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In the article it was proved theoretically and experimentally that the
interface curvature can either accelerate or slow down the diffusion phase
layer growth in cylindrical and spherical samples when compared with a
planar sample depending on the average phase concentration only. It is
shown that internal stress, arising due to dilatation during phase growth,
can either accelerate or slow down the growth in addition to the above-
mentioned effect, depending on the difference in mobilities of different
atoms within each phase and independently on the sign of dilatation.
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raHOuGam @pisuko-mamemMamuyHUX Hayk, doueHm, SpmorneHko M.B.
TeepdogpasHi peakuii y npouyeci Ouysii: KiHemuka ¢ha3oymeopeHHs /
Kuiscbkuli  HauioHanbHUU yHieepcumem mexHoso2ii ma ou3salHy,
YkpaiHa, Yepkacu.

Y cmammi 0OosedeHO meopemu4yHo ma  niomeepoKeHo
eKcriepuMeHmarnbHO, WO KpuesU3Ha MiXKga3HOI epaHuui Moxe SK
npuweudwyeamu, mak i yrnosinibHrogamu Ougy3siliHe ymeopeHHs wapie
a3 y yuniHopu4yHux ma cghepuyHuUX 3paskax e 3asiexxHocmi nuwe 8io
cepedHbOi KoHUeHmpaduji oOHiei 3 pedyosuH. [Jodamkoeo ernsiueamu Ha
KIHEMUKY MOXYMmb MakKoX 8HYMpIWHI MexaHidyHi Harpyau, SKi BUHUKaromp
y npoueci gpa3oymeopeHHs.

Knto4osi crioea: peakuitiHa Oucpy3sis, eakaHcCii, MiXgha3Hi 2paHuul,
IHmepmemaniou, KiHemuka.

KaHOuOam ¢bu3uko-MmamemMamu4HuUx HayK, OoueHm, SpmornaHko M.B.
TeepdogpasHble  peakuyuu 8 rnpouecce Ougbpysuu:  KUHemuka
asoobpasosaHuss /  Kueeckul  HauyuoOHaslbHbIU  yHUsepcumem
mexHosioaul u Ou3saliHa, YkpauHa, Yepkaccol.

B cmambe Ooka3aHO meopemudyecku U  MoOmeepx0eHo
3KcriepuMeHmarsbHO, Ymo Kpusu3Ha MexXgha3HoU 2spaHuubl MOXem Kak
ycKopsimb, mak u 3amedrnsames Oughgpy3uoHHoe obpa3oeaHue crioes ha3
8 UUNuHOpuYeckux u cghepudyeckux obpasuyax 8 3asucumocmu MmoJibKO
om cpeOHel KOHUeHmpauuu o0Ho20 u3 eeuwecms. J[lornosiHUmesribHo
8/IUSIMb Ha KUHemMuKy Mo2ym moxXe 6HYmMpeHHUe MexaHu4deckue
HarnpsiXXeHusi, Komophkle 803HUKarom 8 rpoyecce ghazoobpazosaHusl.

Kntoyesble crioga: peakyUuoHHas Oughgby3usi, eakaHCuUU, MexXgasHble
e2paHuubl, UHmepmemarsiiudbl, KUHemuka.
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Introduction. Describing the growth of intermediate phase layers
during chemical diffusion in cylindrical and spherical samples offers some
difficulty, since the change in interface area S(R) should be taken into
account. In addition, there is a considerable concentration dependence of
the interdiffusion coefficient D(C) and an exact knowledge of D(C) is
needed for each phase of a binary system. Moreover, if a phase grows
with volume change, internal stress arises, influencing growth kinetics of
the phases. Therefore, the problem can not be solved in a general form,
no matter how modern the computer systems are.

Purpose. Solid state reactions (SSRs) are obviously the most
interesting topic in the world since they mean birth, competition, and
growth of new “worlds” (phases) as a result of interactions between
parent phases. SSRs are governed by two magic powers -—
thermodynamics and kinetics. Common understanding is that kinetics
determines only the rate of fulfilment (implementation) of thermodynamic
laws. Actually, the only concept, which had been taken from the nucleation
theory, is the existence of critical nuclei. They appear due to some miracle
called heterophase fluctuations, which are stochastic events and cannot
be described by some deterministic model. The initial idea was just that
each phase cannot start from zero thickness — it should start from a critical
size particle (about a nanometer). Contrary to standard nucleation theory,
the critical nuclei of intermediate phases during reactive diffusion are
formed in a strongly inhomogeneous region — the interface between other
phases. Therefore, from the very beginning they have to allow the
diffusion fluxes pass through themselves. Evidently, fluxes change
abruptly when passing across each new-formed boundary of the newly
formed nucleus, and thus drive the boundary movement. This picture of
interface movement due to flux steps is well known for diffusion couples
under the name of “Stephan problem” and refers to diffusive interactions
between neighboring phases. Yet, the initial width of each phase is taken
to be the critical nucleus size (instead of zero). The peculiarity of the initial
stage is just the possibility that the width of some phase nucleus (distance
between left and right boundaries) can decrease as well as increase. If it
decreases, the nucleus becomes subcritical and should disappear.
Usually it happens if the neighboring phases have larger diffusivity and
comparative thickness.

Methods. For describing the growth kinetics of the phases, an
approximation of constant diffusion flux along the diffusion direction within
the width of each phase is used (so-called constant flux method) which is
theoretically grounded in [1, 2]. This technique necessitates no allowance
for the concentration dependence of D(C). The relative change of the
diffusion flux within the width of each phase is approximately equal to
dC«1 , where dC is the range of phase homogeneity, while the
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interdiffusion coefficient may vary by more than a factor of 10 over the
region of homoheneity dC.

Originality. Computer simulation can not describe fairly well interface
curvature influence on intermediate phase layers kinetics during chemical
diffusion [3, 4, 7]. So we have to use the mathematical equations.

Results.

1. Interface curvature influence on intermediate phase layers
kinetics during chemical diffusion. If an intermediate phase grows
between substances A and B in planar sample, the rate of change of the
phase layer width, X, with respect to time is given by [2]

dX/dt=(-dC)DdC/(XC_(I-CRr)) (1)

Here C_ and Cgr are the volume fractions of B on the left-hand and
right-hand phase interfaces, dC= Cgr - C_. , DdC is the diffusion
penetrability of the phase (DdC=[D(C)dC).

The solution of 21) is a well-known parabolic law

X? = 2(1-dC)DdCt/(C_(I-Cr))=K?t (2)

(K is the growth rate constant).

This constant can be obtained experimentally and it is possible to
calculate DdC:

DdC=K?C_(I-Cr)/(2(I-dC)) (3)

If the phase grows in a spherical or cylindrical sample (substance A is
in the centre of the sample), the rate of change the phase layer width, R,
with respect to time is given by [2]

dR/dt=(Cr /rr+(I-Cr)rs/r.)DdAC/(RC_(I-CRr)) 4)
for a spherical sample and by
dR/dt=(C_+(I-Cgr)rr/r.)DAC/(C(I-Cr)rrIn(rs/r.)) (5)
for a cylindrical sample (see fig.1).

Fig.1. The phase grows in a spherical or cylindrical sample.

Here r_ and rr are the radii of the inner and outer interfaces, R=rg - ..
A comparison of (4), (5) and (1) shows that dR/dt>dX/dt for the case R=X
and (C_ +CRr)/2=C<0.5. Therefore, R(t)>X(t) for the same t's. But if C>0.5,
the spherical or cylindrical layer first grows more slowly than the planar
layer, and then, for R/rg =2-(1-dC)/C_, it starts to grow more rapidly.

This method was applied for describing the growth kinetics of thin y-
brass and e-brass layers in a cylindrical sample at 400°C (Cu=A and
Zn=B). The y-brass layer grew slower and the ¢-brass layer grew more
rapidly than in
the planar sample (see fig.2).
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Fig.2. The y-brass, e-brass and B-brass are formed in the
cylindrical sample.

Experimen results had confirmed the theoretical calculation both
qualitatively and quantitatively [1, 3, 5, 7].

2. Stress influence on intermediate phase layers kinetics during
chemical diffusion.

If phase 1 grows with dilatation, it produces the internal stress. This
stress influences the vacancy flux inside phase by means of the modulus
effect. The stress influences diffusion penetrability of phase 2 since the
phase is under pressure

Pa=-(1/3)troa (6)

created by phase 1 growing with dilatation. The diffusion penetrability

of phase 2 decreases by a factor of exp(Pa). This fact was experimentally

obtained during B-brass growth between Cu and y-brass after Zn has

disappeared at 400°C in cylindrical sample and in a planar sample. The -

brass begins to grow under high pressure created by growing the y-brass
layer in the cylindrical sample (see fig.2) [1, 3, 6, 7].

Conclusions.

1. Interface curvature can either accelerate or slow down
diffusion phase layer growth. It depends on average phase concentration,
C, of the external substance, B, only. Phase growth is accelerated toward
the centre of the sample if C<0,5 and is slowed down if C>0,5.

2. For the second phase, growing without dilatation, the change
in interdiffusion coefficient due to hydrostatic pressure created by the
growing first phase should be taken into account.

3. It is necessary to use the constant-flux approximation instead
of the constant diffusion coefficient approximation in describing diffusion
phase growth in binary systems,. This is because the diffusion coefficient
may vary by more than a factor of 10 within the range of phase
homogeneity dc, while the diffusion flux may vary by only a few percent.

4. The constant-flux approximation permits a fairly simple
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description of diffusion phase growth in planar, cylindrical, and spherical
samples without any distinction for the various binary systems (only ¢, ,cr
,and radii should be taken into account).

5. If the average phase concentration of the external substance is
less than 0.5, the phase in both cylindrical and spherical cases grows
more rapidly than in the planar case. By contrast, if c>0.5, the phase in
both cylindrical and spherical cases grows more slowly than in the planar
case, but the growth accelerates towards the centre of the sample.

6. If 0.55 <C<0.7, the phase growth in cylindrical and spherical
samples may be described by a parabolic dependence similar to the
planar case.

7. There are several cases for two-phase binary systems. A
slowly growing phase 2 in both cylindrical and spherical cases grows more
rapidly than in the planar case; this is so if this phase surrounds a rapidly
growing phase 1. Conversely, a slowly growing phase 2 in both cylindrical
and spherical cases grows more slowly than in the planar case, if this
phase is surrounded by a rapidly growing phase 1. A rapidly growing
phase 1 can grow in both cylindrical and spherical cases, either more
rapidly or more slowly than in the planar case (see conclusion 5; the value
0.5 is replaced by 0.5c;).

8. Attention is also drawn to the result, that the growth rates in
convex and concave surfaces, is such that the interface boundary is liable
to smoothing during phase growth. The smoothing rate is the more
pronounced, the smaller the roughness radius. Therefore, we consider the
"ideal" surfaces (plane, cylinder, and sphere) instrumental in describing
phase growth.

References:

1. Yarmolenko M.V. Grain Boundary Diffusion Parameters Determination
using A-Kinetics of Intermetallic Layer Formation // Solid State
Phenomena. - 2000. - Vol.72, pp. 251-254.

2. A. M. Gusak, M. V. Yarmolenko, “A simple way of describing the
diffusion phase growth in cylindrical and spherical samples” // Journal of
Applied Physics. - 1993. - Vol.73,Ne10. - pp. 4881-4884.

3. ApmoneHko M.B. lpuHyunu iHmepakmueHO20 Hag4YaHHS OCHO8 (bi3UKU
Ha ocHosei sipmyarnbHux nabopamopiu // Haykosuu oznsd. — 2016. - Ne
9(30). — c.139 — 149.

4. Andriy M. Gusak, Fiqiri Hodaj, Guido Schmitz, “Flux-driven nucleation at
interfaces during reactive diffusion’// Philosophical Magazine Letters,
(2011), v.91, Ne10, pp. 610-620.

5. SApmoneHko M.B., l'ycak A.M., bozdaHoe B.B., [llapuukas JI.H.
OcobeHHoCcMu oughby3UOHHO20 pocma a3 8 obpa3suyax
uunuHopudeckou ¢opmbi // Memannogusuka. — 1990. - m.12, Ne3. — C.
60 - 66.



XXYPHAI HAYKOBUI OrNsAf Ne 4 (36), 2017

6. ApmoneHko M.B., boedaHoe B.B., [lapuukas JIL.H. BnusiHue
8HYMPEHHUX HarpsiXeHul Ha 0ucgy3uoHHbIU pocm ¢ha3 8 obpasyax
uunuHopudeckou ¢opmbi // Memannogusuka. — 1990. - m.12, Ne5. — C.
98 — 104.

/. Mykhaylo V. Yarmolenko, “Phase formation kinetics during binary
diffusion in solid state” // Modern science. — 2017. - Ne1. c. 142 -144.
References:

1. Yarmolenko M.V. Grain Boundary Diffusion Parameters Determination
using A-Kinetics of Intermetallic Layer Formation // Solid State
Phenomena. - 2000. - Vol.72, pp. 251-254.

2. A.M. Gusak, M.V. Yarmolenko, “A simple way of describing the diffusion
phase growth in cylindrical and spherical samples” // Journal of Applied
Physics. - 1993. - Vol.73,Ne10. - pp. 4881-4884.

3. Yarmolenko M.V. Pryncypy interaktyvnogho navchannja osnov fizyky
na osnovi virtualinykh laboratorij // Naukovyj oghljad. — 2016. - Ne9(30). —
s.139 — 149.

4. Andriy M. Gusak, Fiqiri Hodaj, Guido Schmitz, “Flux-driven nucleation at
interfaces during reactive diffusion’// Philosophical Magazine Letters,
(2011), v.91, Ne10, pp. 610-620.

5. Yarmolenko M.V., Ghusak A.M., Boghdanov V.V., Paryckaja L.N.
Osobennosty dyffuzyonnogho rosta faz v obrazcakh cylyndrycheskoj
formeli // Metallofyzyka. — 1990. - t.12, Ne3. — S. 60 - 66.

6. Yarmolenko M.V., Boghdanov V.V., Paryckaja L.N. Vlyjanye
vhutrennykh naprjazhenyj na dyffuzyonnj rost faz v obrazcakh
cylyndrycheskoj formebi // Metallofyzyka. — 1990. - t.12, Ne5. — S. 98 — 104.
/. Mykhaylo V. Yarmolenko, “Phase formation kinetics during binary
diffusion in solid state” // Modern science. — 2017. - Ne1. c. 142 -144.



