicns for imitabilitytich are

uns~ifiedin W*, arKlthat~_Iutd3aqedurW

mal~. A@i=tim of quatia (2)to pmi.ictdim@e size

~ ~lcqi- estimationof l+(p),~(v) ~, k, ard

~, which involvesizedistri.tution,z@/or threedimnsioml

qlirq ~w[16]. ~ val= for these~ &W not

availablein *S a duccilefrachue, d a -leation ti grwth

* nust lx enployd b allowappliatiom of quation (2)-

e~ data.

Ttex6tiqotit,ardtb= diffimlt~tomasumin

eqwkion (2) is the averagemic.mvoidsize,~(v)>, nxmal b W

fxactum surfs=. This param@r has bem cmployd to ~ibe t&

critial damagemrdition for void ma.1~ [17],ti it i5 also the

prtiipal mi~xral facbx in 1- strain*S of dxtile

fra~ [18]. Evaluationof + q- that void nucl~tion ar’d

_ be eitherndeled, or ~ over & stress~in pkh for a

specifictest.W st~lqi- appxua~ is equivalentto the _

path analysisof KEHoff[19],as illustratedin Figure3, where

m.iczostmcturdevoluticminvolv- tb laxildamge p~ of void

nucleationad gruwthwhi~ am a functionof strainpath ratherthan

tim. A@i~tion of the grwth pKh amlysslsthus :quims that voi~d

size distributionsbe ~ over the strain@h of a sp~ific test.

As void sizedistrilxtjamshave rut = ~ for temsiletests,

equation(2)will lx a~llud usirq the classicRi .0=4mmey[20] CJnYwth

ndel ti the assumtion thatthe nucleationrate Is a mnstant.
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The RimIYaq grcwth mild for evolutim of mnhtera Ctilq

spheri@ voids in a reroutetriaxialstressfieldhas ban a~lied jn

aeral ~ @pers[3,7, B]. Principalradiifor the axiallySyrmmtrlc

elli~idal voids thatgrw * mmte tensilestresstitions am

givenby,

R3(tf,fn,aqlde)
L

= -( (&~@#e) + D#Wde) ) @) ..(3)

W((f ,[n,Uq/&)
7= ~( (-~X~e)/2 + D(dr.e)) df) ..(4)
em

Wherein= initial void size, ~f = fracbre strain, /n =

nucleationstrain, ~ = sba~ cQuqe furctiom,D = dilatational

futxtim,

mid size

+l?lis

@ 6q/6e . ~ ~/e ff~ive ~. ~ *f* &

in the directionof prixi~ tensilestressand thus 2R3 =

~ void size rxxnalto the directionof pri.mipl

tensile~. RD, the initial_i@ void size,will = assured

to be equal to the size of the nwleatirq ~icle ti~ inpli- that

the @ysi- ~Lsm for void nucleatia is interfae demhesion. In

aMition R(Imy *- a stzai.nif particlesize affectsthe void

nucl=tia uxdi:ims. ~ eqaticms - b S to alaitab _

pN.hsfori. rxiividualvoids* tk~sta@a*qress4 asa

fuxtion of effaive plasticstrain.The dam of BmwnFU‘g et al[8],

W* prwide tiytic expressionsfor the stressstateduringtemile

testing,will k = for illustratia.This is convenientsh their

data also providedimplesize~tstowhichthendel will-

~ in the next section.Figure 4 shcwsthe man ad effective

stressas a functionof plasticstrainfor ~ of tiir rum-d

steeltensilespecjnms. T?w tiions ~(tiaml D(f) am sham in

Fqure 5 alongwith Llotsof theirvaluesfor the tensile~

1045

cctiitlonsshmn in Figuma 4. The effectof h~tatic pressurein

-ciq the dllatatioml fwrtmn is clearlyshmm by thesedata.
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~ ~ths forvoidstkW nucl-te at differentplasticstrains

- be readily*ailated ~ mmri- integrationof ~ equations

Over thestrainintervd ~ nucleationZUX3fra~~. Figure6

shaws dlda~ _ paths for voids

strainlevels.M resultsillustrate

state in imreasirq void gxwth mte in

at dif ferem

triaxialstress

of prtiipal

thel?ldimxion ratherthangmw as~by ~gg et al.[8]

m ~ of m m mleatifn strainillustrate * ~ity

with a ~irq strain,Cs, ard _ strain,fe. This nucleation

nndel,whichwas ql~ by Lel@yet al[3] for similartensiletests,

. . (6)

This equationall- Q13> to b @culatd by numrical int~tion

after sbtltutlon of the Riu#X’racq _ furrtion in quation (3).

AlthugkI other distributionfunctionsa be used for nucleation rate,

such as%the &ussian function applid by l’W.rgaardard Nedlenw[7 ],
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available

~tn

~ze

Wllia aamcter lze * damaq~~

CATICNOFTW=

as

win

a f’urctiaof

a@i=tion of th ndel to

~ of s@emifized 1045-1

Mi~, fraCtcqr@u “c,

plarnrvoid dmsiti- ~. The strainm~ b

of nucleationw Alected to Mate the bqinr@I of the

prom rnxleationof voids at airbi~. This is cmsistmt

the start

mm

with the

~ia[3 ] Wt Wo pplatims, inclusims - ~i~, my be

mspnsible for tb olx5en# ~ evoluticmpomss. l’husvoid volme

fractim can be calallati usiq the Ri~ ~mdelamla

~mt mcl-cim rate frun ti stereolqica.1relatimship,

Vv(voids)= N@midls)●*W

wkre dldw = (4s/3)●U?3>*~2 , S* R’ is ~~XilTEltdy

~nt as i.rdiaked~ the _ data in Figure6. Gdculated void

volum fracticnsam ~ in Fi~ 7, alongwith the experimental

area fractia data.Void fractions~ailati by subtractiq the volume

of nucleating-ides b an exOAlent fit to th ~lqial

-! ts for each hydru6taticpressure.‘lhea~ropriate Vv for

clearlyshaildmt involveW VOIUTE

M2re m incllxldin the Wqx2rilmnbl

-8-
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qanamumhs i!dupult heexperimenal Clatampomdkymg oil

and Ln[21]m 1045M with a snmll-juslmmt to BBM the largest

-~ volum fractim levels.~ valu =1 vas selectd as a

fixst~ mxilYmiulhwdLqYmtheEIminl ard EllblXy[17]*for

mal~. The e3pc@d dinple~ity obtabd fzun eqntiul (2),

thus providd an awu~ *1P size fmn,

%?=
I.U/q”

which gi= the equivalentci.n21esize for tlw averageprojti di@e

ama. CalmlaW diqle sizesma plti b Figm 8 as a finwticmof

~tic pressurefor amprism with frac@r@u ‘c~.

TtEcuprisonbetkmen calailata?and exprimntal dixqlesizes is

exoell=-tbqhtk~- dataweremtm~ for

- follmdthat ~ ky the highlyelorqated voids o&en& with

~iq h~tatic p~. ~alated values for GU> and H

- also plottedin Figure8 for cxmprimn with the dinplesize data.

-9-
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mvolutia as in the Ricz4tacq -h * h aPPly- mthcd

descr~ by EHoff[24] whim is idlustrati in Fip 10. This mmxi!wd

giwsthe~(h)aswellas~ ti~>tithuspmvicks

both W mcleatia ti gruuthpaths if applieduver the strain~th.

This resulte@basizes the need ti qply apprqriati stercmlqid

mthds for ~izirq the void tieatia ard grcwthpiths in

orderto ur~ the mile fracb.m ~ - t& criti~

hti- forWC.
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lhcrostructuralParametersfor ----o BrownRigg et al
1045Steel with Coarse Carbides ActsMet,VU1 31(1983),p 1141.

vv:- 0.066 = VolumeFractionCarbides
RX := 0.26 = cR> from Number Oistritwtionin pm
Vol := 1.1 = <Volume> Selected- in va3

Vv

Nv:=— Nv = om~6 = CalculatedNumberPer lhit Volume - t/pm3
Vo1

Experimental Hydrostatic Pressures =
P :-0.1 P :=345 P :=690

o 1 2
mu :- 0.3 mu :- 0.7 mu :- 1.1

0 1 2
[fr :- 1.36 (fr :- i.98 [fr :-2.60

0 1 2
ROi :- 0.52 ROi := 0.55 ROi :- 0.60

0 1 2
f :-0.5 f :=0.52 f :=0.58
o 1 2

k:-1 k:-1 k:-i
o 1 2

i:- O..3
P :- 1100 MPa

3
mu :- 1.6 = NucleationStart

3 Strains.
[fr := 3.34 = Fracture Strains.

3
ROi :- 0.63 = IniLialVoidRadius

3 in pm.
f :- 0.62 - Fraction of Carbides
3 NucleatingVoids.
k:=l - Interaction

3 Thickness in IJm.

TABLE I Selected experimental data used for calculations
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f-lGUHE 1 Diag?am of thin section intercepting void dispersion
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