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INTRO!XK’I’ION

Intormetallfc compound has baen extenmivoly studied
because of their superior properties in strangth, low creep
rate, and high melting point [1,2]. But most of the systems
have room tamportaura ductility probloms, llka L1. and B2
co]~pounds. Both L12 N13A1 [3,4] and B2 NiAl [5,~] exhibit
intergranular fracturo mod.. Understanding grain boundaries in
thesa materials is of patiicular importance since intergranular
fractura limits tho applicability of thoaa otha-iss promising
material. In an ●ffoti trying to understand the fracture
mechanism, w. hava us-d ●mbeddad atom potentials [7] to study
tha propartlam of N13A1 [8,9,10] and NiAl [11]. W. also
considar ths ●ffect of boron, sulfur, and nickal sagregatlon cn
tho strength of grain boundaries in Ni3Al and NiA1.

COMPUTATIONAL METHOD

Tho simulation results presontad h~ra wcra obtainaa by
first gonorating idaal symm-tric tilt [001] grain boundaries.
Tha ramulting cluat~r of stoma wam than allowad to r-lax via a
staapast descant, ●norgy-minimization algorithm. In th- presant
work, tho embadded atom approach ham b-on applied to Ni, Al, B
[12] and S [13]. In ordor to obtain boron-metal (or sulfur-
metal) potentials, the ●baddad atom potentials war. fitted to
data obtalnad from linmarlzad muffin tin orbital (LMTO)
calculation [12] on tho ~ fcc BI B2 Ni~~
B2 AIB, L12 A13B and L1

i
Ni3B (aimilarily for S [13]).

Thorofora, tha intaract ona of boron (sulfur) with Ni and Al
arm darivad ●ntiroly from tho tloctronic calculations. To study
tho ●ffect sf B and S on ths grain boundary strength, W- hav-
computod tha grain ~oundary (and bulk) cohafiv- propatiies in
two difforant ways: frozon and slow straining. In tha frozon -
method, tha GB stmrturo is first optimizad, and then th~ two
grains ●ro pullad apafi whil- kaaping all tha atomic positionm
in ●ach grain frozan. ‘l’haquantity w- focus on 1- umax, tho
maxhu straas raquirad to soparatm tha GB. This approach has
tha ●dvantaga that on- can chooaa vhora to claavm tho system. 9
Ona rcmult i= that valuaa for Umax can occur mat ar~ 9r~ater *
than tha a for tho surrounding matrix. Tho diaadvantaqa is C
that the a?% naar tha cloavaqa piano ara not allowad to
respond. In tha ●1OW straining mathod, tha optimized GB was
pulled apart with clamps at four lattica constants away on
●ithor aida, allowing tha systam to ralax to the lowest
=~amlbl~onorqy at increments of 2* in ths successively
increasing strain. Thm S1OW straining approach allows the
●ystu to roopond to tha strain and, In princlplo, thm break
occurs at tha waakaat point, ponmibly away from tha boundary.

RESULT!3OF L12 N13AL
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~.a*,& Uwugluary compoalclons (when the two ~rains are perfect
crystalsl. The grain boundary composition can b. da~crlkad by
tho NI parcontaqa of tha first layar en ●ach sida of tha grain
boundary, namely: 100/100 GB, 100/50 GB, and 50/50 GB. The
100/100 grain boundary is N1-rich, tho lCO/50 grain boundary
haa tha bulk stoichiomatry, and tha 50/50 boundary Is Al-rich.
By studying grain boundarlas with diffaront compositions in
otharwisa pezf-ct Ni3Al crystals, w. hop. to undorrntandtha
exparimantally obnorvad sensitivity of tha ductility of boron
doped boundarlos to small variations in composition [3,4].
Tha Al-rich grain boundaries ara alwayrnhighar In anorgy than
the stoichlom-tric and N1-rich boundaries [8,9,14]. Tha Al-rich
grain boundaries show larger nat expansions than do tha N1-rich
boundaries with tha sam. grain misoriantation. Similar to tha
GE energy, w. find tha sama trend in tho grain boundaq
cohesiva snorgy (tha sum of the two surfaca energies minus the
grain boundary ●norgy), 1.,., tha Al-rich boundaries are the
waakost. This cohosivo ●norgy, although small compared to the
total work for fracture, has baan suggestad by McMahon and
Vitok [15] to control tha plastic work aasoclatad with
fracture.

Tho structural units of tho alloy grain boundary axe
ganorally very similar to thooa In tha pura matalti,though in
mm. instances tha structural unit in tha ordor-d alloy is
twico tha slza of that for tha puro matal [9,16,17]. F~lrther,
in soma cases, tha typ~ of unit [B or B9, in th- nomaficlatur~
of Vltak and co-workers [16,17]] may vary with grain boundary
stoichlomotry and misoriantation angla [9].

Figuro 1 shows tho rO-ultS af tha frozan method for
cl~avago of Ni Al boundariam with and without boron. Wa find

1that porfoct p ariasin the bulk ●xhibit larger valuss of Umax
than thoca of tlm GB without boron for all threa GB
stoichiomotrios. Tha GB/bulk ratio is about 80t, which is tha
same am for puro Ni.

Tha mu.htitution of boron for Ni atoms at tha boundary
only slightly incrsa-om a

d“
Insotiian of a boron atom into

a low density grain boun aa~”sita, on tha othar har~d,ham a
much mom promuncod ●ff@Ct On Umax/ and tha banoficial ●ffact
of adding boron (i..., rai’ing ‘mu) Incroasas with Increasing
Ni concentration at thm boundary. In thm caoa of tha Ni-rich
boundary, adding boron to c-fiain sit.. or cartain combination “
of sitaa raimoo u for tlm boundary u.bovothat for certain
parfact cryatml pl%m [10]. This Implias that boron
●agrqation can tiffoctlvolymako th N13A1 grain boundarlati
~ than t!m bulk (within this frozan grain
approximation).

Flgu.r@2 show= rntross-otralncumom co~putad using tha
slow Straininq mathod for th (z1O) GB’s. Examination of
variOUO GB’s for Ni Al show that w im 40~ - 558 of v for bulk
pianos, Th CD dopa~ with on. monolay.r of boron br.ak. away
from tha boundary with a work ratio of -5t3t (up from 46$). With
ona monolayor of ●xtra Ni, tha braak occurs away from tha
boundary with a work ratio of 90*, and with fiw monolayors of
●xtra Ni tho brmak is almo away fro- thm bo$mdary with a ratio
of 978. If both B and onc or fiva monolayarn of Ni arm praaant,
tha braak is aqain away from th~ GB with a ratio of -95t.

For tho (310) plan., w- find that in slow ●training, th~
Gilbraak occur- at tha GB and tha GB/bulk work ratio is only
-50t. Adding ona monolayor of boron at tha cantar of thm
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a 1: Tho maximum strasn (calculutad by frozan method)
noadad to soparata porfoct (100), (111), and (210) cqmtal
pianos and ‘tha(210) GB with boron (GB+B), ●trs Ni (GB+NI),
●xtra Ni and boron (GB+?Ji+B),boron raplacing Ni (GB-Ni+B), and
sulfur (GB+S). (All magragation lavols of Hi, B “and S ar@ ona
monolayar).
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l’..-~ ! S1OW •trainil~gmmthod strmss-strain cumss for (210)
planas in Ni3Al with and without ●xtra Ni, ●agracjatodB, and
●agrmqatad S.
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distortad [10,12], but tha work ratio is not improved.
Replacing on. and a half mOnOlayer of aluminum atoms at the
boundary with nickel atoms (two p.r GB unit cell), without any
boron, loads to a work ratio of -90% but still breaks at the
GB. If both boron and axtra nickal are praaont, the GB is so
strong tha% the slow straining causem a brmak not at the GB but
in ths bulk matrix.

In the (310) and (210) GB~u, veq good cohesive properties
occur when both ●xtra Ni and B ara preaant at the boundary.
However, for tha (210) GB, ●xtra Ni alone appaars to ba
sufficient to significantly ●nhanca the GB strength. The
impotiancm of B at tha (210) GB may b. that it stabilizes
QXCQSS Ni. In a Ni-rich ●nviroment, as tixistsexperimentally,
axtra Ni atoms ●xist as antiaita dcfocts. Moving a Ni atom from
an antisita defect to tha (210) CR ia favorable by 0.14eV,
ignoring ●ntropy ●ff~cts, whil~ moving a boron from an
octahedral interstitial sit. to tha (210) GB ia favorable by
1.9eV. Howmver, ~~~vorable bv
~ [181. Extra Ni brought to tha boundary by
tha B also ha= anothor ●ffect. By disrupting the L12 order in
tha GB region, tho dislocation mobility should b- ●nhanced,
thereby further reducing thm propmsity for intergranular
fracturo [19]. Thus, tho B may play mora than one role in
ductilizing Ni3Al: it ●nhancao t.haGB ●trangth, it bring- in
extra Ni which also strengthens tho GB, and tho ●xtra Ni
incr-amom the local plasticity.

We find that tha ●nergetically favored sits for sulfur is -
aubatitution for Al at tha traa aurfaca. Tho naxt moat favored
sit~ is substitution for Ni at tha wrfaco, follow-d by
su.htitution of Al in ●very pariod at tha (210) GB , followed
by SU.bStitUtiOnOf Ni in wary p-rid at th. (210) GB.
R61a%atiQn of a structura in which S ia placed in a GB
interstitial &it@ that is favorod for B laads to a gaomotrical
raarrang.mant to yield ~s~ s-. W@ would
thor~fora not ●xpact B and S to compota for ●itoa. ‘f’ha alow-
straining ●trasa-strain tuna fox Ni Al with 2 sulfur atoms per
(210) GB pariod is shown in Fig. 2. ho work ratio ia
dramatically raducad (- 258), a. is ~ma , and tha strain b-fore ~
fracture. 1’% fracturo path mno throug% whara tho S reaidas ~
rla.131. -

RESULTS OF M ?HAL

Point d-facts and planar dofcts in tha system are studiad
[1L,6]. Wo fcund that th~ stoichiomotric sampla of NiAl will
not hava anargy favorablm point Uaf@cts ●xcapt for th

thermally activatti vacancies and antisitas. ThQ Ni-rich sample
will havo larga concentr&tion of Ni-antialta in tha bulk and
Al vacancias at tho GB. Al-rich mmpla will hava Ni vacancy at
tha GB vodge [11], vacancy at thm GB pointor [11] and then tha
Vi vancaocy in tho bulk. Tiaaa rasultm aro consistent with
axparimantal findings [6], Th@ vacancy at th~ GB makes ths GB
woakor at tha Gllfor Al-rich sa.mploand Iik@ly for Ni-rich
eampla. ThQ stolchiomatric ●ampla im ths laast llkaly to
dwolop problcma wjth dafacts. Soma of tha roaults on th~
surfaca ●rt praoanted ●arliar [20], hara w. only list soma of
tha ramultm about surfaca and G13.For (110) GB, thm GB
stmctura of B2 NiAl (bee basad myotam) im almost tho samm as

L
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——--- ---- .“. . , WD Ll~= anargy or 823 mJ\m=, so the
Griffith cohamiva •nor~;f GB is 2823 compared with 3646 of
tho (310) surfaca with a ratio of 77%. For tha relaxed method,
tho GB has a highest atroas of 16 GPa and work ratio 1.00. Ni
replacing Al atoms in GB war. found to b. -0.42 eV which is
less than tho NI antisito .n@rgy, -0.89aV. Thm boron energy at
41JL 2A1 octahedral mita 1S -3.03 ●V and 2 NI and 4 Al site is
-1.91 ev. Fcc boron cohaaiva ensrgy is -5.33 ●v. Th, boron in
thm GB with 6 Ni 3 Al sits is -6.95 ●V, 3 Ni 6 Al alto is -5.06
eV. Tharo is an ●norgy advantago of whan boron and Ni ara at
tha GB simultaneously, but thm ●norgy 1= -0.88 and -0.87 for
evozy Ni which is slightly lams favorabla than tha N1-antisita
emrgy in tho bulk (-0.89 ●V). Tlmraforo w. ●xpmct that boron
will sagragat- to tho GB but thm axtra Ni in a Ni-rich sampla
will not aagragato to tha GB on its own. Also it is not likmly
to sagrogato to tha GB Wan with tho help of boron. Boron was
found to incrmaso tha frOZ.I’t ZIaXimUm Str.S=, but tho relaxed
highomt etrooa and work rath aro actually down to 15 GPa and
0.77 compared to pura GB. W. concluda that boron is not likal}-
to strangthon (probably hurt) tho GB in NI.A1oven whm tha
sampla i. Ni-rich. Although tho ●xtra Ni aro not expactad to
happen at ths GB, w. calculated ths cohcaiva propartias an~ay.
Tha frozan maximum ●tress wiLh 5 Ni por pariod in 16 GPa for
rolaxad ●tress and work ratio of 1.07. u with boron and Ni at
t!m GB simultanaoumly is 19 GPa for ralaxad and= far work
ratio and tho strain boforo fracturm is much highar than pur@
GB. Similar trmnd woro found for tha (210) GB [11].

CONCLUSIONS

Ha hava porformad a sorism of simulations Ni3Al and NiAl
(with and without boron or mulfur) using ●mbaddod atom
potentials. Tho Intaractiona for boron and sulfur warm darivcd---. .-.b..- --- .“.. -
puroLy from ●lactronic band stmctura calculations. Uning tha
dorivad Interaction potontial, boron is found to sogragato rnors
strongly to grain boundarioo than to fraa ●uxfacoo, which is
consistent with Auger .X’parimantn[21]. Adding boron to gral.n
boundaries in Hi and Ni3~ incr~a~.- ~oir c~h@~ivo ‘tron@h”

This ●ffect is much more dramatic for Ni-onrichad boundaries.
Boron and Ni ●rm found to co-sogrqata to tha GB and incroas@
th@ maximum ●trasa and local plasticity at th@ GB. In this
manmr, w- concluda that the boron and stoichiomotrlc ●ffact of
Ni in ductilizing tha polycactallin~ Ni3Al a~. lar901Y
undsrstoed. Sulfur sagr~gation btiavlor shcwa ●xactly tha
oppoaita trend, which is also conslst~nt with ●xperimont [21].
Sulfur la found to occupy tl’m Al Iattico nitas at tho froa
surfaco and at tha GB. Sagrmgatod sulfur is bad for tha GB
raochanicalstrm$-h [10,22]. In B2 NiAl, tha GB with boron is
@ likely to help t~ strmgthan tha GB wan in Ni-rich sampla
(contrary to tha Ni3Al casm)” A~~ou~h ‘bars ‘s ‘omQ cO-
sqrqation of Ni and B but not strong ●nough to bring ●xtra Ni
into th~ GB. If ●ctra Ni can ba brought to GB by other mathod
(or doping with ●1OEQC lika Fm) then tharo is good chancreto
strangthan GB with boron.
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