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PHYSICAL REGULARITIES FOR CELLULAR
PRECIPITATION OF Co-, Cu-, AND Pb-BASED
SUPERSATURATED SOLID SOLUTIONS

The decomposition of supersaturated solid solutions through the cellular mecha-
nism is considered in terms of physical regularities of this phenomenon. The gen-
eral characteristics of this process are described. The mechanisms of nucleation
and subsequent cell growth as well as kinetic parameters of processes are partially
described. The influences of some external factors on cellular precipitation process
and its stages are characterized. Particularly, the effects of annealing temperature
and a third element on the cellular precipitation process are studied.
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1. Infroduction

The rapid growth in some science and technology fields has resulted in
strict requirements to the properties of next-generation structural
materials. The contemporary materials science and physics of metals
focus on developing materials with the best possible set of operational
properties. Over many years, one of the main tasks has been to find
optimal structures that leverage the most favourable combination of al-
loy properties when exposed to a particular factor or a combination of
some external or internal factors (mechanical, physical, thermal, chemi-
cal, etc.)

The research of phase transformations in metals and alloys plays an
important role in the development of materials with predetermined
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properties. Therefore, an in-depth study of the processes affecting the
formation of metallic materials structure, which determines their prop-
erties, is of both scientific and great practical importance. Among nu-
merous problems that this area faces, the study of the alloys where
precipitation in supersaturated solid solutions occurs by the cellular
mechanism takes an important place.

Ageing, as a solid-state phase-transformation process, has long
attracted the attention of scientists and practitioners. The technology
of artificial ageing is one of the up-to-date and effective methods of
heat treatment for metallic alloys, which increases the strength con-
siderably.

Currently, we know some binary and multicomponent alloys where
the ageing occurs by the cellular precipitation mechanism. They include
such alloys as cobalt—aluminium, cobalt—tungsten, copper—titanium and
many others that are widely used in modern industry and technology.
Although decomposition by the cellular mechanism has been investi-
gated for over 90 years, the study of cellular precipitation is still of
both academic and practical interest. This is confirmed by a long list of
research papers investigating this problem with the monograph [1] at
the top, which describes both theoretical and experimental data on cel-
lular precipitation mechanism known at the time this book was written
and published in 1976.

Over recent years, the interest in cellular precipitation of super-
saturated solid solutions has increased greatly, and the flow of informa-
tion regarding research on this phenomenon in various aspects has
grown accordingly.

The main objectives of this paper include presenting the updated
information and clarified regularities that have become available during
recent years in addition to the fundamental long-known data.

One of the main aims is to classify general influence patterns that
various factors have on the initiation and further development of cel-
lular precipitation of supersaturated solid solutions and, most notably
to highlight the issue of temperature as a factor affecting the rate and
stages of cellular precipitation, and also the doping that has an influ-
ence on this process.

2. General Characteristics and Concepts
of Cellular Precipitation of Supersaturated Solid Solutions

The decomposition of supersaturated solid solutions is one of the physi-
cal phenomena used for the heat treatment of metallic alloys to improve
a set of operational properties. In modern materials science and physics
of metals, the alloy ageing mechanisms are divided mainly into continu-
ous and discontinuous precipitation.
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Table. Commonly used terminology in several European languages

Study method
Language

Microstructural analysis X-ray analysis
Ukrainian KoMmipkoBuii posman Hecranonauuaau posman
Russiansa SueucToIii pacman ITpepbIBUCTHIN pacmaf
English Cellular precipitation Discontinuous precipitation
German Zelluldr Entmischung Diskontinuierlicher Ausscheidung
French Décomposition cellulaire Décomposition discontinue
Polish Wydzielanie komurkowe Przemiana nieciegla

This terminology is related to the pattern of changes that occurs in
the initial solid solution concentration, which is usually registered by
the x-ray method due to the change in a lattice parameter.

Continuous precipitation simultaneously occurs throughout the en-
tire alloy bulk being controlled by the bulk diffusion of solute atoms,
but the initial concentration of supersaturated solid solution decreases
gradually during the isothermal annealing, approaching equilibrium at
a given annealing temperature. The radiographic method registers the
corresponding shift of the reflexes in the solid solution that occurs syn-
chronously with the concentration change.

In the case of discontinuous precipitation in solid solutions, the x-
ray diffraction pattern reveals a system of reflexes specific to depleted
solid solutions. During the isothermal annealing, the intensity is pumped
from the reflex system of the initial solid solution to the depleted sys-
tem. Discontinuous precipitation is controlled by the grain boundary
diffusion of solute atoms.

Cellular precipitation in supersaturated solid solutions is a common
instance of discontinuous precipitation in solid solutions. This term is
provided in several European languages in Table above.

2.1. Mechanism and Kinetics of Cellular Precipitation

Studying the ageing behaviour of silver—copper alloys in 1930s, N. Age-
ev, M. Hansen, and G. Sachs [2] first discovered a second pattern of x-
ray reflexes matching the areas of depleted solid solutions in cells that
some time during the ageing coexist with the reflex system of initial
supersaturated solid solutions, while the intensity of reflexes gradually
decreases in initial supersaturated solid solutions that increases in de-
pleted solid solutions. The authors called this two-phase decomposition.
Other researchers call this process as discontinuous precipitation (DP)
due to the abrupt change in the crystal lattice. The more accurate micro-
structural studies gave grounds to call it cellular precipitation.
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Fig. 1. The microstructure of Co—32 wt.% W alloy af-
ter 25.92:10* s ageing at 875 K [11], where o, is an
initial matrix of supersaturated solid solution with
concentration ¢,, a, is the depleted solid solution with
concentration c,, and y is a precipitation phase

As in most cases, during a cellular pre-
cipitation process, metallography examination
reveals reactions areas in the form of dark
zones of increased etching. These areas occur-
ring in polycrystalline materials, usually on
the grain boundaries, A. Geisler [3] called no-
dules, and the very process of their formation and growth as a nodular
reaction. Accepting G. Hardy’s concept [4] that this process is induced
by the matrix deformation, A. Geisler called this process a recrystalliza-
tion reaction. This term might be quite acceptable if there had been no
cases of cellular precipitation [1, 5] that occur without prior matrix har-
dening due to the general precipitation. The term ‘grain boundary reaction’
used in the Japanese literature [6] is even less accurate. D. Turnbull was
the first to use the term cellular precipitation, replacing the word ‘no-
dule’ with ‘cell’.

Cellular precipitation occurs on the high-angle grain boundaries be-
cause the structure of low-angle grain boundaries (with an angle below
15°) does not provide sufficient mobility to initiate cellular precipita-
tion. This fact is confirmed in Refs. [8—10] using Pb—Sn alloys where
the cells are not formed on the boundaries with misorientation less than
15°. In general, grain boundaries separate areas similar in phase and
crystal structure, but different in orientation. Grain boundaries migra-
tion is quite similar to the growth of one crystal due to the absorption
of a neighbouring one. In this sense, a grain boundary is a surface con-
tact area of tangent grains.

Cellular precipitation is a process characterized by the formation
and growth of eutectoid-like colonies, called cells (Fig. 1) that consist of
depleted solid solution lamellae and a precipitation phase. Cellular pre-
cipitation occurs in a limited number of alloys (mostly in those that are
double or triple) within a definite temperature range.

The microstructure of solid solution areas where decomposition oc-
curs by the cellular precipitation mechanism is so similar to the micro-
structure of eutectoid reaction products that it is difficult to distin-
guish them by metallographic examination. This similarity explains some
authors’ tendency (see, e.g., Ref. [12]) to consider cellular precipitation
to be a case of a eutectoid reaction.
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Direction of cell growth

Fig. 2. Schematic of a cellular precipitate, where 1 is a cellular reaction front, and
2 are the branching lamellae occurred during the precipitation phase that derives a
specific cell size [22]

Fig. 3. The structure of Al-49 wt.% Zn alloy with areas where the primary (a) and
secondary (b) cellular reactions occurred [6]

However, it should be noted that there is a significant difference
between the eutectoid reaction and cellular precipitation. During the
eutectoid reaction, two new phases (B) and (y) are formed from the ma-
trix phase (0,). During the cellular precipitation, the lamellae of only
one new phase (y) are formed, while another type of lamellae in the
growing cell is represented by areas of phase (a,). Therefore, the eutec-
toid reaction can be schematically represented as a, - B + v, and the
cellular precipitation as a, - v + a..

The cells formed following cellular precipitation include those that
grow mainly on one side of a grain boundary during the ageing and
those that grow on both sides of a grain boundary. Multiple microstruc-
tural studies indicate that cells in such alloys as aluminium-silver [13,
14], zinc—silver [6], zinc—copper [15, 16] develop on one side of a grain
boundary, but in cobalt—tungsten [5, 17, 18], nickel-beryllium [19],
lead—tin [5], lead—cadmium [20, 21] alloys develop on both sides of a
grain boundary.

However, in both cases, the cells are basically identical, and, as a
rule, these two types of cells coexist in alloys. In the alloys character-
ized by relatively rapid cellular precipitation, a greater number of cells
grow on both sides of a grain boundary. The alloys characterized by a
later occurrence of cellular precipitation, the most cells grow on one
side of a grain boundary. This fact might be due to the crystallographic
orientation of neighbouring grains.

The cell shape is quite complex. In the case when ‘bilateral’ cells are
growing, a grain boundary, being compressed between the cells, takes a
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tortuous S-shape. In the case when ‘unilateral’ cells are growing, the ini-
tial boundary mostly takes a serrated shape. Figure 2 gives a schematic
of a cellular reaction front under migration during the ageing process.

Cellular precipitation colonies consist of precipitation phase lamel-
lae (y) and a depleted solid solution (a,) with a concentration (c,) that
significantly exceeds the equilibrium concentration (¢,) as mentioned
above. Thus, Pb—Sn alloys show that, during the initial cellular reaction,
the solid solution decomposes only by 50-60% in concentration [7].

Residual supersaturation of the depleted solid solution initiates a
secondary cellular reaction that results in cells characterized by a lower
growth rate and less dispersed structure (Fig. 3). The figure shows that
interlamellar spacing in secondary cells is three or even five times
greater than the interlamellar spacing in primary cells. The secondary
cellular reaction was observed in a number of alloys (Cu—Ti [23], Pb—Sn
[24, 25], Al1-49% Zn and Zn—38% Al [6], Cu—6.5% Ag [6], Fe—30% Ni-
6% Ti [26—28], Cu—1.4% Be [29], Co—Ni [30]).

2.1.1. Cell Formation

As mentioned above, the cells are formed on high-angle grain bounda-
ries in the alloys aged by cellular mechanism. P.J. Clemm and J.C.
Fisher [31], within the framework of the classical theory of nucleation,
computed the energy of this process for different parts of grain bound-
aries. It was shown that the nucleation energy is the smallest in the area
near the grain vertex (four-grain junction) and increases with a succes-
sive transition to the dihedral angle at the edge between two surfaces
(three-grain junction) and a simple grain boundary (two-grain junction).
Thus, the grain vertices are the most favoured sides for nucleation.

It is clear that grain vertices and boundaries are quickly becoming
depleted as nucleation sites. In addition, the nucleation rate depends on
the atom density relative to a particular nucleation site, i.e., atom den-
sity on the grain vertices is the lowest. Their density is consistently
increasing on grain boundaries, boundary surface and inside the grain.
Since the work done in formation of critical nucleus on the grain bound-
ary surface is much lower than inside the grain, the nucleation occurs
faster on the grain boundary, all other things being equal.

On grain boundaries, there are several areas characterized by differ-
ent values of work done in the formation of a critical nucleus, as noted
above. Since this nucleus growing process is easier and faster than its
formation, provided that the nucleation sites are fairly large in number,
the process started in sites having a minimum value of the Gibbs free
energy of nucleus formation, will extend to all probable nuclei sites.

Given the relatively small proportion of probable predominant nu-
cleation sites in relation to the total volume, it should be noted that a
new phase nucleus formation rate should decrease over time as the nu-
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- — Fig. 4. Cell quantity vs. the time of isother-
‘E mal annealing in Co—31.9 wt.% W alloy at
© _ 973 K, where the primary data (a) are given
wa 2r > in Ref. [1]. I — nucleation process at a non-
steady-state regime; II — nucleation proc-
Z ess at a steady-state regime; II1 — attenua-
Ié tion of the nucleation process. The curve (b)
. . is based on the first derivative of the origin
0 1 2 3 function, which determines the nucleation
T, hour rate

cleus sites are depleted or lose their effectiveness, if blocked by the
growing transformation zone. This case has been investigated by M.
Avrami [32].

Let us denote the number of probable predominant nucleation sites

per matrix phase unit volume as N ; each of these sites let be character-
ized by some time-constant frequency of nucleation v,. During the alloy
ageing, nucleation sites of a new phase gradually deplete and, at the
time (1) of annealing, their number is as follows:

N, = N (1-exp(v,1)). (1)

Using differentiation (1), we obtain the nucleation rate of new phase

centres: o
N = Nv, exp(-v,1) . (2)

Figure 4 shows the dependence of cell numbers on the time of iso-
thermal annealing, where we can observe ranges (I, II and III) corre-
sponding to three stages of a nucleation process. The first stage (I), the
initial stage corresponds to the non-steady-state mode of this process.
The second stage (II) corresponds to a linear section of the dependence,
which describes the process in a steady-state mode with maximum veloc-
ity (curve (b) in Fig. 4). The beginning of the third stage (/II) is associ-
ated with the attenuation of the nucleation process due to the gradual
depletion of the predominant nucleation sites.

As shown on the examples of Co—31.89 wt.% W and Cu—4.35 wt.%
Ti alloys [1, 5, 33, 34], the relationship between cell number and ageing
time is sigma shaped.

As noted above, primary nucleus formation occurs at a non-steady-
state mode. The time-dependence of unsteady nucleation rate was first-
ly studied by Ya.B. Zeldovich [35], who proposed the parameter of non-
steady-state t,, with a time dimension.

Taking into account a non-steady-state mode, we obtain:

N=N (1 - exp(—vse’”‘/‘r)). 3)
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Then, we have an equation for the nucleation rate:

N =v,N exp (—T—H - vsre‘H/Tj(l + T—HJ , 4)
T T

which was experimentally confirmed, e.g., by studies in the formation of

recrystallization centres of weakly deformed coarse-grained aluminium [36].

2.1.2. Cell Growth Process

Solute atoms get to the particular lamellar site through the boundary
that goes around the upper side of these lamellae, stimulating its growth.
With that, the boundary migrates synchronously with the growing la-
mellae. Microstructural studies show that lamellae in the cells of many
alloys are not completely straight and parallel, but seem to be branch-
ing, deriving the increasing diameter of the cell.

However, the interlamellar spacing remains approximately constant
due to the newly born lamellae. Different theories of cellular precipita-
tion [7, 37—40] assume that a growing cell has a specific interlamellar
spacing value that can provide the highest growth rate. In this regard,
it is assumed [8] that when the local inter-lamellae spacing becomes
quite large during the cell growth, another one forms on the moving
boundary, which, according to [8], is ideal for a nucleation.

Figure 5 demonstrates the schematic of this process. This is a place
where a new lamellar structure is formed to keep the interlamellar spac-
ing close to constant. This constancy persists at a certain annealing
temperature and alloy composition. However, if these parameters are
changing, the spacing between the lamellae is also changing.

The first attempt to describe mathemati-
cally the growth rate of eutectoid colonies (v)
through the initial concentration (c,), equilib-
rium concentration (c,), interlamellar spacing
(!) and bulk diffusion coefficient (D,) was Zen-
er’s equation [39]:

UZM'
c,l

Direction of cell growth

()

According to the assumption that, during

the cellular precipitation in supersaturated
solid solutions, cell growth is controlled by 4 _
grain boundary diffusion, Turnbull proposed a , g \

mathematical model for this growth [7]:

Fig. 5. Scheme of keeping constant inter-lamellae
spacing in the cell [1]
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b= 2(c, — ¢, )AD,

2
c,l

, (6)

where D, is a grain-boundary diffusion coefficient, A is a grain boun-
dary width (0.5 nm).

The experimental study satisfactorily confirmed Eq. (6) for cobalt—
tungsten, nickel-beryllium [1], silver—copper [41], zinc—copper, and
aluminium-silver (high silver) alloys [6]. With that, it was shown that
D, value is not a coefficient of grain boundary self-diffusion, but a coef-
ficient of heterodiffusion across the migrating boundary interface. The
research papers [42, 43] confirm the above conclusion showing that
atom diffusion mobility across the given surface can differ considerably
from their mobility on the steady-state boundary. The change in the
initial matrix concentration due to the total decomposition in some al-
loys significantly complicates the mechanism of cellular precipitation,
and Eq. (6) cannot be used to describe cell growth kinetics. In this re-
gard, we propose several variants of Eq. (6), taking into account the
following parameters:

b= 2(c, — c)AD,

e o, (M)
b= % [44], )
-2 gy (9)

D= % [45], (10)
D o Xl?b [46], (11)

v 220 4T (12)

here, ¢, — content of impurities in the precipitation phase, s — segrega-
tion factor, R — gas constant, T — absolute temperature, AG —sum of
changes in chemical free energy AG, and surface free energy on the in-
terphase surface AG,, i.e.,

AG = AG, + AG, . (13)

The set of formulas related to the parameter of cell growth rate
has shown the ability to use different approaches to its description, but
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all of them use a heterodiffusion coefficient across the migrating
grain boundary.

After analysing the equations that mathematically describe a growth
rate of eutectoid colonies, it becomes clear that majority of them do not
explicitly include temperature as a parameter. It is common knowledge
that temperature being an external factor has a significant impact on
diffusion processes and, accordingly, on their parameters. In particular,
in this case, the temperature factor is closely related to the coefficient
of heterodiffusion across the migrating grain boundary, which is a com-
ponent of the above equations. It should be noted that cellular ageing
refers to the diffusion processes. The cellular precipitation of super-
saturated solid solutions is typically associated with the diffusion of
solute atoms along the grain boundaries. Thus, the temperature indi-
rectly causes a significant impact on the cellular precipitation process.

Regarding the concept that bulk diffusion (D,) is a factor control-
ling a cellular precipitation rate in supersaturated solid solutions, the
following should be noted. In Ref. [48], where the Co—W system was
investigated in the temperature range from 870 to 1070 K, in which the
ageing occurs by the cellular mechanism, the bulk diffusion coefficient
(D,) was determined. The calculated values were three orders of magni-
tude greater than the experimental values for the same parameter.

A lack of correlation between results makes us conclude that at-
tempts to describe the kinetics of cellular precipitation via bulk diffu-
sion are groundless.

As observed, the bulk diffusion has some impact on the cellular pre-
cipitation as the ageing temperature is rising. However, at high tem-
peratures, it eventually stops the cellular precipitation in solid solutions
and causes the transition to the intensified decomposition in the alloy bulk.

2.1.3. General Kinetics of Cellular Precipitation
in Supersaturated Solid Solutions

The general kinetics of cellular precipitation in supersaturated solid

solutions is described mainly by two parameters: cell nucleation rate N

and cell growth rate v, i.e., front migration rate of the cellular reaction.

In addition, the general kinetics of cellular precipitation, as shown

in Ref. [1], reasonably fits J. Cahn’s theory and is described by the
equation:

V,=1-expV,, (14)

where V,, is a volume of the transformed alloy, V| is the sum of all cell

volumes, related to the total alloy volume and associated with N and v
as follows:
Vv, =b*f(a,), (15)
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100 Fig. 6. J. Cahn’s characteristic curve [49]
B 10 f
- where
>| 1F (ls = (Isvz)l/s'f ,
< I ~ (16)
= N
=0 0.1 bs = 83 = 10
I 8S°v 8S°t
= 0.01F I, is the stationary nucleation rate of
new phase per grain boundary unit area,
0.001 . . S is a grain surface area per unit volume
01 1 10 100 that constitutes 8.85D! (D is an average
a, grain diameter).

Plotting Eq. (14) on a logarithmic
scale gives a curve with an inflection (Fig. 6).

Cellular precipitation of supersaturated solid solutions belongs to
that type of processes, during which the predominant nucleation sites
are getting depletion in the initial stages. The lower part of the Cahn’s
curve (Fig. 6) corresponds to the nucleation stage and cell growth, the
curve inflection is related to the depletion of nucleation sites, whereas
further process occurs only due to the growth of formed nuclei (upper
part of Cahn’s curve).

3. Methods for Studying the Cellular Precipitation Mechanism

The quantitative statistical metallography, x-ray diffraction analysis,
dilatometry, resistometry, and others are methods commonly used in
the isothermal regime to obtain general kinetics data on the processes
related to the cellular precipitation in supersaturated solid solutions.

The cell growth is studied by the method of quantitative statistical
metallography. The measurement data are used to build the isothermal
dependencies of the maximum cell size in the direction of their growth
(L,.,) on the annealing time (t). This type of function is usually linear
(Fig. 7).

The function L, = L, . (1) often cuts off a certain segment 1, on the
time axis. The value of 7, is a latent period (the time when the process
is developing to the stages when its observation becomes possible).
Therefore, in general, the value of v [m/s] is described by the equation

v = —me (17)
T—T,

The interlamellar spacing is determined by the method [50]. Since
the metallographic section does not generally intersect the package of
lamellae that forms the cell at right angle, the value of the observed
interlamellar spacing [, is always greater than its true value. Therefore,
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Fig. 7. The time-dependence of L, for Co—31.89 wt.% W alloy at 873 K [5]

Fig. 8. The I, = [ (n,) dependencies for Co—14.65 wt.% W annealed for 6 (a) and 12
(b) hours at 973 K [1]

a real [ is determined based on a set of measurements (approximately in
30—50 cells) of the I, value and the dependency graph [, = [ (n,) (Fig. 8)
where n, is the number of inter-lamellar spacing values that are less
than a given value of [,. Generally, the [, = [ ,(n,) function is linear, and
the value of [ is determined by the point of its intersection with the y-
axis.

Figure 8 shows dependence for determining the true inter-lamellar
spacing using the above method. The lines mean the annealing time of
6 hours (a) and 12 hours (b) at 973 K. Since the value of a true interla-
mellar spacing is determined by the intersection point of I, = [ (n,) curve
with the y-axis, [ is of 1500 A.

4. Temperature Effect on the Process
of Cellular Precipitation Initiation and Growth

Generally, cellular precipitation is associated with the initial supersatu-
rated solid solution and grain boundaries migration, which is deter-
mined by their structure.

Along with that, a temperature is an important factor. Using the
example of any given system, cellular precipitation in a supersaturated
solid solution occurs in a certain temperature range that is characteris-
tic to the studied alloy [1].

Figure 9 illustrates temperature ranges for the ageing process that
occurs by the cellular mechanism for Co—W, Co—Al, and Cu—Ti alloys
relative to the melting temperature of the respective alloys.

However, we should remember that increase in the annealing tem-
perature, in addition to accelerating cellular precipitation process, leads
to initiating other ageing mechanisms.

As clearly shown in Fig. 9, the phenomenon of cellular precipitation
occurs in the average temperature range, which is characterized by a
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Fig. 9. Temperature ranges for the ageing process that occurs by the cellular mech-
anism for Co—W, Co—Al, and Cu—Ti alloys. Here, I — slow diffusion processes area,
cellular precipitation is not occurring; II — the area of ageing process by the cel-
lular mechanism; II] — decomposition in the bulk

slower diffusion rate in the grain bulk than on the grain boundaries. As
the temperature rises, the atom diffusion mobility in the grain bulk
increases. This contributes to the intensification of the overall decom-
position of the solid solution, competing with the cellular mechanism.
As a result, the degree of supersaturation in solid solutions reduces in
front of the growing cells and the force that causes cellular precipita-
tion decreases. The cellular precipitation rate decreases, and with the
subsequent temperature rise, the cellular precipitation completely stops.

As shown in Ref. [51], as the annealing temperature increases, the
cellular precipitation rate decreases due to the intensification of decom-
position in the alloy bulk that, at a certain temperature, completely in-
hibits cellular precipitation.

Generally, the cellular precipitation in a supersaturated solid solution
that occurs in any given system is associated with a certain temperature
range in which this process is possible (Fig. 9). Reducing the temperature
below this range is associated with diffusion slowdown, however, its increase
is connected with the cellular precipitation suppression by other its types.

4.1. Effect of Cooling Rate on the Cellular Precipitation Process

In general, a cooling rate during the heat treatment can affect both the
phase transformations and the mechanical properties of the alloys [52].
Nevertheless, in most cases, the experimental research is conducted to
investigate the effect of quenching media temperature, which affects
the cooling rate, taking into account the thermal properties of the mate-
rial. The quenching media temperature also affects the cellular precipi-
tation process, in particular, its rate. In Ref. [53], on an example of
Co—31.89 wt.% W system, authors showed that the cell growth rate in-
creases with an increasing cooling rate of the alloy. For the samples that
were annealed immediately after cooling from the homogenization area
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to the ageing temperature, the cell growth rate is of 2.3:107 cm/s, but
for water-quenched samples it exceeds 9.4:10”7 ¢cm/s, however, quench-
ing in liquid nitrogen increases the cell growth rate to 2.8:10° cm/s.
Besides, liquid nitrogen quenching significantly accelerates the cell for-
mation process. It can be seen that an increase in the cooling rate rela-
tive to the quenching media temperature results in significant accelera-
tion of the cell growth.

Residual stresses occur within metals as a result of rapid hardening.
Under the emerging stresses, migration of existing dislocations is acti-
vated and new dislocations are generated [54]. These processes can ac-
celerate both self-diffusion [55, 56] and heterogeneous diffusion of in-
terstitial atoms [57, 58] and substitutional atoms [59]. In addition, due
to this type of heat treatment, the concentration of point defects that
significantly exceeds the equilibrium is retained. It also accelerates dif-
fusion processes, and therefore the process of cellular precipitation,
which is associated with changes in bulk.

4.2, Effect of Temperature
on the Cellular Precipitation Stages

In contrast to steady-state decomposition, cellular precipitation occurs
in stages. The question of stages is considered fundamentally in the
study of cellular precipitation in supersaturated solid solutions [60, 61].

The structure of primary and secondary cellular reactions differs
significantly in dispersibility, as mentioned at the beginning of this
paper. This aspect has received little attention before. Actually, this is
what caused a certain dilemma. This dilemma is related to the incorrect
approach to the study of ageing behaviour of supersaturated solid solu-
tions by the cellular mechanism. Specifically, it consists in a significant
difference between data obtained from the transformed area of a metal-
lographic section and a transformed bulk. The point is that, in terms of
metallography, the cellular precipitation process was considered com-
plete after analysing only transfor-
med area of a metallographic section,
which was filled with overgrown cells
formed as a result of ageing. Howe- 70 [ -
ver, at the same time, volumetric
changes continued to occur, indica-
ting that the process of cellular 60 [
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Fig. 10. Temperature-dependent decom-
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Co—12.71 at.% Al during the primary cel- 45 . . . . . .
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Fig. 11. The same as in the previous figure, but for Cu—6 at.% Ti [65]
Fig. 12. The same as in the previous figure, but for Co—13 at.% W [66]

precipitation was still incomplete. We can use several techniques, such
as resistometry, dilatometry, and x-ray diffraction analysis to investi-
gate further this process. However, this dilemma can be resolved when
we separate primary and secondary cellular reactions.

In Refs. [62, 63], on the example of Pb—Sn system, the primary and
secondary cellular reactions are separated, their time intervals and ki-
netic parameters are determined.

The effect of temperature on the stages of a cellular precipitation
process in supersaturated solid solutions is quite significant. In Ref.
[64], the percentage of the decomposed supersaturated solid solution
following the primary cellular reaction was determined in function to the
ageing temperature of Co—12.71 at.% Al alloy. Figure 10 illustrates tem-
perature-dependent decomposition in the supersaturated solid solution.

This dependence shows that a degree of decomposition gradually
decreases with the increasing ageing temperature in the investigated
alloy. The initiation and behaviour of the secondary cellular reaction is
influenced by the volume of residual supersaturation in the solid solu-
tion caused by the degree of decomposition that occurs in the primary
cellular reaction. That is why the probability of the secondary reaction
increases with increasing the aging temperature.

A similar pattern was observed on the example of Cu—6.0 at.% Ti
alloy [65] and Co—13.00 at.% W alloy [66]. The temperature-dependent
decomposition degree in the supersaturated solid solution for Cu-—
6.0 at.% Ti alloy is given in Fig. 11.

The temperature-dependent decomposition degree in the supersatu-
rated solid solution for Co—13.00 at.% W alloy is given in Fig. 12.

Therefore, the primary cellular reaction that occurs at high tem-
peratures creates favourable conditions for the initiation of a secondary
cellular reaction.
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5. Effect of the Third Element
on the Cellular Decomposition Process

One of the fundamental issues in the research of phase and structural
transformation kinetics, specifically, recrystallization, growth of grains,
cellular precipitation in supersaturated solid solutions, is the analysis
of a third element doping. Given that a third element doping allows
controlling the decomposition process of supersaturated solid solutions
[1], this issue is quite important in the study of ageing by the cellular
mechanism.

In Ref. [67], the effect of a third element on the acceleration or
deceleration of the cellular precipitation process was highlighted. Dur-
ing the study of kinetics of the cellular precipitation on the example of
Co—9.65at.% W alloy, the growth rates of alloy cells doped with differ-
ent elements are obtained. The alloys doped with 1.21 at.% Ni, 1.12 at.%
Cu, 1.48 at.% Ti, and 0.78 at.% Zr are studied. Taking into account
that the cell growth rate of Co—9.65 at.% W alloy is of 5.6-10° m/s, the
data analysed in this paper demonstrate a mixed impact of the doping
elements. Thus, it was found that doping with Ni and Cu (the cell
growth rate of the alloy is 31.0-10° m/s and 11.5-10° m/s, respectively)
accelerates the cellular precipitation of the alloy. Doping with Ti and Zr
(the cell growth rate of the alloy is of 1.07-10° m/s and 0.45-10° m/s,
respectively), on the contrary, slows down this process.

It should be noted that adding the doping element in different
amounts within the same system has also a mixed impact on the cellular
precipitation process. In Ref. [68], the effect of iron doping on the de-
composition of a solid solution of Co—7 wt.% Al alloy was studied. The
alloys doped with 1, 5, 10, and 20 wt.% Fe were studied. It was found
that doping with 1 wt.% Fe significantly accelerates the cellular pre-
cipitation. For the 5 wt.% Fe doped alloy, in the initial stages, this
process slows down. Thus, after this, alloy is annealed for, e.g., one
hour, and the cells occupy only 13% of metallographic section area,
while in the binary alloy and in the alloy doped with 1 wt.% of Fe, this
value is of 18% and 25%, respectively. In the alloy with 10 wt.% of Fe,
the cellular precipitation occurs rather sluggishly. The alloy with 20 wt.%
of Fe is characterized by the lack of any signs of cellular precipitation.
It is obvious that doping with a small amount of iron accelerates the
cellular precipitation process in the studied Co—7 wt.% Al alloy, but an
increase in Fe to 10 wt.% significantly inhibits this process.

Regarding the acceleration or inhibition of the cellular reaction
front migration by a third element, there are still no definitive and un-
ambiguous evidence. Some advances made towards the explanation of
acceleration or deceleration of cellular precipitation in a specific sys-
tem, based on the analysis of atom-size difference, impurity maximum
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solubility in the metal-matrix or its melting point cannot be confirmed
generally for other systems.

Therefore, the research papers investigating the effect of a third
element on the cellular precipitation, take a case-by-case approach when
explaining this phenomenon in a specific case for a specific system. Par-
ticularity, the behaviour of impurity atoms is often attributed to the
horophilicity or horophobicity.

After analysing the effect of doping on cellular precipitation in
lead—tin (Pb—Sn) alloys, the authors [69] showed that horophobic (sur-
face-inactive) impurities inhibit it, while horophilic (surface-active) im-
purities can both inhibit and accelerate this process. As mentioned
above, this might be due to a number of reasons. The impact of atomic
volumes, bond energy and the electronic structure in terms of energy
benefits are among them.

The cellular reaction front rate should be a function of impurity
atoms behaviour on or before that front, namely, their influence on the
diffusion of other base element atoms. In Ref. [70], the behaviour of
impurity atoms (associated with horophilicity or horophobicity) is char-
acterized by statistically generalized atom moments [71], their differ-
ence between that for impurity element and that for matrix metal.

The attempts to describe the third element influence pattern associ-
ated with the concept of horophilicity or horophobicity include V.I.
Arkharov hypothesis [72] that takes a worthy place. The phenomenon of
defective areas enrichment (structural heterogeneity) of a solid with
solute atoms, which leads to the decrease in excess energy of defects, is
called as segregation without precipitation. According to V.I. Arkharov,
this process is called an internal adsorption. This phenomenon is ob-
served on the grain boundaries. The positive adsorption of dissolved
impurities is called as horophilicity, and impurities that cause this ac-
tivity are known as horophilic. In the case of horophobic impurities, the
opposite behaviour is observed.

Since the findings regarding the effect of a third element on the
cellular precipitation are ambiguous and mixed, it is difficult to give an
obvious and clear explanation to this phenomenon. This problem re-
mains an open and questionable to this day, although a long list of re-
search papers are available. It might be due to the influence of other
parameters not taken into account in the horophilicity concept.

6. Conclusions

The physical regularities of cellular precipitation of supersaturated sol-
id solutions are generalized. The general characteristics of this phenom-
enon, nucleation mechanisms, subsequent growth of cells, and its ki-
netic parameters are described.
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As demonstrated, an increase in the cooling rate relative to the
quenching media temperature results in significant acceleration of cell
growth. This aspect is due to the residual stresses in metals occurred
following rapid hardening, which further accelerates the diffusion proc-
esses and, hence, the process of decomposition by the cellular mechanism.

The varied findings regarding a third element effect on the cellular
precipitation are explained in terms of horophilicity and horophobicity
concepts.

The temperature effect on the cellular precipitation stages in the
supersaturated solid solutions is clarified. When a solid solution is sub-
jected to high temperatures, a primary cellular reaction creates favour-
able conditions to induce the secondary cellular reaction.
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DPISNYHI SAKOHOMIPHOCTI KOMIPKOBOTI'O PO3ITALLY
IIEPECMYEHUX TBEPOUX PO3YNHIB HA OCHOBI Co, Cu TA Pb

PosrasgaeTbcss MUTAHHSA PO3MALy IePEeCUYEeHUX TBEPAUX PO3UUHIB 3a KOMipKOBUM
MexXaHi3MOM 3 TOYKHU 30py (i3sMUHMX 3aKOHOMipHOCTeli maHoro sBuinia. OmucaHo 3a-
rajgbHi XapaKTePUCTUKHU Ipoliecy. JacTKOBO OMMCAHO MeXaHidMHU 3apOAKOYTBOPEHHS
Ta MOJAJILIIIOTO POCTY KOMIpOK, a TAaKOXK KiHeTWuHI mapamerpu mporeciB. Oxapak-
TEePU30BAHO BILJIMBU JeAKHUX 30BHIIIHIX YMHHUKIB Ha Iepedir KOMipKOBOT'O po3Iamy
Ta CTaAifiHiCTh JAHOTO IIpollecy. 30KpeMa, BUBUEHO BILJIMB TeMIIEPATypPU TapTiBHOTO
cepeioBUINA, a TAKOMK BILINB TPETHOTO eIeMeHTa Ha IpoIilec KOMipKOBOTO po3mazy.

KarouoBi cjoBa: mepecuueHi TBepAi pos3uMHU, CTApiHHSA, KOMIpKOBHUI posmam, Jid-
MeJIbHA CTPYKTYpa, KiHeTUUYHi ImapamMeTpu, cTaJiliHicTh posmany.
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