Intermediate phase cone growth kinetics along dislocation pipes inside polycrystal
grains
Mykhaylo V. Yarmolenko

Citation: AIP Advances 8, 095202 (2018); doi: 10.1063/1.5041728
View online: https://doi.org/10.1063/1.5041728

View Table of Contents: http://aip.scitation.org/toc/adv/8/9
Published by the American Institute of Physics

| Conference Proceedings

Enter Promotion Code at checkout

Get 30% off all

print proceedings! “


http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1148885704/x01/AIP-PT/AIPAdv_ArticleDL_0618/AIP_CP_eTOC_1640x440_ad.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Yarmolenko%2C+Mykhaylo+V
/loi/adv
https://doi.org/10.1063/1.5041728
http://aip.scitation.org/toc/adv/8/9
http://aip.scitation.org/publisher/

@ CrossMark
AIP ADVANCES 8, 095202 (2018) o

Intermediate phase cone growth kinetics along dislocation
pipes inside polycrystal grains
Mykhaylo V. Yarmolenko?

Department of Information and Computer Technologies and Fundamental Sciences,
Kyiv National University of Technologies and Design, 241/2 Chornovola St.,
18000 Cherkasy, Ukraine

(Received 25 May 2018; accepted 15 August 2018; published online 4 September 2018)

Dislocation-pipe diffusion (DPD) becomes a major contribution to device failure in
microelectronic components at working temperatures. Usually, the simple random
walk law for diffusion (Type C kinetics /%) is employed to calculate of DPD coeffi-
cients. The article presents an analytically solvable model of describing the diffusion
phase cone growth along dislocation pipes inside polycrystal grains involving out-
flow from dislocation lines (Type B kinetics). Correlative analytical method to solve
differential diffusion equations for such model is suggested. Competition between
phase cone growth along dislocation lines involving outflow and phase wedge growth
along grain boundaries (GBs) involving outflow is analyzed. It is shown that while
phase wedge growth law along GBs is the Fisher regime /4, phase cone growth
law along dislocation lines is another diffusion regime /. Real experimental data
are analyzed using such diffusion regime. It is shown that it is possible to calculate
DPD coefficients not only for the phase cone formation, but for migration of atoms
along dislocations and self-diffusion along dislocation pipes too. © 2018 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1063/1.5041728

INTRODUCTION

Model of intermediate phase growth with a narrow concentration range of homogeneity, ACy,
between low-soluble components during diffusion along grain boundaries involving outflow was
suggested! and criteria for a transition from the Fisher regime /4 to a parabolic one (/%) was
analyzed. It was analytically proved” that perpendicular grain boundaries do not influence phase
growth kinetics in B-regime. This result enables using the well-known model of a polycrystal as a
3-D array of grain boundaries to be perpendicular to the interface for describing the phase growth.
A model to describe analytically the diffusion spherical phase growth from point source inside

polycrystal grains was presented.? It was shown that spherical phase growth law from point source
s 4173
is 7.

MODEL

Physical model of dislocation-pipe diffusion involving outflow is as follows (Fig.1). Diffusion
flux, j,, flows along dislocation pipe with diffusion coefficient D; and, simultaneously, outflows into
volume from each point, dy, with bulk diffusion coefficient D<<D,* in 2-D space to be perpendicular
to the dislocation pipe (Eq.1).
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FIG. 1. Model of the intermediate phase cone formation during A-atoms diffusion along dislocation line involving outflow
from the dislocation pipe.

where Ry is the radius of dislocation pipe.
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Concentration profiles are approximately linear' along dislocation line and along the phase cone
radii.
Correlative differential diffusion equation is as follows:

dy DgAC;  2DACy(1)

4~ Ciy0)  CRG.ORy )

Phase grows law for R(z,0) is unknown, so we can slightly modify the model (Fig.2). A model is
based on the following assumptions.

Here j ()=

1. Diffusion flux flows along dislocation line only up to the first dislocation step, then it flows
in spherical symmetry and along dislocation line, simultaneously, up to the second dislocation
step and so on. The dislocation steps are regarded as the point sources having a diameter of
0 =~ Inm ~ 2Ry.

2. Ratio D.#G(]B ~ 10! — 10? depends on temperature® (Dgp is the grain boundary diffusion coeffi-
cient).

3. Formed spherical phases / broadens in 3-D space from the dislocation steps due to diffusion
with a diffusion coefficient D; = D. It is important for the analysis.

4. Phase grows law for R(1,0) is’

3D1AC6
VoV “)

Here R(1,0) is the radius of spherical phase formed from the first dislocation step, R(%,y) are the
radii of spherical phases formed from the next dislocation steps.
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FIG. 2. Model of the intermediate phase cone formation during A-atoms diffusion along dislocation line involving outflow
from the dislocation steps.
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METHOD

One can get from eq.3 differential equation for intermetallic compound cone cusp, y(t), growing
inside polycrystal grains along dislocation lines involving outflow from the dislocations steps:

dy(r)y A y()
2 g, 5
a o B i @)

3 27D3(AC, )2
3cist
In the Appendix we prove that the phase growth law during Type B kinetics is

where A = D"CACI By

A
()= B—d«/?

y(t):\/g\% (Dd)/ /(ACl)/3/6/3y ©

D, G 2/

|
["%2]/6["1]% [S]% = [m] so the solution (6)

or

The physical dimensionalities method shows that [y(¢)] =
is reasonable.

ANALYSIS
The equation for ysp(#) of the growing phase wedge nose along GB involving outflow has such
form: !
dygp(t) _ A O]
Yes\l) _ AGB Bos YGB ’ %
dt yGa(1) vt
where
DgpACy 2DAC,
Agp=————, Bep=+|——— 8
GB C GB = C1o2 ®)
and
A A
VoB(1) = | 2oV = =25 (1 = e~4BanT), ©)
Bgs 4BZ,
Equation (9) show the Fisher diffusion regime
A
yas(t) =[5Vt (10)
GB

C16° Dg
for IGB—wedge > 2DITC1 and yGB(tGB—mzedge) > 2_%86‘

Ratio % ~10° - 10° depends on temperature!' so yGp(tGa—wedge) > 30nm — 300nm depen-
2
dently on temperature. Equation (6) shows diffusion regime 76 for ty_scone > ;sstCl—‘A‘SCI and y(t4—cone) >

Nen 33 5. Ratio pi=pBan i L10? — £10% 50 y(tascone) > 3nm — 10nm dependently on tem-

perature We can analyze competltlon between phase cone growth along dislocation pipes involving
outflow and phase wedge growth along grain boundaries involving outflow (Fig.3). Here x(7,0) is the
phase layer thickness formed in A-B planar specimen due to volume diffusion, x(z,y) is the phase
wedge thickness formed in A-B planar specimen (B is bicrystal) due to grain boundary diffusion with
simultaneous outflow in volume,!? y(t) is the growing phase cone cusp along dislocation line, yGz(t)
is the growing phase wedge nose along GB.

~4 — 12 dependently on temperature. Ratio Des is more

YGB(dcone) _ V2 DFB 4 D
Ratip = -docone Dy

Y(ta—cone) 3 %
important than ratio 2t 5 -
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FIG. 3. Growing phase wedge along GB involving outflow and growing phase cone along dislocation line involving outflow
competition.
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f

It seems that Fig.3 is like Figure 3.7 The diffusion length penetration of Hf into a HfN/ScN super-
lattice sample was directly measured and an average value was calculated® (y(24h)=4.5nm at 950°C).
The shape of the Hf diffusion front is like as shown in Fig.3 (diffusion cone R(?,y)). One can esti-

1 (ACHY < 10-] 60— (Pa)2py (AC1\ 36, (Da\%py, o Hf _ (Dg\ 72400 (y\*.2

mate,! (451) ~ 107, and o) = () "D, () Fre ~ (5) Dadet, and DY ~ () “42(5) v =
)

4(3—7) * 10‘]7’"72 ~3.8%1072! ’”Tz if g—f ~ 107 at such temperature. Figure 3> shows that y(48h) ~5nm

at 950°C and DY ~3.6 + 10722 The authors’ obtained D' ~2.34 x 107222

Dgp

Ratio D

A 2% ~?2. Ratio % is more important than ratio

SUMMARY

The growth law of the phase cone during the intermetallic compound formation with a narrow

concentration range of homogeneity inside polycrystal grains is parabolic for diffusion time #;7_,cone <
V3C, 62

12 :
3DIAC, and y(¢4—cone) <3nm — 10nm dependently on temperature. Phase growth law #/“ transit

V3C, 62
2D(AC)
temperature. Phase growth law ¢/ is valid during Type B kinetics of dislocation-pipe diffusion. It
is possible to calculate DPD coefficients not only for the phase cone formation, but for migration of
atoms along dislocations and self-diffusion along dislocation pipes too.

into phase growth law % when td—cone > and y(ty—cone) > 3nm — 10nm dependently on

APPENDIX
One can simplify equation (4) by the following way
dz(t) 2B,
——=2A - —z(1), Al
= i z(1) (AD

where z(t) = u(t)v(t) = y*(1).
One can transform equation (A1) into

du(?) dv(t) 2By _
= + u(t)( o+ 7v(t)) =24, (A2)
Assumption dv(e) + 2ﬂv(r) =0 leadsto v(f)= 3BV _ e, (A3)
dt N



095202-5 Mykhaylo V. Yarmolenko AIP Advances 8, 095202 (2018)

where
m* =3Bdt% or m= 3Bd%. (A4)
Next step gives:
t , m m
u(t)=2A/eSBd’Adt= 4 /emzmzdm= A me™ —/emzdm (A5)
B AN
and
m , m
z(t) = m—e" / " dm | = ét% _ A / " dm (A6)
or
o om
y@®) = A Vi - Ae™ /e’"zdm. (A7)

By R
3B, %
It is well known that [ e dm = %ﬁerf(m) and [ " dm = ‘é—?erf(mi), where i = V-1.

It was shown® that exact solution erf(m)= ‘/l; f e dn can be approximated by the follow-
0

deerfon)| d(”‘ () =Z Ithasa

—im
ing expression: erf(m) ~ th(== 2 m) = % because of am

Lte ‘/; m= ()
deviation from the exact solution of less than 1.9%. It is a precise solution for the rr?aln part of the
diffusion zone (the deviation is less than 0.1% if m = iggi Z)' Here x(#,0) is the phase layer thickness
formed in A-B planar specimen due to volume diffusion, x(#,y) is the phase wedge thickness formed
in A-B planar specimen (B is bicrystal) due to grain boundary diffusion with simultaneous outflow in
volume.' It is possible to analyze the experimental results presented”’ using the methods described®®

but it is not the problem being considered in this article. We can get finally:

i Ae"”2 \/_ l1—e i
Y= | o 7 (AB)

383 ERp

So the phase growth law during Type B kinetics is y(f) = , /Bid%.
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