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Abstract

Recrystallization in Lhe presence of inen second-phase panicles has txcn simulamf witi a Monrc Carlo technique.
The technique is tie me onc as has been employed successfully LOmdel grain growti, recrystallization and
grain growti in the presence of second-phase panicles, Tfm results show kit a~ low stewed energies, Lhe pardcles
red tic growti of recrystallim.ion nuclei and can prcvem the reqwdlization process from going LOcomplcl~on.
AL high enough stored energies, however, growth is nrx impeded such rhat the panicles do not affect rhe kinetics
of recrystallization. Posl-rw~staJlization is swongly zffccted by the presence of panicles because @n growlh is
inhibited and tie micrmstrurum tend [o Ix ICSSequiaxm~ than in grain growth.

The effect of second phmc pticlcs on primaq recrysta.llizalion has long been known to be profound. This tc)pic
has tx.cn extensively investigaczf since rhc pa~r of Dohcny and M.anini and has been Erczquemly reviewed, mxably
by KtXtcr & Hombogen2 Hansen3 and Humphrey+. An interesting fcamre of tie topic is ‘hat the presence of
particles can eiltrcr retard or accelerate the kinetics of recrystalliution. The reasons for his variable effect have 10
do with the competition between retardation of grain boundaries by pa.niclcs and the nucleation of recrystallized
grains. The kcy conclusions 10 be dcawn from the revlcws of tie topic arc as follows.
I ) Acceleration 0[ nxrystallizalion occurs when Iargc (> 1~) paruclcs arc prewm Humphrcys5 has shown LIMt
Iwgc partIclcs are surrounded by a dclormauon zone in which Lhcrc is a higher stored energy and larger
mlsorienlations than in lhc matrix. These fac[ors Icad to a significantly highcl probability of nucleauon al [hc
part, iclcand higher growth ralcs, al Imsl in the vicinity of the panicle, For a sui’ficicndy high panicle dcnsny,
smaller rccrysmilizcd grain sizes can lx achieved Ihan in the corresponding single .phase malcrial, This
phenomenon is known as pmicle s[imulatcd nuclc.imon (PSN) and IS of great importance in commcrcul materials.
II dcfwnds, however, on hctcrogeneltics in tic dcforrncd microsnc[urc LIMt arc not arfdres.scd In the simulatmns
dcsctiixd In his paper and so will not bc (fI.scumcd furlhcr.
2) Rclardation O( rccrystallizahon cxcurs m the prcsencc of fine pwticlcs where [he mean spacing (Al) is of [hc

rmfcr of tic sub-grain size, [ypiczdly < lpm, In !his cusc [hc line dispcixlon rclards coarscrung ot the sub-gram
w-uc[urc which inhibi Ls lhc nuclcalmn of rccrysralllzcci grains,
3) The growth 01 rccrystallizul ~rislns IS not much o[lcclcd hv the prcscncc O( pardclcs on any scidc, suggesting
Wa[ rcm.rdallon of rccrysLlllw.auon IS Iargcly a conscqucncc 01’ [hc Inhit)illon 01 nucleauon. This IS clear Iron]

I’IWaSWCITICfIL$ 01 g’rowlh rmcs hy Doherty and Marun’,

[)ohcrlv and Mahn’ showed [hat a flnc, semi-cokrcn! prccipilaw m on AI-C’U dlr)y inhibits rccrystalli?.atmn wrv

cllIx IIvcly, In tic A1-AIzO~ syslcm, where the second ph~$c IS Incohcrcm with the ITMWIX, Nohlli and Mar I~””

showed a sunlku rcta.rdauon 01 K’Cry:iliSlll ZiNloll They OISOshowed tim lhc rcVysLIlllzmWI tcmperislurc mcrca.wd



with oxid~ .ontent, i.e. lhm the retardation .r ‘Fcascd with i. . . I’ .lm( - O( srcond phnse. The

rctaroation uf recrystallization by fine particles is most likely to be tie result O( pinning 01 subgran bounuiuies by
tic panicles and the consequem prevention of nucleation. This view is scppoficd by t-he experimental fact that
when rctmiation occurs, bul recrystakation gc@sto completion, t.hc grain size is very coarse (compared with the

single phw malenal), indicating that very Icw nuclei appeanxl. Solile reviewers of r-he problem, for example

HumphreyJ and Baker & Mtin7 have used tie Zencr-Smit.h analysis to deduce rhat panicle pinning does not
produce enough drag to be Me SOICcame of rcurdation. The review of panicle pinning above, however, shows
d-Iat this may not be correr 1. 11has been shown experimentally that dispersions of fine particles oflcn produce
more uniform, diffuse disloeauon subst.rucn.ucs, Humphrey<, and fewer large local misoricntations. This lack of
large misoricnralions can clearly conrnbutc 10 the decrusc in nucleation density bul is not addressed in IJsiswork.

The motivation for this work was previous successful simulations of rccrystallizalion*,9 and grain
growtil”,’ 1,12,13,’4 cspcciall y Lhe effects of particles on Iimiling grain growti]s. The resulu 10 be presented here
adchcss Lhe issue of rcmrdation of recrystalli=tion and largely confum d’Ic second and third conclusions atmve. We
studied tic ctlx on rccrysfaflization of t.hrcc pararnclcrs, slored energy, nucleation density and panicle fraction.
Three diffcrcnl slorcfl energies were used with Ihc same numbers of pa.rtic!es and nuclei. Parlicles were
supwimposcd on microstructure obtined by simulation of grain growth. Nucleation was imposed on tie system
at the start of rocmsmflia.ion (site statura(ed nucleation) wilh various densities of nuclei. An additional purpose
of this study was m shsdy the extent 10 which IJICPOSIrwystallimtion microstrucu.tre undcrwm grain growlh.

The simulation prowdure employed in tic prcsm study is eswnially identical 10 that employed in our previous

studies of recrysta.!lization in homogeneous malcri@’9. In short, a continuum microstructure is mapped onto a
:wo-dimensiorml triangular Ialticc conr.aining N=40,MX) sites. Each lattice site is assigrwl a number Si which

comcsponds to the onctuauorr of Lhe grain in which il is cmkfded. Lattice sites which are adjacent to sites having
diffcrcm grain orientations are regarded as as being separated by a grain boundary, whilst a site su.rmundcd by sites
wlti the =me orientation is in k grain intcnor. Each unlike pair of nearest neighbors is assigml an energy J so
hat the total energy of r.he system is calculated as

E=;is(l-m,)
81 (1)

where the sum on i is over all N silts in tie systcm, the sum on j is over the nearest neighbor sites (nn=6) of site

i, and bij is the Kronxker delta. Chin growth is sunulauxf by permitting the orientation of a particular site to

chitngc, providd hat the total energy is reduced or left unchanged as a result o! the change in orienumion, The
sites in tic systcm are sampled in a random order and N su~h reorientation attempls is dcfmrd as or; Morne Carlo

S~ep (MCS). The number of Momc Carlo Steps is proportional to time. varticlcs arc intro~~ccd into the
simulation us sites which have an orientation different t’rom any of the grnins and which can nol bc reoriented
during the course of the slmulauon. This assumption results in the equality of the panicle-matrix intcrfaciul
energy and tie grain boumhry energy, which is rcascmblc for panicles that ve incoherent witi the matix,

Primary recrystallization in tic prcsencc of panicles is mmfcled by incorporming an additional [cnn into tic energy
expression Eq. ( I ) which xcounLs for tic energy stored in t.hc matrix, generally in the form of dislocations. This
addiucwd energy is present in the unrccrysudlizcd grains bul is absent in the recrystallized grains. The IOMI
energy E is ~cn calculirtcd as

Nr nn 7

(3

where tic function f(S) is unity for unrccrystallizcd sltcs, and zero for rccry’stidlizcd sites and particles. H is tic
smrcd cncr~y per SIIC duc [o dcfmrmumn, which is assumed m be uniform over lhc initially unrccrys~lli~cd
mmcrud. Rccrysullizotlon occurs by iI nuclcirmm and ~rowth prcccss, Nuclmtirm is simulntuf by adding smtill (7

sites) nuclcl to [hc mmcrml itl random SIICS iu the hcfzmnlng O( the slmulu[ion, These nuclei hisvc S VUIUCS,
dlffcrmg from Ihosc ol” fill rmhcr prwns and for which 1’=0. If H is too small tic nucici will he suh-crliical and
shrink uwtiy. The VUIUCof II rcqumcd Ior growlh 010 nucleus ocpcnds on m surroundin~s, If 11/J>2, isn isokucd
nuc’lcus IS super-crlucui und un grow, If 11/J<2, [hc nucleus mus[ M udlticcnl 10 WI cxlstmp houndis.ry In order [[)
sunwc and ILS prowlh tcmfs 10 mxur islong the prwr hmndurlcs, ‘Iii< r-hscusswn $hrsws IhaI u iw[tcr IcrIn would
hc cmhryo, is there N no pmmnmc thitt lhc “nucleus” IS super.cnuctil m (hcse slmulis[mrrs,

The prcscnl slmulmmns arc iniliulilcd hv pert’ormlng gritm prowth slrnultimms umlcr the conditions dcwrlhcd In

Rc(s. 10 and 1I Ior it penrxf of 10] MCS idler which Ihc mlcrowrucmrc conuuns ispproxlrnalcly 1000” ~rwns wldl
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a mmn grain arm of approxlmmcly 40 shcs. AI this point, single silt “pa.rriclcs” are rondomly placed widrin tic
microsuucmre wilh area fracuons between 1 and 10 percem. Also, al dsis rime, 3 sire nuclei are added to rhe
sysmm such Lhal ticir area fraction is belwcen 0.75 and 7.5 percenL These nuclei are beuer described as embryos
because rhey may be sub-critical in rhc location hat ticy happ?n LOk placed, as discussed above. Simulations
were performed with values of tie magnimde of tie stored energy relative LOrhc grain boundary energy, H/J, of
0.1, I.01 and 2.01. The simulations were typically run for 30,0d0 MCS and each dara point on the plo~ below
represcm avcmgcs over 5 simulations, where each simulation had a diflcrcm inikd m]crouruclurc.

In order to test rhc va.lidily of r.he simulation procedure and 10 examine onc of r.hc simplesl cases of primary
recrystallization in the prescncc of second phase parliclcs, a series of simulations WCR! performed in which a
relatively large, circular, recrysdh.zed gm.in was inuoduccd into a ma.rix of Unrccryslalliti gsains, Al low H/l
ratios, tie recrystallized grain rapidly became pinned and no further recrysmllizm-ion took place. The only
cxceplion 10 I.his was for very low fractions of pa.niclcs, cO.259Z0, where tie single grain did grow without
becoming pinned. Al higher stored energies, H/J> 1, tic grain grows witioul pinning and Ihe growrh K unaffected
by r.he parr.icle fraction.

T= 5oa r_ ‘ Ic,- T= ;3ilo

Fig. 1. Temporal evolution of microstnrcmrc for H/J= 1.01,200 nuclei at (=0 and 2000 @cles
(5% @ fmction), Rccryuaflized grains are shaduf.

Many of the simple rcsulrs of he growrh of a large, iscrlmcd reaysrallized grain cany over 10 rhe more rdistic
simulauons which include spatial distributions of small recrystallization nuclei. Fig. 1 shows the temporal
evolution of such a microstructure for which rhc panicle area fraction is 5%, tie initial recrystallized nuclei area
fraction is 1.5% and H/3=1. The rcctysullizd grains grow imo the unremyslallized mauix wirh a rough interface.
The time dc wrdcnce of tic fraction of I.he sample which has recrystallimd, F, is shown as a function of time for
three different values of tic srored energy, H/J (Fig. Zs). As in the simple mst case described above, when HL121
rhc recrys~llizal grains grow rapidly and complete recvsd.lization (F= 1) is ahievcd at relatively early Limes
(1c5000 MCS). On the orhcr hand, for small H/J (=0. I ) the rccrysmllizcd fraction quickly wmrmes at a low value
and remains unchanged over very long urncs, i.e. r-herccrysrallizd grains are successfully pinned by r.hc particles.

Fu.rlhcr analysis of tic growlh kinetics shows r.hal for Imh tic H/J = I and 2 cases, an Kolrnogorov-Johnson-
Mchl-Avrami OUMA) exponent of 2 is obtained, fig. 2b. This rcsull is consislcm wir.h those obraincd in lhc
abscncc of a second phase dispersion. A plot o: rhc Iogarilhm of tic rccrysrallizul grain area <A> versus Lime
(Fig, 2c) shows Wa[ Lhe rec~shllized grain size smuraws al long limes, For small H/J his k due 10 particles
resuicr.ing the growti of rhe recrystallized grains into rhc unrccrysudlizcd mar.rix. For large stored energy, rhc
mmwion of tic recrysrallizcd grain size CKcurs When rccrysmllidon M compicw and tic dominant growrh mtxle
is simply grain boundaq curvature driven gram growth. For tic cases dcpictcd in Fig. 2c, the grain size at the end
of rw~sudlizalion is larger ‘Jan would rcsull if lhc grain size were dclcrmmcd by grain growrh (in rhe absence of
rccrysLallizai on) in tic prescncc of a parucle dispersion. Therefore, by tic time rccqsmllization is complete,
normal grain flrowrh is cnurcly inhibited. In this way, rhc final microswucmrc is simply a picu.rrc of tic sysrcm
at lhc cnd of mcrystilmmon and fmhcr tmncaling has csscmlly no C1[CCIon the microswucturc (assuming no
panicle coarwrrlng). This Ieamrc muy be used m help cxplriin why the I“irrul groin sim for H/J=2 is smnllcr lha[l

I.M for H/J=I 1. Al ksq!cr va.lucs of H/l more 01 lhc rccwslalli?mion nuulci (cmhryos) isddcd iII Ihc beginning O( tic
slmulauon wc slywrcrmcid and grow [him tit Iowcr stored cncrplcs, l’h Is was verified by cxarnmmg tic number O(
mcrysudhzcd grii[ns m u Iuncmm 01 umc. Thcrc[orc wncc growrh compmmon bctwccn rccrys~llin.d prisms duc K
priun boundq curvmurc cfl”ccL$ 1sncgligibk, the t’inisl rccrys~llw.cd grdln sI/,c IS u measure d lhc mvcrse dcnwl!’

u[ Lhc supcrmllcal nuclcl.
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Fig. 2. Kinetics of rccrysullizar.ion for 2(KI nuclei. XXX) pan.iclcs (5% area fraction) and H/J=
0.1.1.01 and 2.01. as noled on the figure; a) fraction recrystallized (n versus lime. b) JMAK
plo2 and c) mean area of recrystallized grains (<A>) versus umc.
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Fig. 3. Kinctis of rccrysnllimim for H/J= 1,01, XXInuclei and various particle fmxions. as
note-d cm figure; a) frxrion rccrystallimd (F) versus time, b) JMAK plot and c) mean ama of
rccrysrallizd grains (cA>) versus tic.

The effects of panicle density al fixed slorcd energy was investigated for panicle fractions between O% and 10%,
Fig, 3. The rcsulls showed essentially no Cffccl of pamclc density on the kinetics of rcc~sraflizwion, The only
no[iceablc effect was tit higher paruclc density was associated with a smaller fina,l recrys~]lized grain size, Fig.
~~. This s[ighl cff~t acurs ~aUSC IJICparticles pmvidc addir.ionaJ hctcrripcneous nuclution siws. At a stored

energy of 1.01, a nucleus can only SIMVIVCif il nuclca[cs hctcrogcncously, i.e. on a boundiuy or paniclcy. IL is
also wonh noung lhal for IJICSmallCSl parliclc dcnsi[y (1%), some gram growth dms occur when reqsra.llizalion
is complcle. If grain growlh in r.hc prescncc of a 1% pamclc dispersion occurred in tic absence of primary

rec~sullization, lhc pinned grain swc al a 1% particle dcnsily would bc approximakly 3(X) simslz, The grain
growLII al tic end of primaq recrystallization observed for a p~iclc dcnslty of 1% is atrribu~ble 10 tie fact that

tic gram sue al hat time M of tic same order as IJW pmnuf gmm size ior rmnnal gram growti in tic prcsencc of a
parliclc diqxmon.
The cffcc~ of mrialion in parliclc dcnsily al Iowcr slorcd cncrpics (where rccryswllizalion does mm go 10
complctiotl ) is much more pronouaccd. Figure 4 shows t.hc mmporul cvolumm of lhc mlcrosuucuwc for H/J= f). 1
and a pamclc area frMuon of 5%. Some growth of the rccryskdlim,l grams beyond panicles is clcarlv observed,
huI unllmilcd growth as m Fig. 1 where hc slorcd energy IS Iargc, dmx nrx rxcur. Fipures 5a and 5C show lhc
hmc drpendencc of [hc rocryskrllizcd tractmn and lhc mean rccrys~l;izcd grim area, respectively, for H/J= f). 1 and
paruclc am fracmms IXwccn 0.25% ml 10%. For IIW hlphcr volume Iruclmns, Imh the rcc~smllimd pram sin
ami the rccfyscdhzcd fmcuoll salhrulc al hmg hmcs m wducs [hti[ mcrusc wlti decreasing panicle conccnlrimon.
Analysis 01 r.hc KJ\lA plo[, Fig. 5b shows that IJIC maxtmum slope is opproxlmmiy 2 w small pmlclc Iracuons
hul dvcrcascs wl[h Incrwmy pamlc dcnslly. For [hc IOWCSI truc[wn (().25rf ~ however. rcc~wafllzalwn yoc~

cwcnuully I() complctmn. idhcII rmhcr SIOWlV compiucd 10 tic wmulwmns wIti hlghcr smrcd energy. Agmn Lhl$
seems rcwmddc m hghl of Lhc Idcl I.hal rmrysullwamm WIII lake plxc m ti/J=[), I m tic obscncc 01 parnclcs.
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Fig. 5, Kinetics of recrysrallhl.ion for 200 nuclei, H/J= 0.1 and panicle fractions Ix.[wcen
0.25% and 10%, as nolul on plots a) ftaction recrystallized (F) versus time, b) KfMA plo[ and
c) mean area of reuyslallizmd grains (<k) versus time, ploucd logarithmically.

Al large stored energies (l-W= I ) variations in l.hc number of nuclei (embryos! added to tic syskm at fixed panicle
dcnslly (5%) have an cffccl bcmh on lhc Lime for Complcw recryslailwauon 10 occur and on rhe final grain arti (W
Figs, 6a & 6c). As CXINXIUI, r.hc lime required for complcm rccrysmllization increases as she number of nuclei is

dccreasd. The Lsmcdcpendcncc ~f l.hc mean mcqwallinxl grmn size is mdcfxmdcnt of h numtcr of nuclei (X)) at
early umcs before Lhe individual rccryswllizcd grwns impmgc. At lalcr tlmcs, where implngemcnl is impcmam,
tic curvcs corresponding 10 diffcrem numlxrs of nuclei asympmtc (o diffcrmu final grain sizes. For comparkm,
an additional slmulat.ion was performed wiLh Lhe idcm.ical number of panicles bu[ wilh no nuclei added, Since no
nuclei were added in this case, only normal grain gTowd’I In dse prcscncc of a pan.klc dkpersmn occurred and the

rmal am SIZC was approximately 1~ sites; Lhis size is similar 10 r.tm obscrwd in previous simulations of Lhis
FSorr ‘ . Since tic final recrysusllbxx.i grain size equals or cxcccds I.Ius size, no furtbcr evolution occurs aflcr

recrysudhiumon is complclc.

Turning [o a comparison of tic micros~cmrcs in tic rccrystallimd ware, Fig. 7 shows tic final microstmctures
for a smrcd energy of 1.01, VWIO’JSnumbers of nuclcl N zero LImC ond 59’o volume ir~uon of parriclcs, Al this
slorcd energy some inlercstmg fcwurcs cmcrgc. For a Iargc number of nuclei (small final grain size), the grain
shapes arc comnact md Iikc tiosc observed in gram growlh because tic firml grain SU.CM smull enough hat groin
growth cam occur after rccvsudlii’.auon. f% d smell number d nl.clcl (Iurgc Iimd grmn SIZC), however, Lhcrc wc
obvmus dcpwwrcs t’rom compacl, near-sphcncid shapes, scc tic h)wcr right comer of the mlcrosuucturc witi tic

coa.rsm grwn SM.C( 100 nuclei mm~ll~}. The.sc clongamd grmn shapes ru!lcct the spiu.hlly rmhm nim.m of tic
nuclcamm wsd [hey arc prcscrvcd by tic plnnlng wlwn ol lhc pmclw, When rccrysulllzti[lon occurs irl [hc

Wcncc ol pLIrIIClCSx groin prowlh oaurs concurrcmly with tic rccrvwslllzamm and lhc non-compact shapes arc
cllmmutcd, During rwnsbllwwwn. htwcwr. tic grmn morplmlogy IS mm-wmpwt M WLSIJscuwcd In Rcf, X.



1 ~.-& A 10

;. #f /

0,8 -::/
:t / 1
‘1
!1/

0.6 -:,

[n]

—loo -lD@l-F)

F .:’/ - .~o
; 1’

/
0.1

0.4 -~: --.500
J

0,2 “q’ f
. .... 1000

0,01

$/ 4

El’”’
—loo . .

L4
.“/- .200 i

- . .~o .;.; ‘/
..... lWO . .;.; /

..;.J /..0
.-~ /. . . . . . . . ..- # #

--
---- 0

0
-- II200

~

------ ------ ------ -
100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -.

o~ 0.001 ~ OK............ ..l.........]
o 2000 4000 0000 i3000 10 100 1000 10000 0 10000 20000 30000Ilm {KS] Ilm (KS) mm Mcs)

a b c

Fig. 6. Kinclics of recrystallization for 20(XI pticlcs (5% area fraclion), H/J= 1,01 and I(X),
200,500 and lfXKl nuclei; a) fraclion rccryslallizcd (F) versus tie, b) JWK plot and c) mean
am of rcqsia.llized grains (cA>) versus time
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Fig. 7. Final microswucmcs for H/J= 1.01, 20fXl panicles (5% arciI fraction) and 100 (a), 2!00
(h), 5(KI (c) and IO(KI (d) nuclei,

~

The rcsulLs show tlml if su[ficicnl driving force is avuilablc [or rcc~slalliziuion. lhc prcscncc of panicles does nol
aflccl lhc kinetics of rccrysudlizalion. This rcsuh has m bc quulificd tIy noting thal tic overall kinetics dc~nd on
tic nuclcwlon dcnsily as well as the powlh conditions. Thcrclrxc il is more ~curatc m conclude lhm, given
sufficicm driving force, ~hc growth 01 rccrysmlli~cd grams is unallccicd by the prcscncc of particles. These
slmulamms huvc nol imcmp~d lo address lhc c[fccl of Imc dispersmns on lhc rmclcation dcnsny or rite.

When Lhc driving force is small ~11/Jc I ), on [hc olhcr hand, (hc effect of particles is profound, If lhc purticlc

fracurm is Iurgc crmugh, rmysmllilfllmn is complc[cly prcvcmcd and Ihc rccrystallimd grains Inumduccd al zero
umc only grow 10 SW.CS[hal arc compamhlc 10 [hc plnncd matrix grams surrounding thcm. Al small Irucuons,

however, rccrysLdll?mm dots go 10 cnmplcmm, m u dwx m dlc abscncc ot puniclcs Id, The prc.scncc ol a smrcd
energy appears nol 10 he ahlc 10 allccl growlh 01 [tic rccvslallw.cd prtims dlrrxdy: msIcwl, i[s CII’CCI w m I-mIs [hc



-grim growrh such that. gwcn sufficient coarsening, the mcrys~llizcd grains have an advantage and will dominme
rhc structure. This suppsmon was LCSledby repeating hc simulmions for the lowest slorcd energy with 2CH3si[e
sauuaed nuclei and various particle kactions bul insteadof seuing H/J=O.1, the stored energy was doubled to give
WJ=O.2, For panicle f=tions of 0.25, I and 2.5% and WJ=O.2, the evolution of the fmction reqstallized witi
time was idemical LOtie results for WJ=O.1. This rhen leads to tie conclusion that rcaysullization can only go
to completion al H/Jc I when tie panicle fraction is small enough that coarsening can proceed far enough. A
crudeesummeof thiscrhcrion can be made by calculating ~c panicle frwion hat correspondsto the pinned grain
size (witi initial matrix grain area of 40 sire) rhal correspondsm tic nucleation density. For 200 nuclei (which
correspondsIOa grain area of 200 if all nuclei are supercrhical) the minimum panicle fraction LOpin (see Fig. 13
of Ref. 15) is approximamly 0.17. Simulations al H/J=O.l witi 200 nuclei show that recrystallization is
complck for f=O.25% but pinned for f= I %. As nod above, rhe resulrs for Hfl=O.2 were identical, suggesting
tial tie criterion is indeed parlicle pinning of grain growth of WCrecrystallizing grains.

● For a small storedenergy, lhc presenceof particlessuongly retardsrecrystallization becausethe nuclei are
pinnrd.

■ For low storedenergies,H/Jc 1. part.iclcpinning of grain growth conmls tie successof reqwzdlization. The
prescnct of a small storedcnqy gives Lherccrystalhzcdgrainsa grain growth advantagebut is insuffwient
m drive recrystallization frontspasl particks.

● At modcmte stcd energies, lcH/Jc2, mc~shllizmion frontscan passpanicles in an essentiallyunimpakl
manner suchl,lmtthe kineticsof recrywalliaion am u~ffected by rhepresenceof panicles. R@ryslal.lization
iwlf, however, still dcpcnrlson W exlsLcnceof a @or groin snucturc.

● Even al Iargc smre.derwrgics, IVJ> 1, the presenceof panicles affa~ the stmcmre afwr recryshllization
complclc.skausc the find struclurerends10be pimcd. This ~cserves lhc non.com~l grain sha~s that
are chmae.ristic of randomly rhmbuti nuclei and affectsthe grain size disuibuicm.

c When the stcd energy is low (WJ<2), giving hemogenoous nucleation conditions, irmmaing tie number of
panicles also increasestie numberof nuclcl ti are super-criucaland survive.

● The variation of @clc fmction on tmundaries,f, showslhal Zencr analysis for particle drag applies while
recrystallimion is Lakingplace. Posl-recryslaJlizalionpinning of lhc microscructurea,however, needs[0 be
thoughtof in lenns of non-random panicle+munr@ iruersecr.ions.as is the case for @n gmwrh in the
prcsenw of pmicks.
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