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ABSTRACT

Flinn’'s maodel of shart-range order hardening in fcc binary solutions has
been extended to take second-neighbor pair interactions into account. First
and second-neighbor pair probabilitiés are evaluated in the
Tetrahedron-Octahedron .approximation of ‘the <cluster variation method as a
function of cancentration and.temberathre, and far various values of the ratio.
of pair interactions. Predictions of ‘the present.model are found to differ

significantly from thaose of the Bragg-wiiliams_model used ﬁeretofore.
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{. INTRODUCTION

The idea that local order can confribute to the hardening of a solid
 501ution was first proposed by Fisher [1] and its mathematical analysis was
'sﬁﬁsequently perfarmed by Flinn [27. Theée authars 'attrfbuted the hardening
effect, cglled ghorf.ranQE»brder "hardening (SROH), tao the pértial destruction
of equiiibrium short-range order across a Sliﬁ  plahe dué to a*motion. of a
dislocation line. Flinn calculated the 'numberrof ordering pair% vbéfore and

after a. dislocation passage and estimated the hardening effect for a'Cu,Au

"w o

crystal, f;nding the effect to be quité appreciéblé. Althoughuthe basic iqea
of Fishér and Flinn were certainly -valid, their pair interaction model should
be rEexaminéd in the 'light b# modern treatments of laocal order. Sucﬁ fs the
objec£ of this paper. | '

[t 1s importaht to specify yhat kindrof'atomic interactions‘stabilize the
local order of the system.’ I? multibody interactiaons are important, changes
éf‘multiatoh atomic configurations associated with a dislocatian 'slip should
be taken 1nto consideration in addition to changes due to pairs. Even if.pair
interactions - are daminant, which pair interactions {(first ﬁéighbor, secand
neighbor ...) should be involved in the estimétioh of the SROH 15 another
important 1issue. In éhis sﬁudy, we shall investigate tEe effects of first ahd
second neighbor pair interactions in fcc s6lid solutions.

The reasan fﬁr selecting these interactions 1s provided by §round state
analysis of the fcc lattice [3-61: rigorous results indicate that most
experimentally observed fcc-based ordered structures (superstructures) can be

stabilized by'lst and 2nd n.n. pair- interactions only. In fact, eight stable
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superstructures have been thus determined, the stability of each depending on
the concentratibn and on the ratio a« of ZQd te 1st n.n. pair interactiong. In
the light of these results, it_tan be reasonably assumed that the SROH of fcc
solid solutions, whose g?ound states contain these ordered phases, c;n be
evaluated by a 1st and 2nd n.n. pair interaction model. Since Flinn’'s
original «calculation was limited to 1Ist n.n., pair ﬁorrelations, 1t is
important to extend bhis -analysis to include at least 2nd n.n.  pair
correlations.

The calculation of pair cofrelations depends largely on the thermodynémic
model used.‘ »Flinn'sb calculation was based on the ©Bragg-Williams (BW)
approgimation which is the simplest one available and which 1s known as a
single site aﬁproximation. ‘In arder to properly evaluate pair probabilities,

however, it is indispensable to employ a mare sophisticated madel. In fact,

‘the BEU approximation does not provide correct results, except at' high

temperatures.

Recently, a mare -elaborate thermddynamic model has beén developed, based
on the Cluéter Vériation Method (CVH)‘[73. The reliability and superiority of
the CVM over the Bw.épproximation havevbeen amply demonstrated throﬁgh phase
diagram 'computations {8-12], and shoert range orderA ditfuse intensity
calcuations’[13]. In particular, the Tetrahedron-Octahedron approximation of
the CVM (T-0 CVM) [8-13] yields ten kinds aof correlatien functions, including
multisite correlations, 1in addition to lst and an:n.n. palr correlations.
With the T-0 CVM, seven fcc-based prototype ph&se diagrams were constructed,
with lst and 2nd n.n. pair interactions covering the entire range of @ values
[8-121.

In the present study, we make wuse of the T7-0 CVM to calculate pair

-

probabilitiesbmore accurately and to clarify the effect of 2Znd n.n. pairs on



the SROH of an fcc solid solution. An outline of the calculation procedure is
provided in the next ‘sectian. Main emphasis 1s placed on the caLculafion of
the thgnge in energy due to dislocation motion in° terms of pair
praobabilities,. Since the CQM derivation of the equilibrium fraction .of
ordered pairs is not the main purpose aof this étudy, the interested reader
sﬁodld refer to the authars’ previous papers [8-121. The main results aré

presented in the last section and the physical implications are discussed.

2. CALCULATION PROCEDURE

"During. glide of a dislocation with Burgefs vectaor b=hag d101s,  (59 is the

fcc lattice parameter), atomic bonds across a {111} slip: plane are broken and
‘new onas created, The increment of enerqy per atom, ﬂE,,aséociated'with the
. change dfvafomic'bqndingvcan be related to the SROH resolved shear strass 7 in .

the fbllcding way [27:

This equatinon can be readily derived by converting AFE to the'enerqy increment
per unit area on a slip plane and equatingthis to the work 7b done by 3 moving
dislocation. The d;slocation could be dissociated, but the end effect of the
passage 0% pértials would be the same.

The calculation of A€ has been performed in the-féllowinq way. Consider
‘1st n.n. pairs; of the three neighborsof a given atom across a slip plane, one
will be replaced by a 2nd n.n. atom, another by a different st n.n. and the

third by a more distént one which 1s regarded as uncorrelated to the original



atam. Similarly, for 2nd n.n, pairs, .among the three pairs across' a slip
plane, two af the three are:randomiied and_the other is replaced by a 1Ist h.n.
_pair.l,For an atom at posigion a in Fig.1l, the replacements of bbnding_pairs
before and after slip are indicated in Table 1.

_Then, by refering to the Table 1,one may write the increment of the energy -

per atam QE as ¢

AE

[(pAB(Z) + PAB(l) + PAB(r)y - (SPAB(I))]V1
+ [(QpAB(r) + PAB(i)) - 3PAB(2)]V2

(_QPAB(I) + pAB(Z) + pAB.(r))v1

+ (Pap't) - 3Pap!2) + 2pPpp‘rhiv, _ _ (2)

where ng(i) (i=1,2) is the ¢fraction of 1i-th AB pair 1in thermodynamic
equilibrium, PAB(r) is the fraction 66 AB pair in the random state, - and vi
(i=1,2) is ane-half the energy required to rearraﬁge configurations sg as ta
form two A-B bonds from one A-A bond and one'B—B bond, which is one-half the

negative i-th effective pair interaction energy ¢, j (i=1,2)

= -9
f2,5 = ~4vg

1)

The pair fractions Ppp‘l! (i=1,2) and Pag‘") are most conveniently described:

by correlatiaon variables in the following way (81:

y 1
pAB(i) = AAB(I) + XBA(1) = 2 E? (1 - 32,“
: ' 1 : SR . ’
PAB(z) = XA8(2) + xBA(Z) = 2 ET (1 - 22,2)__4"f'_;" ) o (4)

"
L

N -

~|
-
—
i

Pap‘r) = xap(r) + X_BA(”' g“vz_,



whe}e Xga(i) and Xag(i) are, respectively, i-th A-B and B-A pair cluster
proﬁabilities, §1 is a.ﬁointvcorrelation function and te,i (1=1,2) aré i-th
pair correiation functions the rigopous definition of which can be found in
.vvprevious-pubiications (8]. Substitution of Eq.(4) into the Eq. (2) yields the

final fdrmula"of AE:

1 1
B8 = > (28,4 - kg,s - Eyllvyg # TR L T B 2t v,
1 : 1ye. 4 1 2
AR TR SRR R OSSR AE FRSLE SFEL S L PN TR | FIFRL Y FEPLE (5)

3

whére_c was previously defined as theratio of 2nd td 1st n.n. pair interactiaon
‘energies. The equilibrium values of correlation functions &4, Ey,1 and &, ,

fdr avgiven concentration and temperature were calculated by the T-0 CVM. .

3, RESULTS AND DISCUSSION

Thé temperature dependence of SROH_at composition ¢ = 1/2 is sﬁown in
Fig. 2 in reduced coordinqtes: the ordinate represents the hardening effect
given by QOE normalized by the first pair interaction' energy €, 4, and the
abscissa 1s the reduced temperature normalized by the same parameter. The
case ¢ = 0;0 is the one that maybe conpéred directly to that treated by Flinn;
_it is seen that the curve ofSROH of the present analysis is consistently above
that of Flinn's (dashed curve). This effect can +be explained as follows:
acccording to Flinn's model, two of the three lst n.n. pairs aéross a slip

plane are "randomized" after passage of a dislocatiaon while the rest retain
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their 1st n.n. péir correlation., . According to the present maodel, however, as
is indicated in Table 1, only one pair is randomized while the remaining tko
pairs retain their tst and 2nd n.n, correlations. Because of the tendency of
the solution (with « = 0) to'enhance lsf n.n. unlike pair concentrations, like

2nd n.n, pairs will predominate. Hence,the replacement of a ist n.n. by a 2nd

~n.n. pair will tend to raise the energy compared to that resulting from

randaomizatian.

With ¢ = -0,2, the probability of finding like 2nd n.n. is further
enhanced, and the resulting energy change 0E 1is even more pronouncad. On the
contrary, with e« = 0,35 and ©0.35, 1like 2nd n.n. paif probabilities’ are
decreased, with rasulting lowering of OE compared to the case of vanishing 2nd
n.n. interaction., Curves 1in Fig. 2 may intersect because the temperature
dependences of lst and 2nd n.n. correlations differ from one another and from
that predicted by the BW madel. |

The concentration dependence af SROH is‘illustrated in Fig. 3 (high
temperature) and Fig. 4 (lower temperature)., - Again, the curves calculated.
from the TO-CVM model lie above thosé calculated by ~ the BW model (dashéd
curves), for the reasons explained abaove. The degreé of SRDAvanishes at c=0
(pure solid) and reaches a amaximum at c=1/2, Since ccncentration;independent
pair interactions are used, the curves must be I'symmetric about the
mid-concentration.

At the lower temperature (kgT/t, , = 1.320); the SROH curves for ¢« = 0.0
and -0.2 are quite complicated-looking because, at this reduced temperature,
the fcc solution crders into the t1, and L1, structures tli}. In Fig. 4, the
portions of the corresponding curves for which the solid solution is the
stable phase are shown as full lines. The portions shawn dqtted refer tb a

metastable solid salution. As pointed out elsewhere [121, whenever reliable



thegretical eétimates of poperties are required,.it is imperative to wuse a
free enefgy model from which a taopolagically correct phase~diagr;m can be
constructed. ‘The €VM provides such amodel, the BW, wﬁich Flinn used to derive
his SROH cufves, dbeé not. | |
Recentlyy-Butther and Nemback [14].perfcrmed simultaneohs measurements of
critical }esolved shear stress (CRSS) ahd"shoft-fange order (SRO) 1in
polycrystalline Cu-10at.%Au . solid solutions. These authors fdund no
correlaticon of SROH with SRO, and concluded t;at Fiinn;s model overestimates
the cantribution of the destruction of SRO to CRSS by a factar of about Id;

This conclusion was based on the chserved).9% scatter of the data far the CRSS

in which the authors claim the SROH effect must lie buried. From these

measurements, it does appear that the variation aof SRUH with SRO is much less

than .theoreticély'éxpected, but it does not necessarily follow that  the

“#agnitude of the influence of SRO on the LRSS is small. Actually, Buttner and '

" Mapback offer no explanaticn for tHE'rather 1arge~va1ue of the CRSS in these

partially aordered alloys..
- Moreover, the measurements -were made on low-concentration polycrystalline
specimens at low temperature. The variation of the CRSS with degree of SRO

sould surely Kave been mare apparent at higher concentrations, which would

have necessitated deforming specimens in a single pghase nrégion at higher

temperatures. Alsa, the degree of SRO was measured ‘hy the firét WarrenfCowley
~parameter only.

Claarly, the éimple models of SROH proposed by Fliﬁn; and eiaborated upon
hare, do not do justice to the complixities of the init;ation of plastic flow
in real materials posgssing short-range order. Nevertheless, it was deemed
important to gpresent as accu}ateva picture. as po%siblg of the simple SROH

mechanism, that affered by the TO-CVM, before proceeding with the

v/

&/
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hardening effect has b

incorporation of other complicating factors.

4. SUMMARY

The T-0 approvimation of the CVM has been used to calculate +first and
second-neighbor pair prechabilities in Linary fcc solutions as a function of
average concentration and temperature, and for varigus values of the ratio s

cf

~b

2cond Yo

m

irst n2ighbor pair interacticns, The resulting shart-range order

1}

en calculated and csmpared ta earlier results of Flinn
tased on the Bragg-Williams approwimation with first-neighbor pairs only. The
inclusian of seccnd-neighhor inter?ctions and the wuse of a more accurate
thermcdyn;mic functional rasults in significant differences in the predictiaons
of the two models. Ssod agreemenf between théoretical énd experimental values

nf critical resolved shear stress is

w

till an elusive goal, however.
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’ FIGURE CAPTIONS

Perspective view cf a (11!) slip plane of an fcc lattice and the atomic
arrangement in its vicinity. Atom a is below the slip plane and atoms

B.....] are abgve the slip plane.

Temperature Zependance of the SROH at ¢=0.30 for different «
values, s heing defined as the ratio of 2nd to Ist n.n. pair interaction
energies., Temperature axis is normalized by the first n.n. pair
interaction energy t; . The vertical axis is SROH (resolved shear
strass! noraalized by
Ar= -3
41’ 2/3) EXs) Ez’x-
Canzentration dependenca of SROH at kpT/¢ = 4,096,
P 241
Ccncentration dapandence of SROH at kpT/€, ,, = 1.320.  Dotted line
indicates the crdered shase region in which SROH is no longer
m2aningful.
TABLE
!. Changes of atomic fair configurations across a slip plane (Fig.l
should b2 referrad tc). 'The third column indicates the correlation

with atom st pcsition a. (Correlations beyond the second neighbor
are assumed to vanish.) ng(i) is the fraction of i-th A-B atoamic

pair in a thermal eguilibrium; PAB(F) is the fraction of A-B
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- after a slip

Bonding Bonding  _:corr;with a| incr. A-B pair |
| o2y ()
ab ae - 2nd. n.n. PAB_ - PAB |
E T
= | | 1 (1
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