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1. _ODUC_ON
6

_n tt_is research project we carry, out theoretical:, computer modeling, studies

of the _atomic structure of grain bounda_es in binary alloys. Both ordered and

disordered all_oys are investiga:ted. The goal is to analyze those _structural, chemical

and electronic features tha.t distinguish alloys from pure metals and are responsible

fo'r remarkably different intergranul.ar fracture behavior of al].oys when compared

wi:th, pure metals. The most important phenomenon is, of course, segregation and

related structural changes in. the boundary region.

W,hen_ studying: segrega,tion, phenomena copper-bismuth is a very sui,table

model: system since bismuth segregation occurs readily, leads to, boundary facettfng

and thus to remarkable changes in the boundary structure, as weil as to a very

strong: embrittlement. O_ recent research concentrated on the investigation of the

structure ore = 31(111')/(II1)facets formed dulring segregation from boundaries

which were oriiginall_7 curved. These facets, which in pure copper correspond to

coherent twins, contain a high concentration of bismuth in spite of the fact that no

segrega_:on takes place to coherent twins if they are present m the sample prior to

segregation. This suggests that facetting is associated wi_h formation of a new two-

dimensi:onal: phase and understanding its structure may be the clue to

comprehending embrittlement. Fortunately, these facets are ideally suited for high

resolution electron microscopy (KREM) and provide an excellent opportunity to

carry out a combined experimental and theoretical investigation of their structures.

Such an analysis is one of t;he principal results of our research during _his pe_-iod.

In the case of ordered: ali_ys we explored grain boundaries in Ni3A1 and

Cu_A.u with the aim to study the relationship between _,he ordering tendency, which

is quantitatively very different in these two alloys, and grain boundary stricture and

properties. In both cases we have carried out 1VLonte-.Carlo studies of grain

boundaries at finite temperatures for both stoichiometric and non-stoichi:ometric

bulk concentrations. The most interesting finding is a very different behavior of

nickel rich and aluminum rich Ni3A1 which may explain why only nickel rich

compounds can be ductilized by boron. These results are described in more detail

below.

A large part of our research is expended on the development of descriptions of

interatomic forces which are essential for meaningful atomistic studies of

interfaces. In fact the construction of the appropriate many-body poterrtials fi_r the

copper-bismuth system was instrumental for the study of boundaries in this system.
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_i,l'e the methods of construction of many-body potentials were formulated in our

prewious research, the important new development is that _he 'empi_rical' input are

_,esults of ab-i,rdtio electronic str_cture calculations rather than experimental' data.

:En parallel wi_h the development of empiricall potentials we have advanced: a fully

quantum, mechanical: technique based: on the LMTO (linearized muffin-tin orbitals)

method. In the framework of this approach electromc and chemical aspects of the

interfacial st_ctures and properties can be accoun,ted _ for. The major problems

encountered in, this treatment are associ'ated wi_h incomplete self-consistency and

deviations t;rom, local spherical symmetry. ApProximate but physically justified

solution of these problems was the effort during: this year,

2. MANY.BODY PO_ FOR COPP_B_

, The potentials were constructed within Finnis,Sinclair scheme whe"_ the

total energy of the system of N a_oms is wri,tten as

t=ltj:_t

ii where

Suffices i and j refer to individual atoms and the suffices S i and S i refer to the

species of the atoms involved. Both V and ¢_are empirically fitted pair.-potentials

and summa,!_ion over j extends over those neighbors of the atom i for which R u is

within the cut-off radii of these potentials, _unctionsVc, c,, V,m_, ¢c,,c,, and ¢,_

were taken t.o be the the same as those constructed earlier tor pure elements. The

function Pc,,, _was chosen as a geometrical mean of ¢c,c,. and ¢,_m ,_:hich :ts

congruent wi.th its interpretation in terms of hopping integrals. Hence, only the

pair potential Vc_ _needs to be fitted to alloy properties. However, since copper and

bismuth do not form any ordered structures and even the solid solution does not

exist at higher bismuth, concentrations, there are practically no experimental data

to be fitted. For this purpose we calculated the total energy of a metastable L 12, f.c,c.

based, CUaBi compound as a function of the volume per atom. This calculation was

performed using the all-electron self-consistent full-potential 1,".near-muffin-tin--

orbital method within the approximation of the local-density. As a result we

obtained the equilibrium lattice parameter and the bulk modulus of this compound



and _hese were than used a.s 'empi_'ricat!' data. Further.more, the potentia,1, was at'so,

fi,,_ed, with the: help of Monte C_:lo_ calculations so, that ilt reproduces the enthalipy of"

rm,xing for the Iiqmd copper-bismuth sol,_tion at :L200K which was measured.

3. S_UC_:OF _ Z = 3 (,itl)/(_l_),FACE_ _ COPPE_BIS_

As mentioned above, the segregation of biismuth to the curved: bound'aries

correspondi,ng to, the, Z = 3 misorientation induces forma,tion of (111)/(I1-_) facets,

The _-IR_EIM_anatiysiis of these facets slIggests the fol:l:owiing modeli for these

i,nterfaces. I_n,the _amework of _he 'ABC' description _ of the sequence (_f {:III}

atomic pl_anes i_ an tic.c, crystal:, the Z = 3 (llI)/(lIT) twin in pure copper can be

represented as

I
A- B-C- A-B-C- B:-A-C- B'A-C _2)

where the vertical lines mark the position of the boundary. The structure

contaimng bismuth can be most appropriately represented as

A-B-C-A-B-C'IC(Bi)-B-A-C-B-A-C (3)

where C' denotes a plane of copper atoms in which one third of the atoms were

replaced by hexagonally arranged vacancies, and C(Bi,) the plane of bismuth atoms

positioned above these vacancies.

The atomistic modeling of the Z = 3 (111)/( :[11) boundary was then carried out

using the struct_e described by (3) as a starting configuration. The relaxation

calculation was carried out such that the total energy of the block given by equation

(la) has been minimized with respect to the positions of the inch'vidual atoms as well

as with respect to the relative rigid body displacement of the two adjoining grains.

This displacement has cemponents both parallel and perpendicular to the boundary

so that there are neither any tensile nor compressive stresses normal to the

boundary nor shear stresses parallel to the boundary present in the final

configuration.
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" Two' disti,nct structures were found. The first co_esponds to the sma,llest

possiblebotmd!aryperiodi_[ITO_ x _II;121,and the secor_dto _[II()Iix [I12]. The

ener_,ry of the lia_ter st_ructure is o _o_._._ lower and_ when, _he calculations were

performed for lia:rger repeat ceH!s thins low energy structure has allways been

obtaiued. The low energy energy structure is shown in F_g.1 and the hi:gh energy

struct_e iin,Fig. 2. In these fi_es copper atoms are represented by smalil: circles

and the bi'smuth a_toms by l_arge circles and shadiing _stinguishes between atoms

belonging tc_subsequent, (I '10_):pl:anea separated by the distance Ii1/4[ 1 I0:] I.

Fig. 1. The low energy structure of the Z = 3 (Ill)/(111) bolmdary.

The overall expansion of the bi-crystal, caused by the. rigid body displacement

of the two gra,ins across the boundary, ts in both structures very close to one

interplanar spacing of {111} planes in Cu and _he two structures are similar.

However, in the Mw energy structure a t.l the bismuth atoms are contracted towards

the plane of"copper contai_ng vacancies (C') by 0.5/_ away from the ideal _position

wbSle in the high energy structl_e the two bismuth atoms in the repeat cell contract

6
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towa_dcs rbe pliane (_fcopper containi',ng vaca,ncies by 0,.93A a_d 0.49_, respectively.

_s leads ta a si_,mifi:canl_ corruga,tion of the bi,smith, liayer as seen i,n Pig.2.

t_ig. 2. The high energy structure of the Z = 3 (111)/( 11 t) boundary.

While the overall features of the two)structures are similar the differences in

the local: arrangement of bi smnth atoms lead _br certain defbcus con_ti(ms t_)

sigmficantly different HREM images associated with these two structures, and i_t is

the low energy structure w_ch is i,n an excellent agreement with the experimental

observation. Details of the comparison between the observed and calculated imagels

can be fonnd in Lazzi et al. (1991) and in the forthcoming paper by _VIinYan et ai:.

(1992). These results demonstrate _:_r the first time that _t%E.IVI studies anid

theoretical structural analyses can be used synergistically to decipher with a great

accllracy the struct_re of boundaries contaimng mul_tiple atomic species. A_ the

same time these resul?_,s provide a firm evidence _hat _he empirical ]},[-body potenti,aiLs

are capable to describe with a sufficient accuracy atomic interactions even, i:n

relatively complex systems such as copper-bismuth proviaed an appropriate and
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s,,_i, Ci:en,t i_, _s used i,n, tt_ei,r, eons_ructi:on. For _h_is pu,rpose iii,e. sei;Z-¢onsisten, t

a_b.i,n;iitio e_ectron_iic str_ct_re cal_¢_rlia,ti;on,s are, esse_tila, l_ since: they pro,riddle, diana

¢ovres_o_dliirrg to, sa_mp,h_rrg: o_f co_ffl,gl,l,rati, o,n,s w,h,iich, a,re. n,o,t a.,tta,ilrrab,lle

exper4,men, m,Hiy:_

4,. ORDERED _YS,

The otd_eredl aliloys consi:d_ered; are _he £c,c. basedl L12 alloys C '_'3A_ and Ni,3AI!.

]_t;was fOu_nd in, t_e eather studies rh,at, iin, Cu, aAu_, w_cfl, i;s weakly ordered;, the

bo_d_a,ry structmre i;s very si!,mi,llav_o, _hat i,n pure fic,c, ma,te_al's. On the other

• h,andl, _:m_sttong!iy ordered! al_loys,,_su ch_ as Ni,3,AI,_,altl the, a,_oms can be rega_d:ed as

umq_el_y a.ttached to ei;ther the a,pper or ghe l!ower grain, so _h'at t,he id'eall Lt 2

• str_¢ture: ils ptacti, ca;l*_y ,,_,nd_is:turbed on ei_ther slide of __he bou_ndary ep, to the

botl,ndiaty pl_ane. The reason for these rem, avka_l_e s_cta,ra,l! d_,t_:erences: can be

sought i,n, d_it_,'erences: iln o.rde_i,n g energies:. _n, the. case of a hi,gh ord'eri;ng ei_ergy

(.Ni,3Mi); _he chemica,l: order' iis the principal con,t_ol_l_:ngfactor of _he' energy of the

system. On the ot_her han_,, iin the case of a low orderi;ng energy _Cu3A_) mote

tel, axed grain botmdary structures are energet_ca_l_l:y _avored.

The: preserva,ti'on of _he ideal: L,12 order ep to _the 5ot_dary pl_ane leads to the

presence of col,,t_mns of atomic size cawities m the boundaries: i.n Ni:3AI_. These

ca_i_es may serve as: sm:table m_cl_ei for, i,n,tergran_,a_ cracks. Fu_hermore, when:,_,

dSsl'oca,tions are bei:ng em_,tted_ from the crack '_i,p a high energy APB has £o be

_ormed at the same time, m_king the crack bl:tinting more difficu,lt. The atomist_c

st,_dies suggest, _herefore_ that _n: strm_gly ordered LI 2, a,l:loys the gram bo_dary

stm_ct_es makes the n,ucl_eation and s_bseq,uen_ propagation of i_n,tergra_ul_ar

cracks much easier than, in weakly ordered L12 all'oys, sach as Cu3:_u.

The presen_t st_es focused: en effects of temperature a_nd non-stoichiometry

upon the bo_d:ary strucitttre.. For thi, s p_ose Monte Carl'o cal!culietions have been

c_ed out for various temperat_es a_d stoic_ometzies of the alloys. _n the case

of Cu3Au s_gnifi, can,t compos_tionai disorder has been observed even a,t room

temperat, ure. Thi,s suggests that bounda,ries in _his al_loy are structurally very

si m_,lar to, those m pure metal's or _sordeted al_loys and _hus their properties will be

s_lat. _n contrast, i:n the case of stoichiometric Ni3AI _very [:_tt_e disorder occ_s

even a_ tem1_era_es as high, as I200°K w_'ch cl'ose to _he mellting temperatt_re.
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l_e._¢_, tl_e bo_,_avy _'ea'_t_es _ de seri, bed, a,bo_e ave preserved e.ven, at h_,g_

_empera_t_es:, ._Ie_ever, the si,tua tion, _s more com,p[ex iln:non..stoiic_:ometn_c Ni;:3_.
As an, exa,m,pl!e we s_ow here the restd!ts for the E29._520_)_6_a,m bo_u'_da_ry [,n,

_h'e N_-rlc_h, H_-2'4%Al! a,n_d Al!..rich, Hii-269/bAIr a_ltl_o,ysa,t 600°K. Seg_ega,_iion, of _h,e

exees s_e_emer_t, towa,r, ds tt_e zTai,n,boundary occ_s i_ bo_h, cases bm,t the efYect on tl_e

bom_dary s_r_ct_e i,s very d_,ffe_e:n,t, The concen, tra_ion profi_,l_eof _ti_eN.i;su,rpl!t_s [_n

the Z29_520i)_ grmn, bo,and_ary iis sho_ m F_,g.,3'. As seen: from th_i;s fi,_e segregation

of N_, oeet_s _a_d i,t i_s:aec_._mpamed by excha.nges, between, N_iia,ndi M a,toms i_ t_e

bo_,_d_a,ry _egior_. T_i,s _s a,llso, seen i,n Fiig. 4 where s:ha_,n,g: represen,ts £t_e chem_ca,l',

_a,t_e of £1_e,a,£oms. Tl_e da.rltes£ s_ade corresponds to, DCia,_d the: fi*gh,test to, A_.

The' ad_i£_o_a,1 £t_,ee [,n,term,edi,'ia,_e_evel!s of sh,adi;ng rh,en, _epresen, t the pr_bab_ltity

_h,a_ a_, a£om_,c si_e _s occupied_ by N_; the d_a.rker the sh,ade _he hi,gher the p=obabi, llilty

th,a,t Ni, _s. posi, ti,oned a,t _l_e s_te. _t i_s seen th,a,t w_i,_e, the Ni concen,_,ra, tiion, i,n_the

. bo_,nd!a,ry _e_on, has /,nereased some. siites, wh,ic'h, w.e_e o_gmalily occupied by N.i.

possess a _on-zero, probabi_ty to be occu,pi,e_ by Ali. _qem'e, _he. gram bo_,nda,ry'

becomes che_caitl_y clliso_dered, a,s a resu,l_, off the N_i seg_ega,_ion.
,,

I00 _ lO0,

'' "< O'
Z O' _"

_ -,,50
-50

,, -100' ' '' ,'""' ,' .... "' ' ' '_' ":

-1_ .... ,..... , ,_ -20' -12 -4 _ "12 '33
-20, -12 -4 4 12, Layer n_,mber

La,vet number

Ian): (b)

F_g.3. _a)_Excess amount,s of NI. i,n l_ayers para,l_lel: to, the boundary pl'a,ne _n, the
E29_20)_ bo_nd_ m Ni,3M at 600°K _br b_ composition of Ni-24%A1.

_) Excess amo'_n_ of M_ _n t_ayers pa_ra,l_l!elto the bo_da,ry plane m _ ::_.

S29_520) botmdary in Ni_M at 600°K Ibr bu_k composi_tion of N'i.-26%At:.
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.'T_e most proba,blIe_essom,for _e,segreg_i,o,m,di,fferencesbetween,NI,and Al' _s

_l_e._i_fferen_a,_o_c s_ze.ofthese _v¢o,eI_ements.Ali_,t_miln,,_, bemg a liargea_om, ¢a,m

o_nJ_j,seg_'egate_o_si,_es_w_t_ _avge_ee velt_me_a_d,_erefeve,_ts.seg_'egatien_sver7

se_ec_i_e.O_¢e _hese.sii_esh,ave been,_l_edithe be_nd_arybecomes sa,tura_ed.At thi,s

poi;n,t, a two_dlimens_on,_ ordered g_ai,n, bo_da, ry stracture has been forTmed. On the

other hand, mcke_ is, sm,a,_ller and, cm_,_t_ere._b_e, segregate _o a n_ber of si,Ges _n,

_he.._r_i_n botm_a_ry. Add_tiomMiliy, me,re favo!rablie si,_es are formed if .fu,r_he.r

d,_sorfleri_g occurs in, tt_e bo,.u,nda, ry re$o,n,,, _n _he, case o_[dogmg by boron: co-

segrega, tien may e_h,a,nce _h'e seg_,,ega,t,i;on o,f Ni; in. :Nii-tj,eh _li_eys wh,_¢h, then l_eads _o,

the eom, l_O'si,t_o,_M d_sorde,rt, m,g e_f _he bo_nda, ry region a,_., eo,nse(tuen, t_liy., to_ a

decrease of pr_pen, sii_y to, fractu,_e. On, _,m o_her h,_d, segrega, tim,_, o,f Mum,_n,_m i,n

am Al,-dch Mll_oy 13eadls to, f0_a_i_on, o,f a _wo, di,m,ensi:ona, ll o,rd'ered grai, n, bou,ndary

s_r_ctt_v.e. _c_ may ii_cre,ase _t_e:propensity to, bri,_e, cracki, ng. These may be _tae

. reason, s w'h,y boron, dopmg _ncrea, ses, _he gram, bou,_da, ry d;_ctili_ty o_lly _n, nickel _c_

Ni,a_ a,Iil!oys.,

4. DEV_:LO]P_ _OF Q_ANTUM _C_CAL M_E_ODS.

The quantum moth.affix:cat me_hod which, we are de:vetopi, n,g is: based on the

first p ri,nc/,plies _igh,_-bi,n_ng LMTO method. _e m_n advantages of _hi.s, _pproach

are. that s-, p-, d- and f- el!ectrons are al>t treated on the same footing and _he

'hoppmg" in,tegr_s are. very short ranged in. the non-ortl_og_nal_ representation and,,

gherefore, _ransferab_e. The _ami'lgoman is wri.tge_ as

•va... t_2
H=C l_+ AI_ _l_=a:i_ (4)

• 1/:2

where C/*, and: a i_: are, d$agonal_ matri, ces. of pot,en_i,a,l_parameters which, depend

o_y on the el*ernest considered and, SI_ i,s.ghe ma,tri,x (general:iy mm-di, agonal!), of
structu, re con sgan, gs which depe=ds only o,n atom positions. (_f two species are

• 1[2

present in the a,ssem, bt'y two d:i;fferen,t val, ues of C I*nad zx_ a re u,s ed when
ev_ati_g the __ltoman_)_ The _otN _energy of the system can be written as

_, -Eband . Erep (5),

where the first term _s t_e attractive band energy and the second term descri,bes the

rep_l_sive i:n,teraction arising from Cho donbl_e counti:r_g and exchange and

correlation ir_eractio,ns. The l_a_ter can be approximated by a repulsive pair..
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can employ available expe_mental: data. (fbr example elastic c0nst3nts) or results of

_tb,initio electronic structure calculations of the total energy: For this pu_ose the

full potential self'consistent calculations are used, analogously as when

constructing: the copper.bismuth potelxtialS,
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