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Alloy destabilization by dislocations
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Thermodynamic phase diagrams of alloys are usually computed or experimentally determined under
the assumption of perfect crystallinity of the material. Here, we show that dislocations can change
the phase stability of alloys and increase the size of the miscibility gap. This dislocation-induced
destabilization of the alloy originates from an interaction between the elastic fields of the
dislocations and those due to composition variations. We predict that the characteristic time scale for
the growth of compositional fluctuations depends inversely on the dislocation mobility.
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Determining the equilibrium phase diagrams of materialsare much faster than composition or dislocation diffusion, we
and the mechanisms by which equilibrium is achieved is aliminateu by solving the mechanical equilibrium equations
fundamental area of research, with an impact on materialwith instantaneous composition and dislocation density
technology. Most theoretical calculations of phase diagramqarofiles.3 Substituting the obtained(c,b) in F,{u} gives
assume perfect crystallinity of the material; however, such?-'e|:fg|{c}+f2|{b}+]—'c0up{c,b}. We adopt a standard
perfect crystals are difficult to obtain and study experimen-Ginzburg—Landau model foff:’, giving
tally, and most materials contain various defects. Of these,

dislocations are ubiquitous, and because of the long-range a u 2
elastic fields that they create, they can strongly affect phase 7 = 70+ 7S = f dr [— —c?+—c*+=| V|, (1)
stability. 2 4 2

This is the case in alloys which undergo spinodal decomyherea=a,(T?-T) with T the temperature ari the critical
position with unequal lattice spacings within the composi-temperature in the absense of dislocations but renormalized
tional domains(‘misfitting alloys”). In these alloys, there  qye to composition strain fieldse., T is the coherent criti-
generally exist two spinodals, namely the so-called “cohercy| poing, anda,, u, and ¢ are positive constanfsThis ex-

ent’ and “chemical” spinodals, respectivélfthe coherent pression forF, provides a simplified but generic description
spinodal describes the phase stability of domains which args the alloy phase diagranf, is given by

coherent(and hence straing@cross the compositional inter-
faces, while the chemicdbr thermodynamicspinodal dic-
tates the thermodynamics of the alloy where interfacial misfit - Fo+ 7= J dr [E|b|z + i(vzxd)z} _ )
dislocations have relaxed these coherency strains. Although 2 2Y

the presence of these spinodals in misfitting alloys is wel

known, the effect of dislocation mobility on phase stability lThe first term in Eq(2) describes the local dislocation core

energy (a is a positive constaptand corresponds t¢Q,
thi dh t a stabilit vsis of th v 1 Qhile the second term accounts for the nonlocal elastic inter-
IS end, here we present a stability analysis of the early iImg iqng petween dislocations, and correspondgioY and

evglutlog ofta binary al_loy mlc:he plr(e?/?/ncehof Tr?bt"e g!slo;}(d denote Young modulus and Airy stress function due to
cations due o, €.g., prior cold work. We show that a binaryyiq|ocation strain fields, respectively. Under mechanical

alloy outside of the dislocation-free miscibility gap can be o ilibrium conditions, the Airy stress function satisfig®f.

destabilized by dislocations, and quantify how the Presencg) w4, —v(v.b. —V.b.). Finallv. the int tion bet th
of mobile dislocations modifies the dispersion relation. ) VExa=Y(V,by~¥,by). Finally, the interaction between the

W introd th tical h. The bi composition and the dislocations arises from the linear de-
€ how introduce our theoretical approach. The Inarypendence of the lattice constant on the composition and its
alloy is described by a continuous compositigfn) and a

continuous Burger’s vector densibyr),? and the misfit be- coupling to the local compressiof? xg,
tween the two alloy elements is modeled as a linear depen-
dence of the lattice constant on the composition. Thus, both
the dislocation and composition fields lead to elastic dis-

placements in the system. The free energy consists of three , ) -
terms, ]-'=f2{0}+fﬁ{b}+fe|{U}, representing the free en- where 7 is proportlopal to the misfit bet'vyeen the a_lloy elt_a—
ergy due to composition variations in the absence of misfit,ments' The dynamics of the composition and dislocation

the dislocation core energy, and the elastic free energy due f?)ensny satisfy conservation laws and are given by
elastic displacements. By assuming that elastic relaxations

-FcoupI: Wf dr CVZXdr (3

S : —=IV2—, (4)
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In Egs.(4)—(6), I is the composition mobility whild", and I
I’y are the dislocation mobilities in the climb and glide di- 04l
rections, respectively. .
To simplify the analysis of the above equations and to 0.2
illustrate the basic effects, we consider the case wiigre
=I';. Using the transformations c— (la]/u)*%, r Y
—(&/)a)Y?r, t—(&IT|a>)t, and b— (|a]®/Y&u)Y D, xq

C
— (Y& )2y, and takingV, of Eq. (5) minusV, of Eq. (6),
we obtain the two dimension|e§9earizedequations FIG. 1. Spinodal line for the binary alloy in the presence of dislocations
(solid line) and without dislocationgdashed ling

a6c=V(£1+3c?)c - V26c+ 0] (7)

and T , = 1)?
2 —5=1+A“-3{c--], (11
30 =-m(® - V0O + y5c), (8) Te 2

where sc=c-¢, ®=V?y,, and where we have sa!mc:mzq
=m. The new dimensionless parameters arenY*?/[a'’2,  where A=V 72Y/a,TS. The presence of th&? term in-
e=alal/£Y, andm=T4¢?Y/T|a%. The top(bottom) sign in  creases the size of the spinodal region, as shown in Fig. 1. In
Eq. (7) represents temperatures abdbelow) T2. Equations  particular, the critical temperature is increasedT e To(1
(7) and (8) thus contain three dimensionless parametgrs: +A?). Note that the new spinodal line is independent of the
represents the lattice misfit between the two elements of theislocation mobility, as long as it is nonzero. Physically, this
alloy, mrepresents the ratio of the dislocation mobility to thejs due to the fact that dislocations with nonzero mobility
composition mobility, and is the dislocation core energy. adiabatically follow and amplify compositional fluctuations
The stability analysis is performed by lettingc by relaxing coherency strains in the long wavelength limit
=[¢(q)ed"dg and O=[0(q)e9" " @dq and solving q—0.
for o(q). Note that because the two variables are coupled, Forimmobiledislocationgm=0), the dispersion relation
they evolve with the same dispersion relationand that in Eq. (9) reduces to the dislocation-free dispersion. Hence,
positive (negative values ofo lead to exponential growth While immobile dislocations may locally affect the distribu-
(decay of the fluctuations and thus to instabilifgtability).  tion of the alloy constituents around thérfi] they do not

The two solutions foir are shift the location of the critical point. The increaseTpis
L ultimately related to the migration of dislocations tﬁ)ﬁscompo-

=Z[(F1-32d%—g*—m(1 + eq? sitional interfaces, which increases the surface tersion.
(@ 2[(+ Ja'-a (1+eq)] While the above discussion indicates that any nonzero

1 dislocation mobility will lead to a mobility-independent shift

+ —\/[m(l +eq®) + (71 -3 - g2+ amy* . of the spinodal line, the dislocation mobility can affect the
2 rate at which spinodal decomposition proceeds inside of the

©) new spinodal. This can be higlighted by looking at the dis-

. . . persion relation as a function ah. Figure Za) shows the
In the absence of coupling between the dislocations angispersion for an alloy above the dislocation-free critical

composition,y=0, the solutions are(q)=(+1-3¢%)q’-q* temperature, withy=2 and e=0. Clearly, for any nonzero
ando(g)=-m(1+eq?). The first of these is the dispersion for mobility m, there is a region of wavevectots where the
the a”oy without diSlocationS, which is pOSitiVe ina range Ofdispersion is positive; while the size of this region is inde-
q when the a||0y is inside the dislocation-free pendent Ofm' the maximum value of the dispersiaf}nax
(coherenk spinodal. The second relation is the dispersiondepends orm. Figure 2b) indicates that the characteristic
for the dlslc_)catlons in a homogenous system, which is altjme scaler=1/o,, for the growth of compositional fluc-
ways negative. ) _ tuations depends strongly on the dislocation mobility. For

In the presence of the coupling the behavior can be small dislocation mobilitiesr diverges as Irh. For largem,
understood by performing an expansion afin the long- 7 saturates to a value independentmafindeed, in the fast
wavelength limitg— 0. For a nonzero dislocation mobility gjs|ocation limit Eq.(8) gives a solution fol® that is inde-
m>0, a straightforward calculation yields pendent ofm, and 7, ...=4/(y2—1)2. The value ofq that

- _ a2 2 4 gives the maximum in the dispersion relatiop, determines

o() = (1= 3%+ ¥)a"+ O(a). (10 the most unstable wavelength of the instability 27/q",
Because theD(q?) terms are always negative, a necessarnyi.e., the composition pattern wavelength at early times. Fig-
condition for an instability is for the coefficient @f to be  ure 2b) shows\ as a function of the dislocation mobility,
positive. Setting this coefficient to zero leads to the newindicating that it is much less sensitive to the dislocation

spinodal line mobility than 7, the dependence being closexe m Y4,
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dislocation mobility. Panelb) shows the time scale for spinodal decompo-

FIG. 2. Panel@ shows the dispersion relation for different values of the

sition and the most unstable wavelength as a function of the dislocatiorF|G. 3. Panela) shows the dispersion relation for different values of the
mobility.

dislocation formation energy. Pan@d) shows the time scale for spinodal

decomposition and the most unstable wavelength as a function of the dislo-
. . . tion fi ti .
A parameter of importance in the current model is the®2"o" omaton energy

core energy(i.e., the energy cost of forming dislocatigons

To illustrate the role of this parameter, FigaBshows the —an increase in the size of the miscibility gap. We hope that

dispersion relation fory=2 andm=1 for different values of this work will stimulate experiments and further theoretical

e. Itis clear from the figure that the maximum @f the most ~ considerations to correlate phase transformation behavior

unstable wavevector and the range of unstable modes dand dislocations.
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