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We consider the features of the kinetics of the phase boundaries of
a multiphase diffusion layer under the conditions of diffusion
growth of phase layers and diffusion homogenization. A
mathematical description of the evolution of the structure and
composition of a multiphase diffusion layer is carried out allowing
for non-ideal boundary conditions on the external surface of a
metal. Consideration is given to a model problem concerning the
formation and evolution of a multiphase diffusion layer in the
“the saturation element — the substrate metal” system which
consists of four phase layers. It is demonstrated that a multiphase
diffusion layer can include two, three, or four phases depending
on the boundary conditions on the external surface of a metal.
It is proved that diffusion of the saturation element into the
substrate metal is accompanied by the appearance of a new phase
layer in the composition of the multiphase diffusion layer. In this
case, a violation of the parabolic law of the growth of phases is
observed. This law is also violated under the conditions of the
disappearance of a phase layer during diffusion homogenization.
The successive appearance of phases in the composition of a
multiphase diffusion layer gives rise to a violation of the parabolic
law of the growth of phases as well. We analyzed and generalized
the features of the violation of this parabolic law in all these cases.
The results of computer simulation in the “nitrogen — iron” and
“silicon — molybdenum” systems are in good agreement with the
experimental data.

The Function of Real Exchange Conditions

Allowing for real conditions of the formation of
multiphase diffusion layers makes the boundary
conditions of the diffusion problem much more
complicated, that’s why obtaining an analytic solution
becomes practically impossible. But the investigation
of the complicated time-dependent boundary conditions
allows one to control the structure and composition of
multiphase diffusion layers. Let’s consider the influence
of non-ideal boundary conditions on the formation of
a model multiphase layer on the surface of a metal
substrate.
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Let the diffusion saturation be accompanied by the
formation of three phases of the intermetallide of the
saturation element with the substrate element and a
transitional layer, being a continuous series of solid
solutions of the saturation element in the substrate
metal. Moreover, the phases of this system have such
physical-chemical characteristics that the parameter
D,AC, [1] which is the product of the diffusion
coefficient and the width of the region of homogeneity
of the qth phase, meets the condition

D{AC; >> DyACo > D3 ACs > D4AC4, (21)

where A(Cy is the miscibility limit of the saturation
element in the substrate metal.

Let’s analyze the evolution of the structure and
composition of a multiphase diffusion layer formed on
the surface when various boundary conditions reflecting
peculiarities of different saturation methods are realized
on the saturation surface. For example, let the diffusant
concentration C(0,t) on the saturation surface remain
constant or change stepwise depending on time (Fig. 1).
Diffusion processes in each phase are described by the
system of equations [2, (1.1)—(1.6)]. In this case, @ =4
and Egs. (1.2) and (1.4) in [2] take the form (to make
it obvious, we suppose that the saturation element is
absent in the substrate metal at the start time, i.e. it is
not an alloying agent)

Cy(z,0) = 0, (2.2)

C4(FQ) = C4(oo,t) =0. (23)

According to (2.1), the diffusion coefficients (m?/s)
and the equilibrium concentrations at the movable
boundaries can be taken equal to:

D =7-10013, Dy,=8-10"15,
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Fig.1. Temporal variation of the diffusant concentration on the
external surface of a metal (the model scheme of the 1st, 2nd, and

3rd variants of saturation)

Ds;=225-100", D,=133-10""

CY=04, C?=03, C)=0.23,
C3=0.16, C2=0.12,
C3 =0.08, C?=003 C;=0.

Let the diffusant concentration on the saturation
surface vary as a time function in three variants
depending on a model mode of the saturation (curves 1—
3in Fig. 1). The stated problem (1.1), (1.3), (1.5), (1.6),
(2.2), (2.3) was solved using the additional grid method
[3, 4]. The computation results for the concentrations
profile and the evolution of the interphases are given in
Fig. 2.

Though the same diffusant saturated the same
substrate metal at the same temperature in all these
cases, these processes resulted in the formation of
the diffusion layers having different structure and
composition.

If the boundary conditions realized on the saturation
surface correspond to Fig.l, curve 1, the diffusion
zone practically includes the only layer of the highest
intermetallide (Fig. 2), while the phase of the solid
solution of the saturation element in the substrate metal
is absent as well as phase 2, and phase 3 represents a
very thin layer that slowly increases. It means that AT's
exceeds the critical thickness, but G; ~ G4.

In the second case (Fig.1, curve 2), the diffusion
zone consists of the layers of the 1st, 3rd, and 4th
phases. One can control the thickness of these phases
varying the duration ¢» of the period when the diffusant
concentration on the saturation surface remains constant
and equals C? (Fig. 1).
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Fig. 2. Concentration profiles for three cases of saturation: a) C?,
b) C2,10.9 h+C?, ¢) C3 28.3 h+C?; at time moments: 1 — 1 h,
2—11.2, 3 —28.4

Appearance of a New Phase in a Multiphase
Diffusion Layer

If boundary conditions on the saturation surface conform
to the third variant (Fig.1, curve 3), the formed
layer includes developed layers of all four phases
of the considered system “the saturation element —
the substrate metal”. In this case, one can control
the thickness of the phase layers changing ;. Thus,
nonordinary conditions of saturation, i.e. the step-type
change of the diffusant concentration on the saturation
surface, result in a violation of the parabolic law starting
from the time point preceding the appearance of the
phase containing the most amount of the diffusant (Fig.
3). The layer of phase 1 rapidly increases at once after
its appearance in comparison with the layers of phases
2 and 3. It results from the realization of condition (2.1)
and the fact that layers of phases 2 and 3 are sufficiently
developed (17 pm and 33 um, respectively).

But it doesn’t “rescue” the second phase though
a decrease of the thickness of its layer results in an
increase of the parameter G5 and, consequently, in an
acceleration of the motion of the interphase I's, which
conflicts with the parabolic law of growth (Fig. 3). A
further increase of the layer of phase 1 causes a similar
violation of the law of movement of the interphase I's.
The absence of the second phase in the evolving diffusion
layer and a decrease (because of the growth of the first
phase layer) of the parameter G; to values
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Fig. 3. Evolution of the phase boundaries at the saturation in the
third case: C’% 28.3 h+C’?. A fragment

commensurate to G3 (which increases by the same
reason as G did at the beginning of our consideration)
enable the third phase to “survive” (Fig. 3, t=29 hours
and later). Increasing G3 gives rise to an acceleration
of the motion of the interphase I's and as a result to a
violation of the parabolic law of the growth of phases. It
is naturally to assume that this law is also violated for
the boundary I';, and it is really observed (Fig. 4) during
the period from the appearance of the first phase to t=
29.5 h, but is not accented because of the rapid increase
of the first phase. These divergences of I'y from the
parabola (a time-dependent deceleration) coincide with
sudden departures of the motion dependences of I'y and
['s (an acceleration) from the parabolic law (compare
Fig. 3 and Fig. 4).

Disappearance of Phase Layers at Diffusion
Homogenization

Allowing for the fact that, in [1], the appearance of
new phase layers in a multiphase diffusion layer was
accompanied by a violation of the law of parabolic
growth, it’s logically to assume that deviations from this
law must be observed when a phase layer disappears.
Let’s consider homogenization in a system consisting of
a layer of the phase mostly enriched with the diffusant,
which is included in an infinite metal substrate (for
example, a layer of MoSiy between two Mo plates of
infinite thickness). As for the investigation of the DACRI
(diffusion accompanied by chemical reactions on phase
boundaries) kinetics, the problem is well-posed: on the
one hand, there exists the singe mass-transfer process —
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Fig. 4. Dependence of the growth of the first phase at the
saturation in the third case (C3 28.3 h+C¥?); dotted lines are

auxiliary

DACRI (i.e. it is the limiting one); on the other hand, the
boundary conditions at the external surfaces (—oo; +00)
are constant (equal to zero). This problem is symmetric
and can be described by the system of equations (1.1)—
(1.6), but (1.2)—(1.4) must be rewritten as

cy, at

C(x,0) = { 0.

0<1’<F1,
at 'y <z < oo,

ac |
o 0,

FO:O_ C4 (OO,t) =0.

The computation results correlate well with those of
the independent experiment [5] (Fig. 5,¢) (T = 1723 K,
Dy = 11.6-10712, D3 = 9.3-107%, Dy, = 7.2-10716
m?/s). To make the model consideration more evident, it
was carried out at 1723 K. All the constants correspond
to the “silicon—molybdenum” system [6].

The simulation results (Fig. 5) allow us to draw a
conclusion that the disappearance of a phase layer is
accompanied by a violation of the parabolic law of the
motion of phase boundaries. Diffusion of the element
(silicon) from phase 1 which is mostly enriched with the
former depthward the matrix, results in the appearance
and growth of phases 2 and 3 (less enriched with the
diffusant) as well as the solid solution in the metal
substrate (phase 4).

Homogenization of each phase (except the first one,
being homogeneous from the very beginning) results in
the growth of the second and third phases at the expense
of the first one. At once after the disappearance of the
first phase layer, one can observe a further growth of the
second phase during a certain period of time At,
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Fig. 5. Temporal variations of the interphase coordinates (a), the

100

t,min

thickness of phase layers at the homogenization in the “the layer
of phase 1 between semiinfinite plates of phase 4” system (b) and
the interphase coordinates (solid lines— computation; dotted line
— experiment [5])

(different for the remained phases). It is caused by
oversaturation because of the existence of a region of
homogeneity in phase 2 (Fig. 5). But the flow of the
diffusant to the interphase I's decreases and so does
the rate of the interphase I's, which becomes equal to
zero when the flow of the diffusant from phase 2 to
the boundary and that from the boundary to phase
3 get balanced. A deceleration of the phase boundary
movement is the more sudden, the narrower the region of
homogeneity of the remained phase mostly enriched with
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the diffusant is (phase 2 at a time) and the smaller the
jump of the concentration at the boundary I's is. After
this moment, the layers of the nonhomogenized phases
(phase 3) go on growing at the expense of the dissolution
of the phase mostly enriched with the diffusant (phase
2). An increase of the thickness AT's of the third phase
layer promotes a decrease of the dissolution rate of phase
2 as well as a sudden deceleration of the movement
of the interphase I's. The first process results in the
change of sign of the second-order derivative of the
interphase motion variation with time (interphase I'y
at a time), while the second one gives rise to a sudden
change of the curvature of the line joining two different
curves (see '3 (t) at ¢ = 32 + 38 h, Fig. 5,a). The
features of the phase evolution are common. It can be
demonstrated if observing the evolution of phase 3 (after
the disappearance of phase 2), which occurs identically.
Deviations from the parabolic law of the growth of
phases are observed especially clearly in the diagram
representing the variation of the thickness of the phase
layers (Fig. 5,b).

Successive Appearance of Phases

In certain systems, one can observe the successive
appearance of phases under diffusion saturation. The
delayed appearance of an intermediate phase (the
existence of a latent period) results [1] from a specific
character of the relationship between the parameters G,
as well as the existence of the critical thickness ALy
required for the existence of a continuous phase layer.

But the latent period of a new phase appearance can
be also observed at the kinetic stage [7] when the limiting
processes are those of exchange on the surface of a
sample, rather than diffusion. As a result, the flow of the
diffusant atoms through the saturation surface (which is
controlled by these processes) remains lower during a
certain period of time than it could be if performed by
the diffusion depthward the matrix. It gives rise to the
realization of such conditions just near the saturation
surface, which disable the appearance of a phase more
enriched with the diffusant than the existing one, which
is possibly growing. As the thickness of this phase layer
increases, the diffusion flow of the saturation element
atoms depthward the matrix decreases (and so does the
parameter (). Near the saturation surface, there can
arise the conditions allowing the appearance of the new
g-th phase which will be the successive one according
to the equilibrium diagram if jlz—o40 > Ggr > Ggy1,
where j|,=0+0 represents the flow of the diffusant atoms
through the saturation surface.
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Let’s examine the kinetics of diffusion processes
during the saturation accompanied by the successive
appearance of phases, for instance the nitriding of
iron. Moreover, in addition to solving the direct
problem — the determination of the evolution of the
concentration profile and phase boundaries, let’s try
to solve the inverse problem — searching for the
quantitative description of the boundary condition on
the saturation surface. It is worth noting that solving the
inverse problem is rather difficult since the unknowns
are not only the constants contained in the boundary
conditions but the form of the function itself. Under
such transcendental conditions, it is hard to imagine an
algorithm allowing one to guarantee the convergence of
the inverse problem solution to the proper one. That’s
why we shall prescribe arbitrarily the function that gives
the boundary condition and then we’ll determine the
constants contained in it, periodically comparing the
solution of the direct problem with the experimental
data.

The examination of the equilibrium diagram of
the “iron — nitrogen” system indicates that, in the
temperature range from 823 to 1073 K, the nitriding can
be accompanied by the existence of three or four phases
[6]. Let’s consider the most difficult case — the nitriding
of iron at 873 K when the covering represents the layers
of four phases: 1 —¢;2 —4'; 3 —v; 4 — a — the solid
solution of nitrogen in iron.

Diffusion of nitrogen in the phases is given by the
system of equations (1.1)—(1.6). Under the condition
that nitrogen is practically absent in the initial sample
and the latter has dimensions much higher than that of
the diffusion zone, Eqgs. (1.2) and (1.4) can be rewritten
as

CQ(x)O) =0, (24)

Co(oo,t) = 0. (2.5)

According to Table, the parameters D,ACyin the
phases are related in such a way that, in the presence
of all the phases of the system in the diffusion zone,

the layers of the phases € and v will be the thinnest
ones, especially those of the y-phase, which conflicts with
the experimental data. Thus, the experimental results
in [8] indicate the contrary: the phases ¢ and ~ are
of considerable thickness while the thickness of the +'-
phase is insignificant.

It means that a mistake was made when defining
the diffusion coefficients. Moreover, allowing for a close
interconnection of the evolution of each phase with
that of the coexisting ones, we cannot state that
the mistake appeared when calculating the diffusion
coefficients in the - or e-phases. This fact was proved
by the computation using the method given in [1]
and the research data [9]. It is worth noting that
the represented refined values of the effective diffusion
coefficients cannot be considered as the exact ones
because the used data are obtained by the diffusion
experiment with the boundary conditions different from
those realized at the diffusion welding of samples which
is required by the method given in [1]. According to
Table, a substantial mistake appeared when calculating
the diffusion coefficient in the ~-phase. Mistakes in
other phases are insignificant. The parameter D AC, is
practically the same for all the phases and, in case where
the saturation is limited only by diffusion in phases,
all the phases would appear in the composition of the
covering practically simultaneously, which conflicts with
the experimental results. Thus, the limiting processes
for the nitriding of iron are the exchange processes
running on the saturation surface. This fact forbids
us to make use of the presumption about nitrogen
concentration being constant on the external surface of
the sample. On the contrary, it rather indicates that
nitrogen concentration on the external surface of the
sample is time-dependent. It is more plausible to make
an assumption that the flow of nitrogen atoms is held
constant on the external surface. Then (1.3) can be
rewritten as

oC

—Dyla=040 = E, (2.6)

where F is a certain constant.

Parameters and their refined values in the phases of the “iron-nitrogen” system at T' = 873 K

Phase number | Phase Parameters in the phases of the system Refined values
Dy -10'2, m/s? | ACy, mass % [6] | DgAC, - 1014, mEmass% | Source | Dy - 1012 | DyAC, - 1014, m>mass%
4 a 1.6 0.1 16 8] 0.75 7.5
3 v 8.104 0.29 2.32-1072 8] 0.15 4.35
2 5 4.56 1071 0.76 34.7 [9] 4.76-1072 3.61
1 € 4.73 1072 0.93 4.4 [9] 6.05-10"2 5.6
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Fig. 6. Temporal variation of the thickness of the phase layers
at their successive appearance: 1, 2, 8 — phase numbers; / —
experiment [9]

Then problem (1.1), (1.5), (1.6), (2.4)—(2.6) is
closed. The solution of this system of equations
simulating the nitriding of iron was obtained using the
additional grid method [3, 4]. The simulation results
correlate satisfactorily with the experimental data [9] at
E =8.2-107% mass%-m-s.

The examination of the simulation results indicates
that though the nitriding is limited by the processes of
mass exchange rather than diffusion, the appearance of
each successive phase (more enriched with the diffusant)
in the composition of the diffusion layer is accompanied
by a sudden change in the dependence of the thickness
of the phase layer, having been mostly enriched before,
and by its jump into another curve (Fig. 6). After a
certain delay due to i) diffusant mobility in phases, ii)
development of phases, and iii) the size of their regions
of homogeneity, it also affects the growth law of those
phase layers which are not situated in the immediate
neighborhood of the appeared phase (Fig. 6, curve 3 at
t=2.5+3h).

Thus, if the process in the “iron—nitrogen” system
were limited by diffusion, all the phases (according to
[1]) would appear practically simultaneously since the
parameters D,AC, are slightly different (Table). It
means that, in this case, the successive appearance of
phase layers is caused only by the kinetics of the mass
transfer processes at the saturation surface.

Conclusions

The delayed appearance of new phase layers or
disappearance of those having been a part of a
multiphase diffusion layer can be caused not only by
the kinetics of their initiation limited by diffusion, but
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also by the kinetics of the mass transfer processes
on the saturation surface. Thus, the conditions of the
exchange at the saturation surface strongly influence
the formation of the structure and composition of a
multiphase diffusion layer. It implies that one can
control the latter changing the conditions of saturation.
Their variety is proved by numerical methods of
saturation.

The appearance of a new phase layer in the
composition of a multiphase diffusion layer (no matter
where it appears — inside the layer or on its external
surface) is accompanied by a sudden change of the
dependence of the neighboring phase thickness and its
jump to another curve. A jump of the second-order
derivative of the phase layer thickness with time is
observed. So the parabolic law of the growth of phases
is violated.

The homogenization of a multiphase diffusion layer
is accompanied by the disappearance of the phase
layers, which also results in the violation of the
parabolic law of the growth of phases. The temporal
dependence of an increase of the thicknesses of phase
layers changes suddenly and jumps to another curve
just after the disappearance of the phase mostly
enriched with the diffusant. Moreover, for the phase
mostly enriched with the diffusant among those
remained, the sign of the second-order derivative of
the phase layer thickness with respect to time becomes
positive.
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BIIJTUB 3MIHI ®A30BOIO CKJIAIY BATATO®A3BHOTO
JU®Y3ITHOIO MIAPY HA EBOJIIOLIIO MIXK®AZHUX
MEXK [TPU JUOY3II, IO CYIIPOBO/IZKYETLCS
XIMIYHUMU PEAKITISIMU HA HIX.

2. MOJIEJIIOBAHHSI JIN®Y3IT

0. I. Hecmepenko
Pesmowme

Po3rissayTo 0coGaMBOCTI KiHETHKH PyXy MiXKda3Hux Mex 0Oa-
rarodazuoro gudysifimoro mapy B mpomecax audys3ifHOrO po-
cry mapiB ¢a3 Ta mudysiinoi romorenizarnii. [IpoBemeno mare-
MaTHUYHUAN OIHUC EBOJIIOINil CTPYKTYypH Ta CKJagy OararodasHo-
ro audys3ifiHOro mapy 3 ypaxyBaHHSM HeiTeaJi30BAHUX MEXKO-
BHX YMOB Ha 30BHIIIHIN moBepxHi MeTasy. Po3risgHyTo Momenb-
Hy 3amady dopmyBamHs Ta eBosonil Gararodasuoro nudysiiino-

ISSN 0508-1265. Ukr. J. Phys. 2004. V. 49, N 7

ro mapy B CHCTeMi “eleMeHT HAacHYeHHs — MeTaJl OCHOBH, IO
CKJIQJIAEThCSA 3 4Y0THPHOX mapiB ¢da3. [TokazaHo, 1m0 B 3ajex-
HOCTi BiJj ME2KOBHX yMOB Ha 30BHIIIHI} ITOBepxHi MeTasy Garato-
dazuuit gudysiiinnit map Mo)ke CKIAZATHCS 3 JBOX, TPHOX abo
gotupbox ¢a3. Ilokazamo, mo mpu gudysil esemeHTy HACHIEH-
HS B METAJI OCHOBH CIIOCTEDIra€ThCs IOSBA IIAPY HOBOI (hba3u B
ckiani 6ararodasuoro audysifinoro mapy. B oMy Bumaaky cro-
CTepiraeThCs NOPYIIeHHS 3aKOHY MapabosivHOro pocTy ¢a3. SHUK-
HenHst mapy ¢da3u npu gudysiiniii romorenizamil Takoxk Bemge
0 TOpYIIEHHsI 3aKOHY mmapabosiyHoro pocty da3. IlocmimoBHa
nosiBa (a3 B ckiani GararodaszHoro audy3iiHOrO mapy TakoXK
NPU3BOAUTHL [0 IMOPYIIEHHS 3aKOHY IapaboiaidHOro pocTy das.
OcobauBOCTI MOPYHIIEHHS 3aKOHY HapaboIidHOro pocTty ¢a3 s
BCiX TPbOX BHIIQJKIB IPOAHAJI30BaHO Ta y3araJibHEHO. Pe3ysibra-
TH KOMII'IOTEPHOrO MOJETIOBAHHS B CHCTEMAaX “a30T—3aji30” Ta
“kpeMHi—Momi6aen” 1o6pe y3romKyI0ThCs 3 eKCIePUMEHTAILHHE-
MH JAHUMH.

671



