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Z. Erdélyi, B. Parditka, D.L. Beke
Department of Solid Sate Physics, University of Debrecen, P. O. Box. 2, H-4010 Debrecen, Hungary

Abstract

Schmitz et al. [Acta Materialia 57, 2673 (2009)] showed eitpentally that stressfiects significantly influence the intermixing
rate but surprisingly the parabolic growth rate is presgrvéne rate-influence was interpreted by switching betweark&n and
Nernst-Planck regimes caused by thé&wlion induced stress. We analyse theoretically how thessfiield shifts the system
from Darken to Nernst-Planck regime, why stress relaxasiamt observed—although would be expected—and why tfiesion
kinetics is not influenced by the developing stress field.
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During intermixing stress free strain develops due to thte nefast, finished before any detectable shift of the interface]
volume transport caused either by thffelience in the intrinsic  that stress relaxation is not observed although would be ex-
diffusion codicients angbr atomic volumes or by the abrupt pected since the time interval investigated was much longer
change of the specific volumes if a new phase grows. As a corthan the stress relaxation time. We explain why thudion
sequence stress develops within a certain characteriisté; t  kinetics is not influenced by the developing stress fieldoaltih
leading to a steady state. The stress field may relax alsinveith it would be expected.
characteristic time. [1, 2] Due to terms proportional togtress Stephenson—in one-dimensional, isotropiccomponent
gradient in the atomic fluxes [see also later eq. (5)], thetkin system—derived a set of coupledfdrential equations for the
ics is obviously expected to fiier from the “pure dfusional”  description of the resultant stress development and steess
(Fickian or parabolic) one in the transient stages. In steadlaxation by viscous flow, convective transport and compmsit
state—when the stress field approximately does not change—-eyaluation: [4, 2]
if it can be developed, the kinetics can remain Fickian, bat t
intermixing rates still can dier considerably from the stress

free case. DP 2E | .3

It was shown recently [3] that stresBexts may have a well Dt 9(1-v) [iZ;(QiVJi) * 4_;7P} ’ (1)
measurable influence on the intermixing rate in nanostrastu n -
of spherical symmetry but surprisingly theffdision kinetics re- VW = - Z(inji) _ 3(1-2v) % 2)
mains parabolic in time. The rate-influence was interpreted = E Dt

switching between Darken and Nernst-Planck regimes caused py, _ ]
by the difusion induced stress. Dt =Vii, i=1..,n 3)
Due to the complexity of the problem, however, until now
there have not been systematic investigations aboutffeete whereD/Dt denotes the substantial derivativeis the veloc-
of stresses on the kinetics. ity field required to determine the spatial evolution of tlye-s
In this communication we analyse theoretically—for theesak tem (Kirkendall velocity),P is the pressure is the time,E
of simplicity for a planar model geometry—how the stresglfiel is Young’s modulus ang is the shear viscosity. Furthermore
shifts the system from Darken to Nernst-Planck regime. WeY;, pi andj; are the molar volume, the material density and the
show that the development of the Nernst-Planck regime i veratomic flux of componeni respectively. The atomic fraction
¢i instead ofp; is, however, more convenient for describing the
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Dc; 1 G v
— = _ZVji+ = > Vj. i=1,...n (4)
) kz:;
The atomic flux is given by
. GiQ .
ji=-p [@invQ + D;‘#VP ., i=1..,n (5

hereDj is the tracer dfusion codicient,R the molar gas con-
stant, T the absolute temperature agy the thermodynamic

factor. Note that in this paper we restrict ourself to an idea

binary system, i.e®; = 1.

Ignoring the stresstiects, Stephenson’s model is equivalent
to Fick’s model: ignoring the second term in eq. (5), eq. £3) i
just Fick’s second law. It is well known—according to Boltz-

mann’s transformation [5, 6]—that the solution of Fick'sse
ond equation results in parabolic shift of planes with canst

G: X5 o« torx, « vt Thus Stephenson’s model is suitable

to investigate how the stresffects influence the tfusion ki-

netics; whether anomalousfilision kinetics can be observed

thanks to developing-relaxing stress fields.

Theoretically the time evolution of thefect of ditusional
stresses can be classified into fouffelient stages:[1, 2, 4] i)
t < toss, i) toss <t < tr, i) t ~ t; and iv)t > t;. Heretgss iS
the time necessary to develop a steady state stress diistmibu

andt, is the stress relaxation time of ‘pure’ Newtonian flow
determined by the second term in eq. (1). Supposing that in
stressed sample the sum of the divergences of the atomicsfluxE_

are negligible, eq. (1) becomes

DP E

Bt~ 8- ©)

E

and its solution i = Py exp[—wt], wherePg is the value

of the pressure at the beginning of the observation of trexrel

Note that using these parameter valtidalls in the range of
(5-9)x10s.

For the numerical work all equations were transformed into
the form containing only dimensionless variables and param
ters:x = x/I;t =tD/I%, P" = P/E; D/ = Dj/D; ' = nD/EI?;

Q' = Q; pi = piQ. Herel is an arbitrary length comparable to
the length-scale of the investigated probleinis the average
Young modulusQ is the average atomic volume aldwas
chosen to be equal 0.

Figs. 1la and 1b illustrate two typical, markedhffdrent
composition and pressure profiles calculated for stresesifri-
tial conditions, i.e. only stresses oftiilision origin were taken
into account. The results in Fig. 1a were obtained by supgosi
composition independentftlision codicient and accordingly
the profiles evolve symmetrically, whereas in Fig. 1b they ar
asymmetrical as a result of the strongly composition depend
diffusion codficient. If for example the diusion is orders of
magnitude faster in thB matrix than inA, practically onlyA
atoms can dissolve into th® matrix andB atoms can hardly
penetrate into thé matrix. Consequently, a stress peak devel-
ops in theA side close to the interface and on tBeside an
almost homogeneous stress field (with opposite sign) appear
This sharp stress peak shifts with the moving interface.

In order to investigate the fusion kinetics, the logarithm of
the position of planes with constant compositiop € 0.1, 0.2
..., 09)—Kirkendall planes—was plotted as a function of the
logarithm of time: X, o t, i.e. logyXp o kel0g;ot, wherek,
is calledkinetic exponent. If the kinetics is parabolic, the data
oints fit a straight line with a slope of® If, however, the
inetics is anomalous, either the slopdéfetis form 05 or the
data points do not fit a straight line.

As an illustration Fig. 2 shows two examples, obtained by
taking into account and neglecting stress. It can be seéthiha
data points fit very well a straight line with a slopex0.5. Not
only in these cases but in all otheks,was never smaller than
0.5 or larger than B5. Although the stress did not influence

ation. The relaxation time is the time necessary for the-pressignificantly the value ok, it dowed down the intermixing

sure (stress) to decreases to thth part of its initial value:
tr = 6(1- v)n/E.

process (the intercept is lower).
As was mentioned in the introduction, the time evolution of

We solved the above system of equations (1, 2, 4 and She dfect of difusional stresses can be classified into four dif-

numerically with input parameters corresponding t(58i bi-
nary systemi[ = A, B in egs. (1)-(5)]. However, not to be

ferent stages in symmetric systems (with= 0): i) t < tgss, ii)
toss <t < 1, i) t =~ t, and iv)t > t;.

restricted to one specific case, we varied the parameters in a\\e observed that stage i) is extremely short. Intermixing on

wide range (the bold ones correspond to th&8gjf7, 4, 8, 9]):

the scale of a few tenths of nanometer isenoughtoreachit. Itis

Young’s modulus was supposed to be composition dependeirt agreement with the experimental observation of Schmitzet al.

E = caEa + cgEg, whereEp = 185, 185 and 1850 GPa,
Eg = 10.3, 103 1030, 163, 163and 1630 GPa; Poisson’s ra-
tio: va = vg = 0.27; viscosity:na = g = 2 x 10'2, 2 x 10
and 2x 108 Pas; molar volumes©s = 1.20 x 10°> m¥/mol,
Qg = 1.36x 10° m¥mol; T = 700 K. We supposed expo-
nentially composition dependentfilision codficients: D =
DY exp(-mca) and thatD3/DY = 1, 2.4 and 10, moreover
m = mlog;ge = 0, 4, and 7 (wheree is the base of natural

[3]. This means that a stress gradient in the central zonerevh
the composition falls, becomes quasi-stationary extrefizek

for composition independentftlisivities fn = 0, symmetric
diffusion) as can be seen in Fig. 1a. In case of composition de-
pendent diusivities it # 0, asymmetric dfusion) the stress
profile becomes also quasi-stationary, in this case, hawsve
significant stress gradients develop at the one of the beafer
the difusion zone (left boundary in Fig. 1b). Thus markedly

logarithm, andh gives in orders of magnitude the ratios of the different influence of the stress profiles on the atomic fluxes

diffusion codficients in the puréd andB matrixes: for instance,
m = 4 means that th& atoms jumps 1@00 times faster in the
A matrix than in theB). [10]

would be expected in stage ii).
In stage ii), in symmetric diiusion case, slowing down of the
intermixing is expected because the stationary stressegrad



Almost identical to the published version:
Z. Erdélyi et al. Scripta Materialia 64 (2011) 938-941
httpy/dx.doi.org10.1018j.scriptamat.2011.01.040

Ch P[GPa] Ch 1

diffusion zone |

0.1

084 th=10" 08 1

0.05

0.6 0.6

0
0.4 0.4

-0.05

0.2 0.2

-0.1

~

-0.15

i
diffusion zone

P[GPa]
0

-0.05

-0.1

,,,,,,, -0.15
-0.2
-0.25

-0.3

T T T T T T T
-0.5 0 0.5 1 15
X [nm]

2
(@

-0.35

X [nm]

(b)

Figure 1: lllustration of the time evolution of the compdamit (atomic fraction of componem) and pressureR) profiles for (a)composition independent (m' = 0)
and (b)strongly composition dependent (n' = 7) diffusion codicients. Input parametersY = 0, D%/Dg =2.4,Ep = 185 GPaFg = 103 GPay = 2 x 10'*. The
initial composition profile was rectangular, the sample stasss free and the interface was at 0 nm in both cases. Gnigttrface region is plotted.
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Figure 2: Position of a plane with constant composition£ 0.6) as a function
of time (xp o t¢, i.e. logygXp o« kclogyat). D/DY = 10, other input param-
eters are the same as in Fig. 1a. As can be seen, the planis &hifhe range
of 0.1 nm butk; is already close t0.8. Moreover the intercept is lower for the
case when stress is considered, therefore the intermigiegs slower.

tends to diminish the volume flow itself. The larger thfel-
ence in the resultant volume flow—measurediap, — QgDg—
the more pronounced is théfect. Note that stress gradients
also develop outside of theftlision zone (see Fig. 1a) but here
their influences on the intermixing process are negligible.

For asymmetric dfusion, however, the conclusion is not so
obvious, since there are two stress gradients with oppsigites
at one of the borders of theftlision zone as can be seen in

Fig. 1b. Thus one of them decreases whereas the other irsrea
the resultant volume flow. The computer simulations show tha

even in this case the stresfezts slow down the intermixing
process, i.e. the slowing dowifect plays the dominant role.

As was shown above, the stregkeets have practically not
influence on the value of the kinetic exponkntTo understand
it, we have to analyze the expression for the atomic currénts
is obvious that the dliusion kinetics may dier from the clas-

. cQ; dP

= —p@®DVG |1+ o 7

Ji pO;D; Cl[ + RTO, dci}’ (7)
where ®/dc; = VP/Vc.. Thus —F‘jT%i —gg has to be compared

to unity to estimate the weight of the influence of the pressur
gradient on the atomic flux.

Since the composition and the pressure falls in very similar
length scale in the diusion zone, B/dc; is practically constant.

Its value can be estimated, @shanges between 0 and 1 in the
diffusion zone as well as the change in the pressure can be de-
termined from the simulations. Thereforg dv +1. Moreover,

for instance, & ~ 0.3 GPa in Fig. 1. Thusk/dc; ~ +0.3 GPa.

Note that depending on the input parameters, the absoliute va

of dP/dc; falls in the rage of @ — 1 GPa.

Substitutingc; = 0.5 (as an average value in theffdsion
zone),Q; = 10° m¥mol, T = 700 K and®; = 1, the ab-
solute value ofFfiT—%ig—g is equal to approximately.07 — 0.86,
thus has important influence on the atomic flux. That is why it
slows down the intermixing. However, as the composition and
the pressure fall in very similar length scale and their mnxi
hardly change theRJdc; ratio is practically constant for very
long time, even fot > t.. A multiplying constant in the flux,
however, obviously does not change the kinetic exponert, bu
may result only in the slowing down of the process.

Defining ®;D; [1+ %—%g—g] as aneffective diffusion codfi-
cienth”, the expression (7) for the flux can be written in the
form of j; —pDF”Vci. This means that in our simulations
one of the two atomic fluxes—belonging to the slowefdiing

i?B) atoms—is enhanced by a factor o1 T— 1.86, whereas the

other—belonging to the fasterfilising ) atoms—is dimin-
ished by a factor of 83—0.14. The enhancement and diminish-
ing of the atomic fluxes practically equilibrate their imitidif-
ference. This means that the system is in Nernst-Planckegi
This can be seen at the beginning of the curve in Fig. 3a, where
the ratio of the atomic fluxes is plotted as a function of time.
The fluxes depend of course on the position (see Fig. 3b), how-

sical Fickian one only if the second term in eq. (5) becomesver their ratio is practically constant in thefdsion zone. In
dominant or at least comparable to the first one. For furtheFig. 3a, the ratio is calculated from the maximal absoluteera

analysis, we reformulate eq. (5)

of the fluxes, i.e. mgxal/maxjg|. As can be seen the ratio
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Figure 3: (a) Ratio of the atomic fluxes of theand B atoms versus the loga-
rithm of time. The left inset shows the same curve but the dtak is linear,
whereas the right inset shows the curve around its minimbjnAtomic fluxes
(their dimensionless formj; = jiQl/D) and their ratio in the diusion zone
att/tr ~ 1/5. (see also the text) Input parameters: = 0, Dg/Dg = 10,
Ea = 1850 GPaEg = 1630 GPay = 2 x 10'2.

decreases from 10 to approximately 1 extremely fast.
_ Since in the Nernst-Planck Iim[i)iff ~ Dg” = Dyp, Where
Dnp is the interdffusion codficient in this limit, whereas in the
Darken limit (no stressPa ~ Dp: Dp/Dnp ~ 1.2 - 7.1 in our
calculations.Note that this diminution is in the same order of
magnitude, which hasbeen observed in Ref. [3]. It was obtained
there thatDp/Dnpe ~ 2.6, whereDp andDyp were calculated
from the growth rate o’ phase in the Gi&l/Cu as well as
Al/CuAl triple layers.

In stage iii) and iv), significant stress relaxation is expdc

However surprisingly, we hardly observe any decrease in thef4]

stress levels although the investigated time interval washm
longer than the stress relaxation titae This is so because in
our case;; Q;Vj; is not negligible as compared %’P ineq. (1)

even in the steady state regime as can be seen for example ]
Fig. 4. Consequently the stress is not only relaxing but also

always re-developing, and the estimation,dbrm eq. (6) leads
to unrealistic value.

We obtained that i) stressfects do not have measurable [10]

effects on the kinetic cdicient of the interface shift, i.e. the
parabolic growth rate is preserved independently of theldev
oping stress field. However, the intermixing rate decreaifes

x [nm]

Figure 4: Composition profile as well as the dimensionlesmfof }}; Q;Vj;
and %P form eq. (1) att/t; ~ 2. This figure looks similar at antyt; in the
steady state regime. For the input parameters see Fig. 3

regime is very fast, finishes before any detectable shifhef t
interface. These are in agreement with the results in Rgf. [3
iii) This steady state stage was long enough not to reack-its r
laxation in the limits of the time interval investigatedthelugh

it was much longer than the stress relaxation time. This is so
because the composition profile is not static but changeégfas
the timescale of the stress relaxation belonging to a pure-Ne
tonian flow and thus the stress re-develops continuously.
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The stress filed enhances the atomic flux of the slower compo-
nent whereas diminishes the other. As a consequence their in
tial difference is equilibrated, leading to the establishment of the
Nernst-Planck regime. The development of the Nernst-Rlanc
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