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"Abstract

The necessary precufsor for‘any atomistic studies is a descriptiqn
of interatomic .forces. Since no satisfactory description of interatomic
forces in binary alloys could be found, ‘the first stage of the fesearch
was devoted to this problem. The energy of the Iaptice was written as a
sum of pair interactions and of a deﬁsity dependent term. For bure
metals the parametefs in both the pa&ir fotential and the density
depenéent‘term were determined so as to fit the cohesive eﬁergygand
elastic constants, and satisfy the condition‘of'equilibrium for the-

The potentials and density

experimentally known lattice parameter.
. . . ! 2

dependent terms for }ure metals weré then used in constructing the cor-
responding description of interatomic¢ interactions in alloys, using a
modified method of Machlin (4). The principlemodifications are use

of density dependent terms and fitting-of‘the'enthalpy of'ﬁixingm,

These procedures are described in detail in this report.

The grain boundary studies were started for the systems Cu-Ag,

- Cu-Bi and Au-Ag. Howeyer; since the density dependent part of the

energy  must now be taken into account explicitly a substautlal
modification of existing computer programs for grain boundary cal-

culations is neéeded. This is at present in progress and thus only

the directions of this work are reported.

A limited effort was also devoted to the development of a

theory of intergranular fracture in embrittled materials. The main

- purpose is. to establish a relationship between the culiesive energy

and ‘the plastic work which would enable us tu use the recently de-
veloped technique of measuring the local stress of fracture
for direct studies of intergranular cohesion. This is described in

fore detall lu Lhe"enclqseé preprint (ref. 3).



1. Introduction

The principal aim of this‘research project is to carry out
atomistic studies 6f the influence of segregated impurities upﬁn the
stfucturc and'properties-of_grain.béﬁndaries. The essgntial p;ecursof
for such studies ié a description of interatomic forceé which has beeﬁ
done almost exclusively by using central férce pair potentials. In the
case of pure metals a la%ge number of empirical and first érinciple
potentials were‘develbpea in the ;ést two décades, However, for alloys
only a few attempts have‘béen ﬁade, as‘alfeady mentioned in phelbriéinal
proposal, and, therefore, the first étage of this research was mainly
devoted to the construction of such central force potentials far binary
.alloys which can be uscd in the atomis;ic studies of lattice defects.

'Thié work hgs now. been almost completed and it is Hescribed in more .
detail in this.réport.

The basic concept of the calculations of.the stfucture of grain
boﬁndaries with impurities is éimilar to that applied in the previous
studieé of bpuhdarigs in pure metals (for 'a review see ref. 1, pfeprint en-
closéd). However, the calculations in pure metals were always carried out
'at'conépant total volume .and, therefore; the §olume debendent part of‘the
energy of the esseubly of atomc was not nsed implicitly..On the other °
hand the volume dependent part of the enérgy must be included directly
into the present calculations because it is a-fuhction of the concentra-
tion of the.alloying element and thus, will not be the same'at‘the
boﬁndary and‘far»éway from it. This means that the relaxation -
procedures deve;oped‘in the studies'of g%ain boundaries in pure metals
cahnop be used directly, but substantial modifications hayé to be made

first. This work .is presently in progress.

~



A limited effort was also devoted to the‘deveiopﬁent of the
theory of intergranular fracture in which the bond breaking and
disloéagion emission at the micrécrack tip are regarded as concomitant
processes.. In this theory the blastic work, Yps is calculatgd'as a
function of the ideal work to fracture, i.e., of the cohesive energy, v«
This research is part bf a 'study of the micromechanisms of low
temperature fracture carriedlpﬁt by tﬁe principél investigator. However,
the above mentioneq development'hgs a direct beafing bn this project.

The reason is.:hat'recéntly a method for ﬁeasuring the local stres;

.needed for the initiation of.the brittle.ffacture at a-gréin boundary .

as a function of the conéentration of segregated impurity on that boundary
has been develppéd (2).ana if a félatiénship between Y, and ¥ is establiéhed,
a direct measurement of the grain boundary cohesibn as a function of the.
impurity concentration and al;o of other grain'b0undary parameters may

be possible. Tﬁe s;aterf'this development is described in more detail

in the enclosed preprint (ref. 3).

2. Interatomic Potentials

The coﬁsgruction of the pair potentials haé been carried out semi-
empirically'singe'no first principle calculations ére évéilable at présent
for most of'the_materials of interest. Originally, it was suggested‘thati
" the potentials‘describing.interaétions between the atoms of an alloy
consis;ing.éf two eleﬁents A and B would be derived using a modified
Machlin's procedure (4). Iﬁ this method the A-A and B-B interactions (in .
the form of Lenard-Jones potentials) afe first fitted to the cohesive
' gnergies and in equilibrium lead to the experimental lattice parameters.

The A-B interaction is taken.as an average of A-A and B-B interactions.



All three inﬁeractions are then modified by Faking‘into account the
chargeltransfer between the atoms A and B. However; the energy
of the lattice is expressed in terms of central forces only and thus the
elasfic constants have to satisfy the Cauchy relations which are kno&n not
to bé valid. Furﬁhermore, the potentials_cénstructed in this way do not
4 rebroducé correctly any éf ;he elastic constants both inl;he pufe
materials and in the alloys. Af'the same time the élastic constants are
quantities whiéhbshould be reagoﬁably reproduced when the.potentials are
tb be:used in dgfect'studies. They ha&e been measuréd for all pure 5etals
and for a large number'ofvalloys, and are thus suitable parame;ers which
can.be fitted when cénstruétiﬁg the potentials. ﬁoreover, iF is not
.physically reasonable to assume that the pohesive energy can be expressed
entirely in‘terms of pair interactions. On the contrary, theAexisting
theories of cohesion in both simple (5) and noble.ahd-transitidn metals
(6, 7) suggest that the,cohesi?e energy 1is almost éntirely determined by
the purely density dependent. term rather than by the structurally sensitive
pair interactrinns. The construétioﬁ of the potentials was, therefore,
carried out using the basic ideas of the Machlin's apprpach (e.g.,
incorporation of the charge transfer) but»taking int0'50c0unt the above
mentioned facts and using elastic constanté and the‘euthalpy‘of mi%ing as
additional empirical parémete;s. The pair-potentials were first constructed
for pure elements. The energy per atom, i, was Qritten as:
£, =2 1 oee, ) H U (V) | o (1)
11 ij v a

where ¢ is the pair potential and UV is the part of the energy which is a



~a function of the average volume per atom v,. Several functional forms

for ¢ were tested ‘and the most suitable was found, to Dbe

6(r) = a/r* + brd + cr? + fr + g . (2)
where a, b, ¢, f, g are constants.' The volume dependent part of the

the energy was written as the expansiod

— 0 V0N T o
U, (V) = U v) + U (V- v G
. — <. 2 : ‘
+4% U;(VZA— VZ)

where v  is the average volume per atom in the equilibrium. It was than

assumed that in equilibrium the pair potential does not contribute to

the cohesion and thus that the cohesive energy, E., is described entirely

by the deﬁsity dependent term, i.e., E. = U, (vg).
._The pair potentials were truncated at r = r. which usually lies in be-
tween tﬁird and fourﬁh nearest neighbors; for Ty T T it was requifed that
.¢(rt)=wb'(rt)é0} 'aThe coefficients a, b, ¢, £, g, U;, and U; wergbtben.deter~‘
mined so as to’éatiéfy (i) tﬁe equilibrium condition‘for»éxperimentally‘mea—-
sured lattice parameter,»(ii)vtruncation conditions, (iii) regﬁirement of
zero contribution7of:¢ to the cohésivg energy and (iv)'fit experimental vélues
of three independent elastic constants. Thus,'all elastic constants
were flited in‘thc cace of cuhir structures. For hexagonal metals
only three of the five elastic conétants were fitted but it wa§ élways found
‘thét the,cher constants were then well reproduced. In the case of‘eiements such
"as Bi and Sb which crystalize in the trigonal structure the cubic components
of the élastic.cqnstant terms were fitted after it was shown that £0'a firgt
apprdximétion the non-cubic components méy be neglected.

When constructing the pqtentialé for the alloy the energy per atom,

i, is written as:



‘ 1
E. =¢c2 =
i CA.2

A-A o B-B
y J%i OGP Loy

i i) |

+2C¢C I e A B @
A8 o o (rgg) + C UL+ CUp

where CA and CB are concentrations of the eiements A and B, respectively.

The potentiéls (bA~A, <bB—B and ¢'A_B have the same functional form

as eq.(2) but ¢ A'A and ¢ BB are ﬁot.the-same as in pure'metals; They are

Based on the potentials in pure metals but modified in a way similar to that

used by Machlin:(a): First the éoncept-of reference structure is

introduced; i.e.; bofh elemén;s A and B are taken as possessing

the cryéﬁai.structﬁre:of the alloy (i.e., for examplé in the -case of

Cu-Zn alloy, Zn is taken as f.c.c.). Next the polar correctionAdue‘tb

the charge transfer is taken into account. The parametef; of the_A—A

and B-B porgntials which deséribe repulsion‘ are then modified so that

the referenqe structure of the pure elements is in équilibrium for a

polar corrected: nearest neighbors separation; this polar~corrected’

separation is as given by eq. (l3)_of the first papér qf‘ref. (4).

| The parameters of fhe potential ¢A_B are tﬁen deéermined from

the following conditions: (i) The alloy is'in equilibrium with the

nearest néighbors‘aistance equal t& the average nearest neighbors

distanée of fgference strﬁctures A and B. (ii) The potentlal isA

frunéated at a distance equal to tﬁe average‘of thg truncation radii

of the. potentials oA and'l¢B. (iii) The minimum of A-B interaction is

the average of the miniwum of A-A and B-B interactions. (i;) Thé |

experimentali? determined enthalpy of mixing A = E - (CA ECA + Cp ECB)’f

where ECA and Ecg are the cohesive energies of eleﬁents A and B,

resbectively, is reproduced. The last condition has not been



used- by Machlin (4). Howevér, its use enables us to reproduce cpfrectly
the enthalpy of mixing which may be the parémeter which plays an
important role in the control of segreg;tion. Fur;hermofe, the.origihal
proéedure used 'in ref. (4) would not reproduce -the situation When AH > 0.
.The‘potentialS'constructed fbr the systems Qf‘Cu-Ag,.Au—Ag and Cu-Bi
are- shown in Figs. la,AZa.and 3a,'respectivély.‘ The corresponding.
conéentration dependence of the neafest héighbor's distance D, of'fhe 
elastic consténts Cy1» Cpp, and Cyuy and of the enthalpy.ofAmixinguAH
(which hgs been fittéd) are shown in Figé. 1b, 2b and 3b, réspectively;
I; is seen that in the case.of Au-Ag élioyA(Fig.‘Zb) the calc;lated
coﬁcentratién.dependences of the‘elaétic.constants and of D are in

good agreemenp with the measured values (marked by +).: Unfortunately,

no experimental data are available for Cu—Ag and Cu-Bi.

3. Grain Boundary Studies

The calcuiétion qf the structure of grain boundaries with‘impurities
‘have been‘étar;éd for>the systems Cu with Ag ana Bi as impurities, |
Au with Ag as an impurity-and Ag’with'Au as an impurity. fhe écheme for. the -
construction of the poéentials can, of course; be used for aﬁy metallic
binaryAélloys_but'fhese three systems were cﬁosen for the béginning
for the following réasonéﬁ (i) The Cu and Bi atoms have Qety4different'
sizes and segregation of Bi in Cu and associated embrittlément are well
-established.(é - 13). - On the other.hand Au and Ag.have very similar éizes
and it is possible that segregation will‘have little influence on the |
grain -boundary structure. The system Cu-Ag may be in between the two = ex-—

tremes} Hence, using these three -alloy systems we are able to .investigate a



range of different behaviors each of which‘may be characteristic for
a class of alloys. |
(ii) A number of experimental studies of the segregation of Bi in Cu
have been madeé (8 = 13) and recently also electron microsgopic'étudics
.of the grain boundaries in this ailoy have been performed (14, 15).
This givés an opportunity for comﬁaring the caICulatiohs‘with‘experiments.:
Similarly, the effect of segregatién on the graiﬁ boundary energy in
Ag-Au ailoyg_have been studied (16) and at present the effect of segregation
dq the grain boundary strﬁcture‘in Au-Ag alloys is being investigated using
_X—?ay topography and elect;on microscopyuby Prof. S. Sass at Cormell University.
As mentioned in the Introduction, the computér programs which have been
usea in the studies of grain boundaries in pure metals require substantial
modifications béfbre they can be used in the present work. The main
reason is that it is necessary to consider explicitly the dénsity
dependent part of the energy thch,has nbt‘been.appreciatéd before”
this inVestigation was started. In the previous(caée the relaxation
- was carried out with respecﬁ to the 1oc;1 atomic poéiﬁions_'gnd the
relative displacements of the two grains. As éxplained in ref. (1) this
calculation could be carried out keeping the'total volume of the rélaxed
bloék constant. In the present study, however, fhe reiaxation must be
carried oﬁt nbt only with respect to tﬁe local étqmic positions
and grain.displacementé but alsé with respect- to local average atomic
:volume whicﬁ will vary‘with'separation ffom'the boundary. In this case
expénsion or~c0ntracpioﬁ of the relaxed block must be allﬁwéd. At the
sahe time dependénce of both the pair potentiais gnd the volume dependent

part of the energy on the local concentration of the alloying element



has to beAtaken into account. This means.that 9 and U; will again
vary with separation from the grain boundary. The incorporétion
of these features into the relaxation program is carried out at
present. We expect that this development will be completed in

the near fﬁturé and preliminary studies using the above mentioéea

. potentials will be made within the next four months.
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Fig. la .Full lines: Cu-Cu and Ag-Ag potentials in pure metals.

Dotted lines: Cu-Ag potentials for three different
concentrations. of Ag in Cu.
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Fig. 1b Calculated dependence of elastic constants (C11, le, Cs4)

nearest neighbors spacing (D) and enthalpy of mixing AH on

concenlLration in Cu=Ag Aalloy. x experimental values.
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Fig. 2a Full lines: Au-Au and Ag-Ag potentials in pure metals.
- ' Dotted lines: Au-Ag potentials for three different
concentrations of Ag in Au. ' '
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Fig. 2b Calculated dependence of elastic constants (Cll; Ci2, C44),
nearest neighbor spacing (D) and enthalpy of mixing AH on
concentration in Au-Ag. x experimental values.



Fig. 3a -Full lines Cu-Cu and Bi.—Bi‘potentials. in pure metals.
Dotted lines: ' Cu-Bi potentials for three different
concentrations of Bi in GCu.
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Flg 3b Calculated dependence of elastic constants (Lll, C12, C44),
nearest neighbor spacing (D) and enthalpy of mixing AH on
concentration 'in Cu-Bi alloy. x experimental values.





