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.\ilSTRACT

The free energy simula~ion method is employed to study segregation to ~S and xl 3 (00 1)
:wist groin boundaric~ and \heir free energies in ordered hri3.xAl\+x. In :he tempc[ ;tture range
studied (300 =WOK), it is shown that there is almost no segregation, strong Al wgrcgation, und
wc;lk Ni segregation to the grain boundury for [he stoichiometric, Al-rich, and Ni-rich bulk
compositions respectively. It is also shown thal~the segregation is lirnitcd to a few (002) phmcs
iiround the grain boundary and its ma nitude decreases with increasing tempcrtuure, For Al-rich

ibulk composition, it is demonstmtod t at segre~pion at low temperature substantially lowers the
gr;lin boundary free energy,

TMre has been, in recent years, some atomistic simulation studies of the properties of gr:tin
hounduries in the inrcrmctaliic ordered alloy l’4i~Al f ;-4].These studies [2,3] were ~imcd :iI
c~pluining the briu[e fracture behtwior of the Ni3Al in the polyc~stalline ph~w. It htis bccti
shown 131 th;u [he cohesive strength of grain kundrtrics in N{3AI is increi~sed by doping wi[h
lIoron when the bounciarics axeNi-tkh than when they arc cilhcr s[okhiomclric or Al-rich, This
~’ourgy incrc;~sesuggests ihiit boron doping of the grmn botindaric$ should dcxtwtw the tcl)ctcncy
lo! bntrlc frwmre in polyc~stullinc Ni3Al, .Mo$t of these calculations have been curried 0[][ :it
~CrO(C[llpsri]ttltt for the stolchiometric bulk composition. ,Ylon[e Carlo simulation studies of IIIC
\;IHICSvstcw h;kveshown ~hatinlr~~lction of boron atoms into the ~undury dots not Induce ;iny
~hclttic;ll disorder ;)tgri{itlbound:lrics 14] ;Is speculi\[~d b,?sedon T-() studies 1,31,

In fhc following study, we uddrcss the effect of tcmpera!ure and bulk campositk)n on the

r
~!ICIIIICiIl, s[ructurul, tind thurnod ni~mic proper~ics of grain boundmics in ordered Ni~Al wi[l)t n
fhc t’rilmcwork of the new~y deve opcd free energy simuhmon method fur binary alloys [51, The
slmultition method k briefly described in the following section and its a plication to (WI) [wist

1gr:~ln boundtiries w{th disorientation tingles of 36.9 (X5) tind 22 (213) in Ni3. xAl 1..x
LY=() 016, (), tind (),()15)are presemcd in the following section,

METHOD

‘171cIocal hnrmonic (LH) model htis bc~a tippiicd with considcruble success ;O pwfwt ,IIId
dcfcctcd singk component solids [4,71, In this nwwl, the clussical vibrtitic)ni\] contrlhu[lot~ (o
{he tree energy for a single component system is gtvcn by

(1)



In order to study binary alloys within the .%me work of the U-i model, an effecti~ e Htorn IS
:~ssignedto each atomic site which has the effective mass of mi = xn(i)mn +xb(i)rnb. Here, xtl(i j
is the probability that atomic site i is occupied by an atom of type a and correspondingly xb(i) =
I - x:l(i) is the probability that the same tuomic site is occupied by t~om of type b. The
vibr;ltiona] contribution to the free energy is determined from the appropriately aver;~gcd IOCH1

dyn;lmicul miitix (for details sce reference [5]). The configurmional-
polnt :lpproximiition as

s,= -kb ~ {xU(i) ln[xa(i)] + x~(i) ln[x&i)}

entropy is Wtten using the

(2)
i-l

In the simulations described below, we employ a reduced Grand Canonical ensemble, where
:hc mt; d number of atoms remains fixed but the relative amounts of each atomic species vtirics.
“I”hc ;Ipproprinte thermodynamic potential for this type of ensemble is the Grilnd potcntiol imd is
given hy

(3)

wncrc A is the Helmholtz free energy, E is the potential energy (obtained vIa an inter;~[onllc
potentitd), und AP is the d!ffcrence in chemical potential between atoms of type a and b, Giv?n
Av, the equilibrium concentration at each site cun be determjncd by minimizing fl with respect
m [hose concentrarlons.

Dcfcc[ free energies, in this ensemble is defined as the difference in grand potenti~ll cwryics
herwtxn the systcm wirh the defect and the defect-free system w the same chemical pownti;~l
tliffcrcnce i~nd temperature.

The sirnultition cell ser=upused here has been dcscribti in dctuil elsewhere [7j, 13rielly, the
gr;iin boundory is embedded m a perfect cytul M the desired t~mpcrnrure tinci composirtcm, III
Ihc pl[me of the boundtwy, periodic border condition are enforeeii, ,NOIYIIA to the boulldi~ry [)liil)~
Ihc simulu[ion cell is bounded b IWO infinite, mobile hut rigid blocks of strucwully perfect
crys[ul. The extent of the gruin L unchry region between the two bbeks of perfect systcm is
itwrcased during rhc course of the simulation to a s{ze such thut the free energy tind o[her
properties of the grain boundary remained unchanged within the predetermined values. ‘ilc
interummic interactions employed in [his :’IIdy were the embedded a(om mctlmd type potct~ti;~ls
dcvclopcd by Vow and Chcn181.

Depending on the chcmicul armngerncnt of the tcnninutin~ (()()2) plnncs of the two cr SI:IIS
{Al the Intcrfticc there we three distinct [y es of grain boundllrics which comcspond IO dIf urcnr

IfS[ii:king srqucnce of (002) planes; a@t la~af$ ~afiala(la$,WI a@t(31~a~awhere u iind p
,ireplnncs of pure N{ and (wdered 50% Ni, respectively, Tbcse diifzrcnt types of bound ;lrics
correspond to the stoichiometric, Ni.rich, und alumlnium rich composition in [he grain boiIndury
rc,gion which httvc been denoted us 50/100, 100/100,” a:~d 50/50, respcctlvcly iri Rcf, [ 2~,
Simul[ltions of the ~,5 nnd ~13 strtmturcs at zero tempcrawre showed thut [hc 50/l(M) [y c

rbo~lnd;~ryhus the Iowcst grain boundwy energy, In the prcsenr study, we conccntr;lte on t It
p[opcr[ics of the 50/100” type grain boundilrics M a function of ternpcm!ur: iin(l cmnpositiotl,

In order m isolate the effect of segregation cm the grain boundary properties from thNt due
IIIcrcly [o utomic structural relaxation, wc have pcrfortt~ed two types of simulations for C;ICII
t(*n\prt\turc and bulk composition, In the first, the composition of txch atomic \iie rerllilltls (ixcd
JI iI viIltIc corresponding to (he subltitticc composition in the pcrfccl cr)srIil (no segregu[io~~);IIId
IIIC lrce energy IS minimized with rcspecr to [he atom pcsiticms, In the wcond, the ccm~posltloll
01c:Ich NW is nllowed [o vnry Along wirh amrn positions to refich the mlnim~lm free energy



RESULTS

The free energy minimization method, described above, was used to inwstigtite the
compositional changes in the vicinity 0r~5 and Xl 3 (001) twist rain boundaries in Nis.xAl I+x

!ordered a!loys for three different Fdk compositions, n~lmely 7 .5, 75~Otand 76,6 ~i ~~tonli~
These compositions are within the stability range of Ni3Al phusc as predicted by the

!~;~e!tusing the present interatomic potcntirds [8J. The experimcmal stnbility range for Ni~Al
phusc is approximately 74.76 atomic percent. The effect of temperature on grtiin bwndory
scgrcg;ition wtis determined by performing different simulations at 300, 600, and 900 K for the
hove thrse bulk compositions.

The equilibrium concentration profiles of the (002) phmcs for Z5 iind Xl 3 grain bounchrics
;ICt!~c 73.59’0 Ni bulk composition (Al-rich) are shown in Rgurcs la and 1b for 300 :md 900K
tmlpcmtures. The gcomewical grain boundary plane was originally between pitines () :md 1~The
;Lver;lgcdconcentr~tion on each (002) plane is normalized by the concentration of the appropritlte
\()()2) pl;tnc in the bulk, For X5 at ‘1’=300 K, planes 0 and +1, which were initially almost pure
Ni ~nd 50% Ni, res~cctively, are enriched with Al by about 2(’)% w+ereas piuncs +2 and - i m
siightly enriched with Ni. When the temperature is raised to 90(X, plane O returns to u!most
[311N ?Jiwhereas plane +1 still remains enriched with Al, For ~13 atT=300K &ig, lb), pltmc + I
is strongly (M%) enriched wilh Al whereas plane O is enriched by only 6%, When the
[cmpcraturc is increased to WOK Al enrichment on plane +1 is reduced to about 18% and pltine (’
bccorncs newly bulk-like.

Simulations performed at stoichiometric composition for the ~hreetemperatures showed no
significant segregation of either Al or ~Nito the ~5 and ~1 3 gruin bound twies sII,{diwl !!I the
present work,

In Figure 2, we show the calculated concentration profiles for the X5 grain bou i ‘1,, . I the
300”;md 900K” for a bulk composition of 76,6% Ni. At T-30(IK planes - A and +1 L ~were
i~li[i~lly :it about 50% Ni concentration hsve been enriched by 9 and 13% Ni, respec~ .!, &\lld
pl;lnes -3 and +3, which were similar to phmcs -1 and +1 m slightly enriched il. Al, ,’, , the
tenlper;~ture is incrcascd to 9(NK the Ni etwichments on planes -1 and +1 arc rcduccd to les:, th{~tl
2%. We obscfved similar behavior for the X13 grtiin boundary.

,+\mcusure of the overall compositional chungcs in tke groin boundar is the integr;ll O( [tic
iCKCCSSccmccnmition of Ni (or Al) over the (002) phmes. Figure 3 shows t c ;otal seg~ v!ltio ‘f

Si :1sii ful)ction of Ni bulk composition at T-3{)(]K for [he X5 and ~13 gr:l~i~bmmr’ .JICS, i . r
the Si bulk composition of 73,S%, the total or net Al segregation 10 the X5 And ~13 r:l~;l

/bouncfwies are equivalent to the addition of 25 and 32% of tin (()()2) monohlyu; o Al,
respectively, The total Ni segregucion to the X5 and ~13 gruin bmjnd~!rie$ (I[ rhe b,,llk
composition of 76,6% Ni we equivalent to 10 und 6U: , n (002) rnonolfiyer of pure Yi,
ll::,pc~tiv~ly. There is no signiflcum nut segregation of G; . A4iof Al to the gr;lin &3tlIldilr1CS;:t
LIICstciichtomctnc bulk compos!,ion,

The effect of temperature on the net segregation v :hc X5 and El 3 boundivies IS shown in
Figures 4 for the Al-rich and N{.rich composiiiolts. In both cases, the net segrcgfitlon
rllonotonicully dccrcuscs towards zero with increasing tcmper;irurc. At [he Al-rich bulk
composition, the totnl ttmount of scgre~ation tt) the z ~‘} ~rui. boundar dtxrcuscs from 32% m

r13T0of ii (002) pure Al plane when tcmperatur~ is ruiscd horn 300 m 9 X)K, For the s:Inw ,yr:\in
tmundury structure, ii! [he Ni.rich bulk composition, [he decrease in rhe totul Ni ~egr~gittl~n IS
frot~~6 m 2% of ~~n(()()2) Ni monolayer over the same temperature run~c,

Although, the ubove results suggest that !omc s(tc discwderlng is taking pl:wc in [he groin
bmlnd:~ry region, especially at low tempcmturcs, dettt{lcd site concenl ations profllcs show [hilt
Ibe :ruin boundaries are still highly Jrdered. Figure ? shown the

5
uillbrium s{tc concentrutiol~s

O( IWO (002) pktnes just above and two (002) planes tx.low the 13 L@n boundtiry for the
Ni rich bulk conlpos{tlon at 3(M K, In this fi$um, the smti I circles represent atomic .;itcs where
(hc degree of gruyness changes from white to black corresponding to i! chungc ir] SIIC
c~~uccntr;ulon from !00% N{ to 1O()%Al, “l’he big solid circlc$ in ~i~ure 5, Indknlt’ which



atomic sites have changed from being initially almost pure Ni to almost nearly pure Al.
The sites indicated by broken circles have chrmgcrj to 60% Al from initially almosl puru Xi,

The effect of scgre$ation on the grain boundary free energy U[ 3(KIK, as a function of bulk
composition, is shown m Fig. 6. The dashed line is the grain boundary free energy when no
segregation is ailowcd (concentration at all sites are kept fixed M values corresponding to t!~c
oppropriatc sublattice concentration in the bulk) and the solid line is ths free energy where
segregation is allowed to occur. For the Ai-rich bulk composition, there is a pronounced free
energy decrease (about 20%) fw both 25 and x 13 grain boundaries upon segregation, whereas
for the Ni-rich bulk composition, there is on] a very small decrease in free energy for the ~5
boundary and almost no chan$e for the 2 13 boundary, The free energy change at the
stoichiometry composition is inslgnificunt for both grain boundaries, The segregation effect on
[he grain bounr!xy free energy at 900K is less than that at T=300K but with a similar trcnci
(Figure tlb),

Figures 7a and 7b show the temperature dependence of the grain boundary free energy ut the
Al-rich ;md Ni-rich bulk compositions for the two gtain boundtirics, respectively, As in Figure 6,
~hc dashed lines represent the ctise where no segregation is tallowed, With incre;~sing
[cmpcrtiture, the free energy cutves corresponding to segregation and no segregation appro; ch
cwb other, For the Ni-rich bulk com osition, there is almost no difference in the free energies in

i(he rcrnpcratui-e range of 300 to 900 for the ~13 graifi bound,ary with and without scgregi~tion,
“1’hereis J small decrease (2%) in the fkee energies for the X5 grain boundary with md without
wgrcg;~tion at low temperatures which vanishes tithigh temperature, [t is interesting to now [11:1[
the slopes of the free energy curves in Figure 7a, which is the gruin boundary entropy, ch:lngcs
sign when scgregarion is allowed,

DISCLSS1ON AND CONCLUSlONS

The free energy minimization method was used to study the properties of (001) twist grfiin
boundilries (X5 and ~ 13) in ordered PJ13.XAII+Xalloys, For the stoichiomernc bulk composition,
(300K~000K)” there was no significant segregation of either Al or Ni to the grain boumhtry
region. There WASalso no observub!e site disordering in the grain boundary region for ei ther ot’
[he boundaries in the temperature range studied here, This is consistent with a recem Monte
Cilrlo simultltic)n results [4] on ti ~~ ti~t grain boundary where the same EAM type potential [HI
~;l!$used,

At the Al-rich bulk composition (73,5% Ni), the composition profile at 3(NIK (Figure ~)
shows significant Al scgregatiort to the boundary region which decreuses with inCrci\sitlg

[cmperoturc, The role of configurational entropy u low [emperuture is not signific(mt :Ind
segregtition to the grain Mundnrles is mainly controlled by the grain bcundury enthalpy which, in
turn, is controlled by the bond energies, Although, at low tempcriitures, a significant tlmount of
Al scgrcg;ltion to the grtiin boundary has been observed examination of the site compositions on
diffcr:nt (()()2) pittnes shows very Iittie site disordering and the sc cgation is due mninly to the

rrc~l;lcenlct~t of Ni with Al tttoms ut some sites on the two (002) p tmcs immediotcly adj:wcl\t 10
the gr:iin boundury piunc, scc Figure 5. This indicates that the strong ordering tendency in the
Ni~Al system is well represented by the EAM=typc potcnrial [8] used here, Wilh incrc;lsing
;crl~peruture, the Al segregation lo the grain boundtiry dwcivses but the site disordering in rhc
gr;lin lxwndnry region, relntive to thtit at low temperature, increuses, This site disordering, which
[$ Icss [htin 27c tor most cf the sites, is essentially duc to the con figur~tional entropy lh;~[
gcncrnlly tc,.ds to move the systcm toward$ u disordered phnse at high tfimpcriiture,

For the Ni-rich bulk compo$lt{on (76,6% Ni) at 300K we observed u weak tendency for Ni
:I[(Ims to segref~iie to thfi ~rnin boundary region, As can be uccn from Figure 4, the toml :~mount
of Ni “t, :“~gtmon is much less than the totttl amount of Al segregation to the bound~lry for Al
rich (,’l~i ;ition ut the same tcmpcmture and rhcre is almost no segregation at 900K , This
highly ~symmetrlc se~rcgation tendency is partly due to the predicted stability of CIW,Nij A I
$I; ISCover a much wider composition range on the Ni-rich sido thnrt is seen expcrin~cnt~~iiy.
“f’his shortcut!;irtg of the EAM-type 181potentiul employed here, makes it difficult to ilss~ss ik
vffect of (hc segregation on the groin boundary properties for the Ni. rich side of the NilAl PIINSC



field because the sites at the grain boundary region belonging to the Al sublat[ice can
iwxxnrnod;i[e much more ANititoms than one would expect according to the expcnmcn[al phnsc
di[lgr;~m,

The effect of temperature on the grain boundiwy free energy is strongly related TO the net
segregation, Se2rcgation is strongest at low tcmperuturc for the Al-rich bulk composition imd it
is there that the grain boundary ficc energy is the lowest, The cohesive energy of Al IIIOmS is

~re;ltcr th;in that of IW atoms and thus Al scgregatim to the boundary ‘owers the grain bounclwy
Ircc dnergy but this energy change IS less thnn 10% of the total decease in the pin boundary
free energy, This suggests that the interaction between scgrcgatcd titoms and the bound;wy
structure is the dominant factor in decreasing the @n boundary free energies and thcrcfcre
milking them more stable,

[n summery, we employed the free energy simulation method to study scgregfiticm to the
gruin boundurics of X5 and Z13 and their free energies as a function of temperature and bu] k
composition. II was shown that in the temperature range of 300 to WOK th~t there is idmost I*,O
scg~g;ttion, strong Al segregation, and weak Ni segrcgatjon to the grajn boundury corresponding
10the s[oichiometric, Al-rich, and Ni-rich composition of the bulk, respectively. Itis also shown
Ih:u the segregiition is limited to a fcw (002) planes around [he grain boundary and its mngnitude
decreases wilh increasing temperature, For Al+ch bulk composition, itis demonstrated M
::jytgil(km w low tempertuure substantially lowers the grain boundary tiee crrergy,
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Figure 1. Composition profiles of ((M2) planes plotted as a function of plane number from
interfucc for the (a) X5 nnd (b) 213 grain boundaries at the Al-rich bulk composition, xh~l
the Ni concentration on the corresponding pltvic in the bulk.

Figure 2, Composition profiles of (002) phmcs in
the ~5 boundary plotted as a function of plane
ntimbcr from the interface for the Ni=rich bulk
composition

Figure 3. NCCNi segregation plotted as a function of
?/i bulk concentration at T=300 K.

Figure 4, Net Ni segregation plotted as function of
temperuturc for the Al (solid line) and Ni (dashed
line) rich bulk compositions.

Figure S Atomic site concentration on four (002)
pl;mes tiround the ~5 rain boundary for the Al-rich

fbulk conlposi~ion at 00 K. The darker the circle,
rhe higher the Al concentration at the site. The
circled sites have undergone a large change in
cmwcncration (see text),

Figure 6, Grain boundary free energy as a function of Ni bulk concentration, Solid and d;~shcd
lines represent the calculations with and without scgrcgnrion, respectively, at (u) T=300° K ml
(b) T=WOK

Figure 7, Grttin boundury free cnerg as a function of tempcrfiturc for (a) the Al+ich bLIlk

rcomposition and (b) the Ni=rich bu k composition, Solid und dashed lines represent the
c:dcu!;~tions with and without segregtition, respectively.
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