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Abstract

In the article, taking into account the phase transition “ordering-phase separation” discovered in
alloys, new concepts about the diffusion phase transformations in alloys are formulated: chemical
interaction between dissimilar atoms exists always in all alloys and at any temperature of heating;
alloys offer a surprising and not previously known property of changing the sign of the chemical
interaction between dissimilar atoms at a change of the temperature or composition of alloys;
diffusion processes occurring in alloys at different temperatures depend on the sign and the ab-
solute magnitude of the energy of the chemical interaction between dissimilar atoms. All these
three concepts are analyzed in detail, by the example of Ni-based and Co-based binary alloys using
experimental results obtained by transmission electron microscopy. It is shown, on these ideas,
how to carry out heat treatment of alloys more rationally, what principles should underpinned in
the base of the construction of phase diagrams, how the microstructures of ordering and phase
separation affect some properties of alloys.
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1. Introduction

The existing ideas about the microstructure of metallic alloys were formed as far back as the first half of the
twentieth century. They were based on experiments being carried out on liquid molecular solutions, which
showed that the solubility of salt in water increased with increasing temperature. Although the nature of the in-
termolecular interactions in aqueous solutions was very different from the nature of the atomic interactions in
metallic solid solutions, they believed that if the kinetics of precipitation of crystals of excess phase from the
aqueous solution and the kinetics of precipitation of particles of a new phase from the metallic solid solution
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were similar, then the mechanism of these processes should be one and the same. This was how such concepts as
the solubility of atoms of one component in the lattice of the other, direct dependence of solubility on tempera-
ture, the supersaturated solid solution, etc., were taken from the theory of aqueous solutions appeared in the
theory of alloys. They believed that the solubility at some temperature depended mainly on the ratio of the sizes
of the solvent and the solute atoms. At the same time, they believed that chemical interactions between dissimi-
lar atoms in solid solutions began to appear only when the atoms of the solute were involved in formation of
particles of a new phase. Up to this moment, as they were believed, the chemical interactions between dissimilar
atoms did not manifest themselves. They considered the disordered solid solution to be the initial phase, sup-
posing that at high temperatures it was the equilibrium phase, in which the component atoms were chaotically
distributed over the lattice sites (substitutional alloys) and interstices (interstitial alloys) [1]. At a decrease of the
temperature, when the atomic interaction potential became substantially larger than the thermal energy, the mu-
tual arrangement of component atoms in the solid solution was determined from the condition of the minimum
free energy of the alloy [1] and an order-disorder phase transition began in it. It was considered that the physical
reason for ordering was an elastic interaction between the component atoms constituting the solid solution [1].

This very principle was used in the construction of equilibrium phase diagrams: in them, in overwhelming
majority of cases, regions of solid solutions were shown at high temperatures, and two-phase regions at low
temperatures. In heat treatment practice, a two-stage scheme “high-temperature quenching + tempering (aging)”
was mainly used, which presupposed that before getting a desired microstructure of the alloy, it was necessary to
form the microstructure of a disordered solid solution, i.e., to quench the alloy in water from a high temperature.
All these ideas, formed about 100 years ago, when modern methods of investigation of the crystal structure of
alloys did not yet exist, flourish in Materials Science until now, still virtually intact.

Experimental studies of the crystal structure of alloys conducted later with the help of X-ray diffraction
(XRD), seemed to have fully confirmed these views. Indeed, when this method was applied to alloys quenched
from high temperatures, no other phases besides the solid solution were found. On the basis of these data, they
came to the conclusion that at high temperatures, the microstructure of alloys was a disordered solid solution,
which fully coincided with the thesis that the solubility of one component in the lattice of the other rose with
temperature.

However in the sixties-seventies of the XX century, when the method of transmission electron microscopy
(TEM) became widely used in the study of the microstructure of alloys, many authors were surprised to find that
the microstructure of many alloys, quenched from the region of solid solutions, was two-phase and contained
either particles of a new phase in the solid solution or modulations of the composition. Examples that have be-
come classic are alloys of the systems Ni-Mo [2], Fe-Be [3], Al-Zn [4], Cu-Be [5], Nb-Zr [6] and many others,
which, according to phase diagrams, at high temperatures, had regions of the solid solution. Detection of such
two-phase microstructures was sometimes attributed to the fact that the regions of the solid solution in the phase
diagrams had not been determined accurately enough [6]. In most cases, however, they agreed in the opinion,
that the decomposition of alloys proceeding via the spinodal mechanism, occurred during the very process of
quenching, i.e., a very short period of time, comparable with the time of cooling the alloy in water. The last
point was explained by the fact that during spinodal decomposition, the stage of critical nuclei formation was
absent [2]-[5]. This explanation contradicts both Cahn’s theory of spinodal decomposition (Cahn considered
spinodal decomposition as a diffusion process) and experimentally determined magnitudes of diffusion coeffi-
cients, which are by four orders of magnitude lower than it is necessary for the formation of new phase particles
to occur during cooling of the alloy in water.

Not to become a prisoner of these “singularities” of quenching, we must recollect how existing now phase
diagrams were constructed. The times when the X-ray diffraction analysis was considered to be almost the only
direct method allowing to determine the phase composition of alloys in this or that point of the phase diagram
passed long ago but phase diagrams constructed with the help of the method at that time, continue to be a gener-
al aid for researchers. However, as far back as his time, Guinier pointed out that XRD was unable to identify
second-phase particles with sizes smaller than the regions of coherent X-ray scattering [7]. This meant that all
highly dispersed phases, which precipitate in alloys of these or those systems could not be registered by the
XRD method and, therefore, were absent in existing equilibrium phase diagrams of these systems. In its turn, the
latter circumstance could be interpreted as the fact that the solid-solution regions in the phase diagrams are not
solid-solution regions as such, but two-phase regions. In this connection, the main role of a tool to be used for
determining the phase composition of alloys in this or that point of the phase diagram should be given to a local
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method of research—transmission electron microscopy. As it was noted, in studies conducted with this method,
it had been found that phase composition of many alloys in fact did not correspond to the composition of the re-
gions shown in existing phase diagrams.

The conclusion that the solid-solution regions in equilibrium phase diagrams are in fact two-phase regions
agrees with the well-known axiom of thermodynamics that in nature all solutions are non-ideal and have either
positive or negative deviations from Raoult’s law. This can lead to decomposition of such solutions at the higher
temperatures of heating also. If the regions in the phase diagram, which are now referred to as regions of solid
solutions are in fact two-phase regions, then quenching in water from such a region will also lead to fixation of a
two-phase structure, not a solid solution at all.

As is well known, ideal solutions are not normally found_in nature and, therefore, one should expect that any
solid solution, in any alloy, at temperatures sufficient for diffusion of species over long distances, is bound to
decompose (Solutions close to ideal may be observed only at very high dilution). However, in all known equili-
brium phase diagrams, the areas of the solid solution are considered as an equilibrium phase. The sign of the or-
dering energy was usually determined by the method of measuring the partial pressure of the vapors of compo-
nents at temperatures close to the melting point. Since at a decrease of the temperature this pressure abruptly
drops, and, beginning with certain temperatures, it is impossible to measure it, then it was tacitly assumed that
the sign of the ordering energy determined at very high temperatures remains the same at lower temperatures as
well. This gave birth to the idea that each binary system is characterized by its own sign of the ordering energy,
which is constant for this system at any temperature.

Thus, the existing conceptual views about these or those processes occurring in alloys constantly come into
conflict with experiment. The situation in this area of knowledge began to change only when it had been proved
that the chemical interactions between component atoms exist always, in all alloys and at any temperature (even
in the liquid state), that alloys have a surprising and not previously known property of changing the sign of the
chemical interaction between the dissimilar atoms at a change in the temperature of heating (sometimes at a
change in the concentration of the alloy). In other words, our understanding of the nature of alloys began to
change only when the phase transition “ordering-phase separation” was experimentally discovered [8]. This
transition occurs at a temperature specific for each system, at which the sign of the chemical interaction between
atoms of A and B is reversed. Earlier it was considered that each binary system had its own sign (plus or minus)
of the chemical interaction energy, which was constant for this system at any temperature. Now, when the tran-
sition “ordering-phase separation” in alloys has been discovered, this idea is being revised. Today, it is clear that
in every system, the sign of the chemical interaction energy can change at a change in the temperature, some-
times more than once. At first, the transition occurs at the level of changes in the electronic structure of the alloy,
as evidenced by a change in the shape of the valence bands of the X-ray photoelectron spectra, determined by
the method of XPS [9] [10]. The change of the sign of the chemical interaction between dissimilar atoms
changes the direction of diffusion between them to the opposite one, which affects a change in the type of mi-
crostructures [11] [12].

It has been shown experimentally that atoms of any one component can participate in the formation of a
chemical compound with atoms of another component only if the sign of their chemical interaction is negative
[9] [10]. If the sign of the chemical interaction energy between the dissimilar atoms is positive, then there takes
place a process of phase separation of an alloy into clusters (grains) consisting of atoms of any one sort, which
in conventional phase diagrams is commonly presented as formation of eutectics (eutectoids). Such a transition
from one type of the chemical interaction (attraction between dissimilar atoms) to another type (repulsion be-
tween them) naturally passes through the point, where the energy of the chemical interaction is zero, i.e. where
the microstructure of a disordered solid solution is to be formed [13]. Therefore, the discovery in 1996, of the
phase transition “ordering-phase separation” [8], occurring (as it turned out later) in alloys of a large number of
systems, allowed to overcome many of these contradictions, allowed to reach a consensus with thermodynamics,
and also allowed to correct our concepts in accordance with experimental results. It is these issues that the
present article addresses to.

2. The History of the Discovery of the Phase Transition “Ordering-Phase Separation”
2.1. Alloys of the Fe-Cr System

In thermodynamics, it is assumed that if the sign of the deviations from Raoult’s law has been determined at any
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single range of the temperatures, this sign is preserved at all other heat treatment temperatures of the alloy. In
alloys of the Fe-Cr system, positive deviations from Raoult’s law were found at high (1040°C - 1400°C) temper-
atures by the vapor-pressure method [14]. However, at temperatures of 440°C - 830°C, a chemical compound
(o-phase) was detected in alloys of Fe-Cr system, though, as is generally known, its formation is possible only at
negative deviations from ideality. At the same time, according to reference book on phase diagrams [15], phase
separation structures were found not only at high temperatures (1040°C - 1400°C) but at temperatures below
550°C as well. Such contradictions existing in the phase diagram of Fe-Cr, made the authors [8] set themselves
the following questions: Why does the chemical compound-s-phase form in Fe-Cr alloys at positive deviations
from ideality? Why do positive deviations from Raoult’s law occur at high temperatures, whereas phase separa-
tion structures are found only at low (550°C and below) temperatures? What is the sign of the chemical interac-
tions in the temperature range of 440°C - 550°C, which is marked in the phase diagram as belonging to both the
regions: phase separation and ordering? To answer these questions and resolve the contradictions, the authors
[16] [17] conducted a detailed structural study of five binary alloys containing 10% to 50% chromium (the rest
is iron) over a wide temperature range (up to 1400°C).

Electron microscopy studies of Fe-Cr alloys, quenched in water from temperatures of 1200°C - 1400°C, led to
unexpected results. The microstructure of the studied alloys after such quenching was not a solid solution at all.
Figure 1 shows microstructures (a) and the electron diffraction pattern (b) of the FesoCrsq alloy after quenching
in water from 1200°C. Two types of particles are detected in Figure 1(a): 1) coarse particles along the crystal-
lographic directions of the matrix and 2) small disperse particles, which are randomly located in the rest of the
matrix. The bright fields surrounding the coarse particles (Figure 1(a)) testify that the latter are formed at the
expense of the dissolution of disperse particles. The electron diffraction pattern taken from a coarse particle in
Figure 1(a) shows satellites near the fundamental reflections (Figure 1(b)). Such an electron diffraction pattern
may be interpreted as obtained from two solid solutions with different lattice parameters—depleted (bright fields)
and enriched in chrome (dark precipitates).

The first attempt to verify experimental results indicating the existence of high-temperature phase separation
in Fe-Cr alloys was made using TEM [18]. After water quenching from 1200°C, the Fe-45% Cr alloy had the
same microstructure that is shown in Figure 1(a). However, the authors [18] believed that such a microstructure
could be the result of any processes other than high-temperature phase separation. They classified the precipi-
tates presented in Figure 1(a) as “foreign” phases, namely, as chromium nitrides CrN. They thought that when
heat treated in low vacuum (heating in quartz ampoules) as in Refs. [8] [16] [17], iron-chromium alloys were
saturated with air nitrogen to concentrations of the order of 1 at% [18]. Even if we agree with the authors [18]
that Fe-Cr specimens sealed in evacuated quartz ampoules can be saturated with nitrogen to a concentration of 1
at% at 1200°C, then we should admit that this saturation will lead to formation of nitrides (CrN), in the amount
of no more than 1 vol.%. It undoubtedly contradicts Figure 1(a), in which the volume fraction of dark precipi-
tates is about 50%.

The second attempt was made when the Fes;Cr,galloy quenched from the temperatures of 900°C - 1185°C
was investigated [19] One should bear in mind that this range of temperatures is somewhat below the interval of
phase separation (1200°C - 1400°C). Using the Mossbauer spectroscopy method, the authors [19] expected to

(b)

Figure 1. FesoCrsgalloy .Water-quenching from 1200°C: (a) Bright-field micrographs; (b) Electron
diffraction pattern taken from the coarse particle in (a).
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observe that the partial gamma-resonance peak corresponding to pure iron would grow with an increase of alloy
decomposition. However, their expectations did not come true. Based on the above fact, they concluded that
high-temperature phase separation did not occur in Fe-Cr alloys. Indeed, using TEM, phase separation micro-
structures are not found after heat treatment at 900°C - 1185°C, but they are always found after heat treatment in
the temperature range of 1200°C - 1400°C [16] [17].

According to the accepted phase diagram of Fe-Cr [15], in the temperature range of 440°C - 830°C, there is a
region of the FeCr chemical compound (o-phase). The formation of such a phase is possible only when the devi-
ations from ideality have a negative sign. Based on this, we can conclude that in this temperature range the sign
of the chemical interaction between the atoms of Fe and Cr is negative. Such a conclusion automatically implies
the existence of a phase transition, which, at a temperature decrease from the range of 1200°C - 1400°C to 440°C
- 830°C, should result in the change of the sign of the chemical interaction between the atoms of the compo-
nents.

However, as far as o-phase precipitation is concerned, the conclusion that the sign of the deviations from
ideality at such a precipitation will necessarily be negative, does not find understanding with some authors. This
is due to the fact that in Fe-Cr alloys, the o-phase is formed only in a thin surface layer of the specimen [20] [21].
Based on these data, Turchi, Reinhard and Stocks [22], referring to the positive deviations from Raoult’s law
revealed at high temperatures [14], believed that these deviations should exist in this system at all other temper-
atures. They concluded that the sign of the deviations from ideality in the Fe-Cr system depends on who wins in
the competition between the “macroscopic” tendency to phase separation and the “local chemical” tendency to
ordering. They reasoned that each of the tendencies is characteristic of a certain coordination sphere; phase se-
paration, for example, is characteristic of the first coordination sphere, whereas ordering is characteristic of all
other coordination spheres. Moreover, they considered the formation of the o-phase at 440°C - 830°C not as the
result of the tendency to ordering, but as one of “the phenomena pertaining to surfaces (reconstruction, segrega-
tion, etc.)” [22]. The o-phase is really formed on free surfaces [20] [21]; however, it does not mean that it is not
a chemical compound [23], and, therefore, its formation is not pre-determined by the tendency to ordering. Oh-
numa et al. [24] thought that the presence of the o-phase in the Fe-Cr system, in which positive deviations from
Raoult’s law were observed at high temperatures, was due to the magnetic contribution to the Gibbs energy.
They supposed that the interaction between chemical and magnetic ordering influenced both the magnetic prop-
erties of alloys and the thermodynamics and kinetics of atomic ordering. However, they did not find any con-
vincing experimental evidences of such influence in the literature.

The X-ray diffraction patterns obtained from the surface of the FesoCrs alloy specimen after heat treatment at
different temperatures and exposures indicate the formation of a dense continues layer of the o-phase on the
surface. The maximum depth of the surface layer of the o-phase reaches 0.4 mm [16]. The o-phase was not
found in the internal volume of the specimen even after prolonged heat treatment [16] [22]. It was considered
[22] that the reasons for this were high elastic stresses that arise when the bcc lattice of the solid solution trans-
forms into the tetragonal lattice of the o-phase. Therefore, such a transformation takes place only near the free
surface of the specimen. It was found that the o-phase in the surface layer is formed not by simultaneous trans-
formation of the lattice over the whole transformed volume of the surface layer, but through gradual precipita-
tion of separate particles inside the surface layer, and then, a subsequent “collapse” of the space between these
particles (Figure 2) [16]. This phase was found only in alloys, whose composition was close to equiatomic. For

0.3um \
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Figure 2. FesoCrso alloy water-quenched from 1200°C and then heat
treated at 700°C for 100 h. The o-phase particles in the surface layer [16].



Y. Ustinovshikov

example, in the FegCryp alloy, using the XRD method it is possible to observe only very weak lines of the
o-phase [16].

In the accepted Fe-Cr phase diagram, the existence regions of low-temperature phase separation and the
o-phase are shown under the same miscibility gap and within the same temperature range (440°C - 550°C), i.e.
the region of the o-phase and the region of low-temperature phase separation are superimposed [15]. Obviously,
the existence of the two opposite tendencies—the tendency to ordering (when Fe and Cr atoms are mutually at-
tracted and form the o-phase) and the tendency to phase separation (when Fe and Cr atoms are mutually re-
pulsed and form Cr-enriched clusters in the Cr-depleted matrix) at the same points of the phase diagram is hard-
ly probable. Indeed, the minimum temperature at which we can still find traces of the o-phase on the surface of
the specimen is 570°C [16] [17]. At 550°C and below, a microstructure of phase separation was found with the
help of the TEM methaod; in the Fe;oCrsq alloy, for example, it was observed in the form of small round particles
enriched with chromium, which precipitated in the Cr-depleted matrix [16] [17].

The presence in the same phase diagram, for example in Fe-Cr, of 1) a region, in which a new phase appears
in the form of chemical compounds ¢ (the tendency to ordering) and 2) a region where the phase separation mi-
crostructure is formed (the tendency to phase separation), naturally suggests, that somewhere in the Fe-Cr phase
diagram, there must be a boundary separating these regions. On this boundary, the tendency to ordering should
be replaced by the tendency to phase separation, i.e. the chemical interaction between component atoms should
reverse its sign. It turns out that this boundary can be determined due to the fact that the sign of the chemical in-
teraction in Fe-Cr alloys does not change simultaneously in the entire volume of the alloy. First, it changes only
in some microscopic portions of the alloy and only then in the rest part of it. The state when some microscopic
portions of the alloy having the positive sign of the chemical interaction coexist with other microscopic portions
having the negative sign, can be observed with the use of TEM [16] [17].

In order to expose the microscopic portions, it is necessary to carry out a double heat treatment: for example,
first, in the temperature range, in which the tendency to phase separation appears and then in the temperature
range, in which the tendency to ordering occurs, or vice versa. In both cases, the exposure time at this or that
temperature is determined empirically. If the FesoCrsgalloy which after a proper heat treatment has the micro-
structure of high-temperature phase separation, is heat treated in the temperature range corresponding to o-phase
formation (700°C - 800°C), then, the microstructure of high-temperature phase separation begins to dissolve and,
in its place, these microscopic portions designed as “chemical domains” become visible on TEM images
(Figure 3). These domains were first found in Ref. [16] [17] and named for electron domains. They are consi-
dered as microscopic portions, inside of which the sign of the ordering energy has already changed for the oppo-
site relative to the surrounding other portions, in which the sign is still positive. An electron beam passing
through the foil, in which chemical domains have formed, should deviate in opposite directions on both sides of
the domain boundary and it leads to a deficiency (bright lines) or an excess (dark lines) of electrons at defocus-
ing the electron microscopic image [17]. It should be noted here, that similar domains are observed in electron
micrographs of the alloys at their transition both in the ferromagnetic state (when the domains differ in the
magnetization vector orientation), and in the ferroelectric state, (when the difference is in the direction of spon-
taneous polarization). It means that the nature of the contrast from all the above-mentioned domains is the same
and the contrast is formed due to the difference in the electronic structure of neighboring domains.
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Figure 3. FesoCrsg alloy. Chemical domains (a) formed at high-temperature transition “ordering-phase separation”

(water-quenching from 1200°C and then water-quenching from 700°C for 8 h) and (b) formed at low-temperature
transition “ordering-phase separation” (water-quenched from 700°C for 8 h and then from 550°C for 4 h).




Y. Ustinovshikov

Therefore, we think that the name of the domains formed at the phase transition “ordering-phase separation”
should reflect the feature which makes them different from ferromagnetic and ferroelectric domains. A suitable
term for these domains would be “chemical domains” since the neighboring domains differ from one another in
the sign of chemical bonds. A similar picture is observed, when under change of temperature the alloy trans-
forms from the region of ordering (o-phase) into the low-temperature phase separation region. Figure 3(b), for
example, shows chemical domains observed in the FesoCrspalloy, first heat treated at a temperature correspond-
ing to the region of ordering (700°C for 8 h) and then at a temperature corresponding to the region of
low-temperature phase separation (550°C for 4 h). The above two-stage heat treatment allows assessing the
temperature of the phase transition “ordering-phase separation” with an accuracy of £50°C (high-temperature)
and £10°C (low-temperature phase transition) [17] [25].

It was thought, that with prolonged aging at the same temperature, the domains formed as a result of the
high-temperature transition would disappear and the tendency toward ordering would be present in the entire
volume of the alloy. However, prolonged aging of up to 100 h at 700°C and 20 h at 800°C has shown that the
domains are still present. It means that such a domain structure at these temperatures is metastable. Hence, it
becomes clear why the o-phase is formed only at the specimen surface and does not spread out into its depth: at
570°C - 830°C, the tendency to ordering in the studied alloy dominates only in a thin surface layer; in the speci-
men bulk, a domain structure is retained, within which portions where the ordering energy is positive, alternate
with portions where it is negative. The structure of such chemical domains has been found up to now in alloys of
the Fe-Cr system. Therefore, in alloys of other binary systems studied (Fe-Co [9], Fe-Mn [26], Fe-Ti [27], Fe-V
[28], Fe-Mo [29], Fe-W [30]), the temperature of the phase transition “ordering-phase separation” was deter-
mined by the change in the type of the microstructure.

Fe-rich portion of the Fe-Cr phase diagram is shown in Figure 4 [17]. It was constructed on the evidence of

Weight Percent Chromium
10 20 30 40 47
1600 T T T T !
L I
° 9
|
1400 -
g
E ~4
s
g Y
g 1000 -
=
800 A
600
T
phase separation ?
|
|
400 + ’ y . '
10 20 30 40 50

Atomic Percent Chromium

Figure 4. The Fe-rich portion of the Fe-Cr phase diagram. Dashed lines show the temperatures of
phase transition “ordering-phase separation”. Designations: o—solid solution microstructure; o—
phase separation microsructure; A—o-phase at the surface (tendency to ordering).
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the TEM studies. The lines of phase transitions “ordering-phase separation” are indicated by numerous: 1-high-
temperature; 2-low-temperature phase transition. At temperatures lying in the vicinity of these lines, the micro-
structure of alloys is a disordered solid solution, which can be fixed by quenching the alloy from these tempera-
tures.

2.2. Alloys of the Fe-C System

To answer the question, whether an identical phase transition occurs in interstitial alloys, alloys of the Fe-C sys-
tem have been chosen for investigation [31]. In these alloys there are two types of microstructures, namely, mi-
crostructures formed as the result of the tendency to phase separation (solid solution of carbon in iron + graphite)
and microstructures formed as the result of the tendency to ordering ( solid solution of carbon in iron + cemen-
tite).

Graphitization of high-carbon tool steels has been known for a long time [32]. In 1970 - 80 s, it was found
that graphitization of hypereutectoid (1.1 - 1.67 wt% C) steels occurred in the temperature range of 950°C -
1223°C. For example, Izotov et al. [33], Nagakura et al. [34], Kusunoki et al. [35], Tyapkin et al. [36], Sandvik
et al. [37] discovered disorderly located clusters of C atoms and a microstructure consisting of strongly
C-enriched and C-depleted modulations(without any traces of cementite). They believed that formation of car-
bon clusters happened immediately after water quenching, at room temperature, during a very short interval (e.g.
not more than 5 min). The authors [33] called this behavior of hypereutectoid steels “abnormal”.

In recent years, the Fe-C phase diagram has received little attention. It is thought that the diagram has been
much studied and all transformations operating in the microstructure of steels and cast irons are well understood.
However, in 2009, they once again raised the question of how to explain the contradictions existing in the phase
diagram of Fe-C, such as graphitization of steels at high temperatures, presence of the metastable and stable ver-
sions of the diagram, and so on [31].

As shown by Kusunoki [35], satellite spots in the electron diffraction pattern become intense with increasing
the carbon content in steel and can be observed in steels containing no less than 0.2 wt% C. Similar to substitu-
tion alloys, the appearance of such satellites could be considered as the indicator of the formation of two solid
solutions with different lattice parameters, i.e. as the indicator of phase separation [31]. The microstructure
shown in Figure 5 [31] is a typical example of the morphology of carbon clusters in the Fe-1.31% C alloy
as-quenched from high temperatures.

The existing Fe-C phase diagram has been used for presentation of the microstructure data obtained by dif-
ferent authors [31] [33]-[37] (Figure 6). By virtue of the fact that graphite particles and carbon clusters were
found experimentally in the temperature range from eutectic to eutectoid, the entire high-temperature part of the
phase diagram is shown as a uniform existence region of two phases, namely, carbon which is not chemically
bound with iron (C clusters or graphite) and austenite. It is a region, in which the tendency toward phase separa-
tion leads to the formation of the phase separation microstructure. Obviously, the morphology of the alloys in
this region strongly depends on the carbon content in them. For example, for compositions corresponding to cast
irons, the phase separation into iron and particles of graphite takes place; for compositions corresponding to
steels (from 0.2% to 1.67% C) the observed precipitations are clusters of carbon atoms; for the compositions
with a small concentration of carbon (below 0.2%), austenite can be considered as an infinitely diluted solid so-
lution, i.e. a solution obeying Henry’s law.

The electron microscopic results also show that quenching of the investigated steel from a temperature of
790°C in water does not lead to formation of carbon clusters (indicated by a blank box in the phase diagram,
Figure 6) [31]. Since cementite in the microstructure of steels is found only after heat treatment at temperatures
below the eutectoid and never above it, it can be assumed that the eutectoid line is at the same time the line of
the phase transition “ordering-phase separation”. This means that above it, there takes place a tendency to phase
separation, and graphitization occurs in alloys (and steels and cast irons). The presence of graphite in the struc-
ture of cast irons below the eutectoid line (below the line of the phase transition “ordering-phase separation”) is
quite explicable: the very large sizes of graphite particles formed mainly in the liquid solution, do not give them
an opportunity to dissolve while cooling the casting or during isothermal aging of the alloy below the eutectoid
temperature. All these data allow us to consider the phase diagram of Fe-C in a somewhat different light than it
is presented in reference literature (Figure 6). In it, the austenite(A) + cementite region is absent, as above the
line of the phase transition “ordering-phase separation” cementite cannot exist.

)



Y. Ustinovshikov

b

Figure 5. Fe-1.31%C alloy water-quenched from 1150°C: bright-field image.
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Figure 6. Fe-6.67% C phase diagram. Carbon clusters revealed by 1zotov and Utevsky [33] are designated as ¢; Naga-
kura et al. [34] and Kusunoki [35] as x, Tyapkin et al. [36] as A ; Sandvik and Wayman [37] as X; data obtained in Ref.
[31] are designated as = (if carbon clusters are found in the martensite structure) and as o (if they are not found).

2.3. The Technique for Determining the Sign of the Deviations of the Solid Solution from
Ideality at Different Temperatures

The determination of the sign of the chemical interaction (ordering) energy was usually performed by measuring
the partial pressure of the vapors of components at temperatures close to the melting point of the alloy under
study. Since at a decrease of the temperature, this pressure abruptly drops, and, beginning with certain tempera-
tures, it is impossible to measure it, then it was tacitly assumed that the sign of the ordering energy determined
at very high temperatures remains the same at lower temperatures, as well. As was noted in Ref. [38], this gave
birth to the idea that each binary system is characterized by its own sign of the ordering energy, which is constant
for this system at any temperature. Other methods were also used, for example, measurement of the molar volume
by the stationary droplet method. With the help of this method, they determined [39] that, for example, in the
Niz3Coy; liquid alloy, negative deviations of the partial molar volume from ideal mixing take place. In another
study [40], using the method of Knudsen cell mass spectrometry, they came to the conclusion that Ni-Co alloys
(including the Ni,sCo,7 liquid alloy) are a regular solution with a slightly positive enthalpy of mixing. These results
testify that the using in thermodynamics methods for determining the sign of the ordering energy are far from be-
ing perfect and are unable to determine the sign of deviations from ideality at relatively low temperatures.

()



Y. Ustinovshikov

Before considering a new technique for determining the sign of the ordering energy at any heat treatment
temperature of the specimen, we would like to dwell on the question of using the term “ordering energy” (ener-
gy of mixing, enthalpy of mixing, and so on). Any one of the above terms corresponds not quite exactly to the
physical meaning of the energy that appears in an AB alloy at the interaction of two dissimilar atoms of A and B.
When the sign of the interaction is negative (atoms of A and B attract each other), then a tendency to ordering
appears in the alloy and chemical compounds are formed. When the sign is positive (atoms of A and B repulse
each other), then a tendency to phase separation occurs and clusters are formed. Therefore, it makes sense to use
a term, which is common for these two cases, and call such energy the energy of the chemical interaction [41].
Hereinafter, we will use exactly this term.

The use of the method of XPS (which, as it is commonly believed, is a method for investigation thin surface
layers of material) for determining the sign of the energy of the chemical interaction in alloys is based on the
assumption , that in high vacuum, at increasing the temperature of heating, rapid evaporation of atoms from the
specimen surface begins. This leads to the fact, that the information obtained under such experimental condi-
tions, concerns already the entire volume of the specimen, not only its thin surface layer. The sign of the energy
of the chemical interaction was determined by the change in the shape of the valence bands at each of the stu-
died temperatures. If the shape of the valence band of the alloy is similar to the shape of the valence band of the
pure A solvent as a result of a stronger spatial localization of the electron density of the solvent in the vicinity of
its own atoms, then it means that in the immediate environment of A atoms there are A atoms. In this case, we
can say, that A-A and B-B bonds form in the alloy, i.e. there is a tendency to phase separation. If the distribution
of the density of 3d-states in the alloy is similar to the distribution of the electron density in the valence band of
the dissolved component, then we can say, that in the alloy, at this temperature, there are no A-A bonds between
the atoms of the solvent and, therefore, each atom of the A solvent is involved in a bond with atoms of the dis-
solved B component. This means, that a tendency to ordering takes place in the alloy.

The change of the sign of the chemical interaction between the component atoms leads to a reverse in the di-
rection of diffusion fluxes in the alloy, and, as a consequence, a change in the type of microstructures. If the al-
loy displays a tendency to ordering, then chemical compounds are formed in the structure, if it displays a ten-
dency to phase separation, then clusters (or grains) are formed, consisting mainly of atoms of one kind. In the
phase transition point, the sign of the ordering energy of the alloy passes through zero and, therefore, we can
assume that at temperatures close to this point, there forms a structural state close to the state of a completely
disordered solid solution [9] [42] [43]. However, this state appears only in the immediate vicinity of the temper-
ature of the phase transition “ordering-phase separation”, i.e. it can be represented in the phase diagram in the
form of a narrow band of temperatures parallel to the abscissa axis. For example, in the diagram of Fe-Cr ( Fig-
ure 4), the width of such a band at low-temperature phase transition “ordering-phase separation” is very
small—we have defined it as equal to +10°C [17].

The method of XPS was used to determine the sign of the chemical interaction energy in the systems Fe-Co
[9], Ni-Mo [42], Co-Mo [43], Ni-Co [10] at different temperatures. Here is an example of its use in the study of
the CosNi alloy. X-ray photoelectron spectra were obtained from the Co3Ni,; alloy at the following tempera-
tures of specimen heating: 200°C, 500°C, 800°C and 1100°C. Figure 7 shows the valence band spectra obtained
at these temperatures, as well as reference spectra of pure Co and Ni (at room temperature) [10]. At tempera-
tures of 200°C and 500°C, the valence band spectra of the alloy have a double band structure due to a small
overlap of the d-bands of Co and Ni atoms, which are characteristic of the ordered state, when unlike atoms are
in the immediate environment. At temperatures of 800°C and 1100°C, the spectra of the valence bands of the al-
loy have the form of a superposition of the valence bands of the components, which are characteristic of the
phase separation tendency, when the same atoms are in the immediate environment.

The results obtained by the method of X-ray photoelectron spectroscopy allow concluding that the current
concept (the sign of the deviations from ideality is one and the same for all heating temperatures of this or that
alloy) has to be abandoned. It has been shown that in alloys of many systems, at a temperature specific for each
system, the sign of the energy of chemical interaction can change [9] [42] [43].

3. Survey of Recent Advances in the Study of the Transition “Ordering-Phase
Separation”

Phase transition “ordering-phase separation” was first experimentally discovered in alloys of the Fe-Cr system
[8]. In the following few years, using TEM and XPS methods it was found in alloys of another 14 of 15 binary
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Figure 7. CosNi alloy. Photoelectron spectra of the 3d-valence band. Reference spectra: (a)
Ni, (b) Co. Experimental spectra obtained at 200 (c), 500 (d), 800 (e) and 1100°C (f).

systems studied. This transition occurs at a temperature, specific for each system, when the sign of the chemical
interaction between atoms of A and B is reversed. The transition occurs at the level of changes in the electronic
structure of the alloy (the shape of the valence band determined by XPS changes). The change of the sign of the
chemical interaction energy between component atoms reverses the direction of diffusion fluxes in the alloy,
which affects changes in the type of microstructures. However, in all studied alloys, where such a transition has
been detected, structural changes are characterized by great diversity. Let us consider some of them.

3.1. Alloys of the Ni-Mo System

Most interesting structural changes are observed in alloys whose composition corresponds to the left part of the
Ni-Mo phase diagram [15] (compositions from Ni,Mo to Ni;Mo). Structural changes taking place in these alloys
during heat treatment have remained unexplained for almost 50 years. In many works it was found that quench-
ing of such alloys from high temperatures (above 1000°C) led to appearance of a system of diffraction maxima
at {1 1/2 0} positions in electron diffraction patterns. The diffraction maxima at {1 1/2 0} positions do not cor-
respond to the superlattice reflections of any of the three chemical compounds (Ni;Mo, NizMo and Ni;Mo) pre-
cipitating at lower temperatures. It means that the appearance of such maxima cannot be considered as a certain
initial stage of the formation of such compounds. It seems obvious that if quenching is conducted from the solid
solution region, then, in the Ni-25 at% Mo and Ni-20 at% Mo alloys, the solid solution structure should be fixed.
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It would mean that no additional reflections could be observed in electron diffraction patterns except for the
fundamental reflections from the solid solution. In some studies [2] [44]-[47] they have already expressed
doubts about the fact that the diffraction maxima at {1 1/2 0} positions not matching the D1, and DO, reflec-
tions of the long-range order can hardly be considered as being related to with the short-range ordering stage of
these structures [44]. To explain the situation, some authors have suggested, that at the stage, when the diffrac-
tion maxima at {1 1/2 0} positions appear, certain clusters are formed, which do not possess all the symmetry
elements of the corresponding long range order structures, and therefore, these clusters cannot be considered as
nuclei of long range order phases [45].

Comparison of the results obtained in Refs. [44]-[47] allowed the authors [42] to suggest that in the discussed
Mo-Ni alloy system, they most likely deal not with two kinds of order differing in the completeness of the or-
dered arrangement of atoms in the lattice (i.e. with a long-range or a short-range order) but with two kinds of
order differing in the sign of the chemical interaction between the component atoms (i.e. with ordering or phase
separation). Therefore, the authors [42] supposed, that the diffraction maxima at {1 1/2 0} positions, found in
the electron diffraction patterns of Ni-Mo alloys after their high-temperature quenching as a result of the
short-range order formation, in reality appear as the consequence of the process of phase separation taking place
in the alloys at high temperatures.

Researchers who encountered the problem of casting liquid Ni-20 at% Mo and Ni-25 at% Mo alloys into
molds, found the very low castability of these alloys (even at temperatures exceeding the liquidus temperature
by 200°C) to be very surprising. This suggested that a precipitation of solid particles consisting of atoms of the
much more high-melting Mo takes place at a temperature above the liquidus line indicated in the Mo-Ni phase
diagram. To check this suggestion, the Niz;Mo alloy was quenched [42]) from the liquid state (1600°C) directly
into ice water [42]. The obtained electron diffraction pattern was absolutely similar to the one shown in Figure 8.
In this case, the system of diffraction maxima at {1 1/2 0} positions on the electron diffraction pattern of quenched
alloys should not be considered as the result of “short-range order” but as the consequence of the precipitation of
highly-dispersed solid particles of Mo atoms in the liquid solution. Such precipitation, according to the authors
[42], can take place due to the existence of the tendency to phase separation in alloys of the Mo-Ni system at
high temperatures including the liquid state.

As was shown [42], heat treatment of the Ni-20 at% Mo and Ni-25 at% Mo alloys at 700°C - 900°C leads to
disappearance of the system of diffraction maxima at {1 1/2 0} positions. In the Ni-20 at% Mo alloy, a system
of superlattice reflections (Figure 9(a)) is observed. This system is characteristic of the Ni;Mo chemical com-
pound with the D1, structure. An electron micrograph of the microstructure is shown in Figure 9(b). It has been
concluded that the D1, phase particles are rods, whose cross section is close to square [42].

Thus, the discovery of a phase transition “ordering-phase separation” in the Ni-20 at% Mo and Ni-25 at% Mo
alloys and determination of the temperature of the transition allowed the authors [42] to find out why after a heat
treatment at high temperatures, the diffraction maxima at {1 1/2 0} positions appear in the electron diffraction
patterns of these alloys, why these maxima do not coincide with the superlattice reflections of the NizMo

Figure 8. Ni-25 at% Mo alloy as-quenched from 1300°C. Electron diffraction pattern, [001] zone axis. The dif-
fraction maxima at {1 1/2 0} positions are shown in the top right corner of the electron diffraction pattern.
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Figure 9. Ni-20 at% Mo alloy as-quenched from 800°C: (a) electron
diffraction pattern, [001] zone axis; (b) bright-field micrograph.

(D0y,) and NisMo (D1,) phases, and why in the Ni-25 at% Mo alloy, instead of NisMo (D0,, ) phase precipitates
we find a mixture of particles of two phases—NisMo (D1,) and Ni;Mo (Pt,Mo).

3.2. NigsAllz Alloy

A detailed structural study of the Ni-12 at% Al alloy was carried out in Ref. [48]. Figure 10(a) shows an elec-
tron diffraction pattern of the studied alloy, water-quenched from 1300°C for 1 h. To a certain extent, the inten-
sity and sharpness of the satellite reflections in the electron diffraction pattern, depend on the deflection of foil
orientation from the [001] zone axis. When the deflection is considerable, the intensity of fundamental and satel-
lite reflections is almost the same (Figure 10(a)) [48]. The presence of such satellites in the electron diffraction
pattern of a binary alloy, the components atoms of which crystallize in the same lattice type, usually indicates
the formation of two solid solutions with different lattice parameters, namely, enriched and depleted in the al-
loying element, i.e. it means that a phase separation occurs in the solid solution.

Besides the above-mentioned system of satellites, one more system of diffraction maxima at {1 1/2 0} posi-
tions was observed in the electron diffraction patterns in Figure 10(a). As was shown in section 3.1, electron
diffraction patterns, obtained from the Ni-20 at% Mo and Ni-25 at% Mo alloys in the as-quenched from high
temperatures state, give the system of extra reflections at positions {1 1/2 0}. At the same time, these alloys
have a positive sign of the chemical interaction energy (evaluated by XPS method). After quenching from
1200°C, no satellites are observed in the electron diffraction patterns and the microstructure is a solid solution
[48]. One can therefore assume that in the studied alloy, at a temperature slightly higher than 1200°C, the sign of
the chemical interaction energy changes and therefore, at 1200°C and lower temperatures, a microstructure typ-
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ical of the tendency to ordering should form.

Figure 10(b) shows an electron diffraction pattern of the alloy after aging at 700°C for 24 h. This pattern was
interpreted as belonging to the NizAl phase [48]. It means that at 700°C, the tendency to ordering exists in the
alloy. A dark-field image using a NisAl superlattice reflection (100) shows that the shape of the precipitates is
close to cubic (Figure 10(c)).

3.3. CO70M030 AllOy

As was detected, the Co;oMos, alloy has a sufficiently high hardness after any heat treatment. For example,
hardness of the alloy after quenching from liquid state is about 850 HV, after quenching from 1200°C - 790 HV.
Following 800°C aging up to 50 h gradually decreases hardness from 790 to 700 HV. That high level of hard-
ness after any heat treatment is attributable to the fact that the CozMo (A3) chemical compound forming at tem-
peratures below 1045°C strengthens the alloy either at the cost of its own high hardness (when most part of the
matrix is transformed into CozMo), or through distortion of the matrix structure due to precipitation of coherent
fine-dispersed CosMo phase particles on the slip planes.

The tendency toward phase separation revealed with the help of the XPS method allowed authors [43] to con-
clude that at temperatures below 1335°C, phase separation into Mo-enriched and Mo-depleted clusters takes
place in the alloy under study. Electron-microscopic study of the alloy in quenched state from temperatures
800°C, 1200°C and 1300°C showed that in all of the cases, the microstructure of the alloy is the same and
represents a uninterrupted periodic alternation of rounded light-color clusters (about 10 - 15 nm in diameter),
separated by dark diffuse boundaries (Figure 11) [43]. This microstructure resembles an “unfinished” (lacking
sharpness) cellular structure, and therefore, for short, it can be called a “quasi-cellular structure” [43]. The ratio
of the total areas occupied by light rounded clusters and dark boundaries in the micrographs, which we estimate
as 3:7, allowed authors [43] to assume that the first are clusters enriched in Mo and the second are clusters
enriched in Co. This quasi-cellular structure is often superposed by strain contrast usually arising at allotropic
and martensitic phase transitions. In the selected area electron-diffraction patterns obtained from such a structure,
only the fundamental reflections are observed. They testify that the lattice type inside and outside of the cellular
is the same.

At quenching from the liquid state (1450°C) a solid solution structure without any trace of strain contrast is
observed, with only stacking faults present [43]. The hardness of the alloy has high values (about 850 HV). This
can mean that the phase transition a-Co — &-Co is not the reason for the high hardness of the Co;sMos,alloy.
The reason seems to lie in the fact, that taking part in the formation of Mo-enriched clusters inside the a-Co lat-
tice, the atoms of Mo, whose size is 7% larger than those of Co, significantly distort the lattice in the whole vo-
lume of the alloy. Such distortion of the lattice is also preserved at all the temperatures studied up to the solidus
temperature. We can assume that this is the true cause of the high hardness of the investigated alloy. Thus, in
alloys similar in composition to the investigated alloy, at lowering the temperature from the solidus, there occurs
decomposition of the liquid solution into clusters strongly enriched in Mo and Co (a quasi-cellular structure is
formed).

As a result of such a phase separation and formation of clusters strongly enriched in Co or Mo, at aging tem-
peratures, the allotropic phase transition a-Co — &-Co occurs in the Co-enriched clusters and it extends to the
whole volume of the alloy. In contrast to Ni-based superalloys, in which the high phase and structural stability is
achieved due to formation of geometrically close-packed intermetallic phases which occurs at high temperatures,
in Co-Mo superalloys, such stability is achieved due to deep decomposition of the liquid solution to form a
high-dispersity microstructure.

3.4. Alloys of the Ni-Co System

The phase diagram of the Ni-Co system is characterized by great simplicity: for all compositions, at all temper-
atures only the solid solution is shown in the diagram [15]. No phase transformations except the allotropic a-Co
— ¢-Co (at 422°C) occur in the system [15]. Apparently, this is why the literature on structural transformations
in the alloys of this system is extremely scarce.

The sign of the chemical interaction energy in the alloys of the system was determined by the method of XPS,
at the following temperatures of specimen heating: 200°C, 500°C, 800°C and 1100°C [10]. The results are pre-
sented in section 2.3 (Figure 7) of the present article. The temperature of the transition “ordering-phase separa-
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Figure 10. Ni-12 at% Al alloy. Water-quenching from (a) 1300°C for 1 h: electron diffraction pattern; the foil orientation is
some deflected from [001] zone axis; (b) 1200°C for 1 h, electron diffraction pattern; (c) the same, dark-field micrograph us-
ing a (—100) superlattice spot from (b).

Figure 12. Ni;3Co, alloy. Microstructure (a) after water-quenching from 1200°C (absorption contrast) and (b) after aging at
500°C for 10 h.

tion” was determined by XPS as being in the range of 500°C - 800°C [10]. The microstructure of the Ni;sCoy;
alloy, exposed for 1 h at 1200°C is shown in Figure 12(a). Round light spots with diffuse edges are observed on
a dark background. It is obvious that formation of these clusters occurs without significant changes in the para-
meter of the lattice, i.e. changes that could lead to the appearance of the diffraction contrast. A similar structure
is observed after subsequent aging of the alloy at 800°C and 600°C [10]. The cause for the formation of such
clusters of cobalt atoms becomes clear if the electron microscopic data is compared with the results obtained by
the method of XPS [10].

The lowest temperature of heat treatment, after which, in some parts of the foil it is still possible to detect
such clusters, is 500°C. Simultaneously with dissolution of large clusters, detectable due to absorption contrast
the smaller light particles are formed. They become to be visible thanks to diffraction contrast. Figure 12(b)
shows the microstructure of the alloy after aging at 500°C for 10 h. Comparison of the microstructure images
after aging at 500°C for different periods of time lead to the conclusion_that the transition from larger clusters to
smaller particles occurs gradually, through simultaneous dissolution of large clusters and formation of small
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particles both at the defects of the crystal structure and in defect-free areas of the matrix, including the locations
of the dissolving large clusters.

3.5. Alloys of the Ni-Cr System

It was believed earlier that each system has its own transition temperature, which is the same for all alloys of
this system. Therefore, they believed that to determine the temperature of such a phase transition it was suffi-
cient to take only one of any alloys of this system and to investigate it. Indeed, for a number of systems in which
two or more compositions were studied (for example, FegyCray, Fe70Crzg, FesoCrao, FesoCrsg [17]; FeggNisy,
FexsNiz7 [49]; NisMo, NizMo [42]), the temperature of the phase transition “ordering-phase separation”, for all
compositions studied, was the same.

However, there exists one system which differs from other systems in the fact that in it, the phase transition
“ordering-phase separation” occurs as a result of a change in concentration, not a change in the temperature of
the alloy. This is the Ni-Cr system [50]. It was found [50], that in this system, the sign of the chemical interac-
tion energy of the NisCrgoand NiggCrs, alloys was different in the entire temperature range of their heating.
Such a change in the type of the chemical bonding between dissimilar atoms, which occurs in dependence upon
the change of the concentration of alloys, does not yet have any reasonable explanation.

Two alloys were studied: the NisCrgo and NiggCrs, alloy [50]. According to the existing phase diagram of
Ni-Cr [15], at compositions close to the NisoCrg alloy, a eutectic is formed in the Ni-Cr system. This could
mean that in alloys of such a composition there is bound to be a tendency to phase separation. However, over the
entire temperature range of the study, from the liquid state of this alloy to 550°C, only microstructures corres-
ponding to the tendency to ordering were found experimentally. This conclusion follows from Figure 13, which
presents a bright-field image and an electron diffraction pattern obtained from a specimen as-quenched from the
liquid (1450°C) state.

The microstructure in Figure 13(a) consists of relatively large grains of an elongated shape, randomly ar-
ranged in the solid solution. A dislocation network is visible along the boundaries of the grains. An electron dif-
fraction pattern, obtained from these grains (Figure 13(b)), indicates that they have an orthorhombic lattice of
the Pt,Mo type, characteristic of the Ni,Cr chemical compound. However, according to the existing phase dia-
gram of Ni-Cr, such a compound is formed only at temperatures below 590°C. Formation of the Ni,Cr chemical
compound in the liquid solution means that the NisCrggalloy, at 1450°C, has a very strong tendency to ordering.
Thus, the process of solidification of the NisCrggalloy begins not with the formation of an eutectic consisting of
nickel and chromium grains (as it follows from the diagram), but with a formation of grains of the Ni,Cr chemi-
cal compound with an orthorhombic lattice of the Pt,Mo type.

Microstructure of the NiyoCrg alloy after aging at 550°C is shown in Figure 14(a). The electron diffraction
pattern shows that these particles are the Ni,Cr chemical compound (Figure 14(b)). Comparing Figure 13 and
Figure 14, we can conclude that in both cases, differences are observed only in the dispersity of the precipitates.

Quenching of the NiggCra, alloy from the liquid state (1450°C) leads to the formation of the structure shown in
Figure 15(a). Round dark spots with diffuse edges are observed in the image. The authors of Ref. [50] consi-
dered them as clusters of chromium atoms in the nickel lattice. Apparently, the high level of the energy of the
chemical interaction between atoms of Ni and Cr, however, already of the opposite (positive) sign takes place in
the NiggCrs, alloy at high temperatures. A similar structure of chromium atom clusters was observed in elec-
tron microscope images also after quenching the alloy from 1200, 1000, 800 as well as from 550°C (Figure
15(b)).

Thus, experimental results [50] have been obtained, indicating that the signs of the chemical interaction be-
tween component atoms in the NisCrgoand NiggCrs, alloys are constant over the entire temperature range of
their heating, only in the NiyCrgalloy this sign is negative and in the NiggCra, alloy it is positive. This means
that the boundary between the areas of ordering and phase separation in the phase diagram of Ni-Cr should be
located between these two compositions and should be to a greater extent depend on the change in the concen-
tration than on the change in the temperature. Therefore, the aim of the subsequent study was to determine the
position of this boundary in coordinates temperature—composition. The NigCrsq (Ne3), NisgCryy (Ned) and
Nig,Crag (Ne5) alloys, the compositions of which are within the range of concentrations of previously studied
NigCrgo (Ne2) and NiggCrs, (Nel)alloys, were chosen for the study.

Using the existing phase diagram of Ni-Cr, all the microstructure data for alloys Nel-5 have been plotted for
various heat treatment temperatures (Figure 16) [51]. A dashed line between the ® and A points in the phase
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Figure 13. NigCrg alloy. Quenching from the liquid state (1450°C). (a) Bright-field image of the microstructure; (b) elec-
tron diffraction pattern, [1]-[12] zone axis; orientation relationship: {112}//{102}coni; superlattice reflections from variants
(1), (4), (5) are given in orthorhombic indices; fundamental reflections are given in cubic indices.
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Figure 14. NigCrgo alloy. Aging at 550°C. (a) Bright-field image of the microstructure; (b) electron diffraction pattern,
[1]-[12] zone axis.

Figure 15. NiggCrs, alloy. Bright-field image of the microstructure after water-quenching from liquid state (a) and aging at
550°C (b). Absorption contrast.

diagram has been drawn. Such a dashed line can be regarded as the line of the phase transition “ordering-phase
separation”. As can be seen, its position in the diagram in a greater degree depends on the concentration of the
alloy than on the heat-treatment temperature [51]. The causes for emergence of such a situation, when the sign
of the energy of the chemical interaction between the component atoms depends mainly on the composition of
the alloy, are not yet clear.

3.6. Ni75V25 Alloy

A great number of experimental works, for example, [52]-[54], have been devoted to the investigation of phase
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Figure 16. Ni-Cr phase diagram. Compositions of alloys studied are pointed out in the diagram by the vertical lines and nu-
merous. Symbols: ® = ordering microstructure; A= phase separation one.

transitions in the Ni-25 at% V alloy due to very interesting and hard-to-explain structural changes observed in
the alloy after various heat treatments.

At present, few authors dispute the generally accepted opinion, that at 1045°C, the disordered Ni-V solid so-
lution undergoes an ordering transformation to form a stoichiometric ordered NizV phase [52]-[54]. The crystal
structure of the ordered NisV phase consists of tetragonal D0,; unit cells. The correlation of the fcc and DO, lat-
tices allows the formation of three variants of unit cell packing, and in each of the variants, the ¢’ axis of the
phase lattice should be oriented along one of the three a-axes of the lattice of the disordered fcc solution [52]. It
is believed that in the process of water quenching (the rate of cooling can reach about 10° °C/s) from high tem-
peratures, this very three-variant long-range order forms in the Ni-25 at% V alloy. As it was shown [52] [54],
the kinetics of the ordering reaction in the stoichiometric Ni;sV,s alloy is very fast and cannot be fully sup-
pressed by brine quenching even in the “as-melt-spun” condition. At the same time, many authors [52]-[54]
think that the long-range order DO0,; structure is formed during the straight phase transition Al — D0y, which
takes place during quenching the alloy in water when the alloy temperature passes through the point of 1045°C.
How such phase transition occurs and how the three-variant structure of the D0O,, phase is formed within the
crystal lattice of the Al solid solution during such a short period is not explained.

During the phase transition A1 — D0y, which is believed to take place at 1045°C, the redistribution of V
atoms on the lattice sites (from statistical to ordered state) can occur only by diffusion, which requires quite a
definite time. Even more time is necessary to orient the unit cells of the D0, phase so that the ¢’ axes of the
DO0,, phase were located along each of the three mutually perpendicular axes of the disordered fcc solid solution.
It is precisely this arrangement of the unit cells of the D0y, phase in the alloy that provides the formation of the
three-variant ordered structure with a characteristic arrangement of extra reflections in the electron diffraction
patterns. In this case, it should be noted that if the formation of the D0, phase with the three-variant packing of
unit cells occurred in the solid solution, it would necessarily lead to a growth of elastic stresses both inside the
D0y, phase and inside the solid solution, which, in its turn, would be reflected in the electron diffraction pattern
in the form of various distortions in the shape and arrangement of the reflections. As it is shown in Refs
[52]-[54], no distortions of the kind are observed in the electron diffraction patterns.

As it has already been mentioned, it is believed that the A1 — D0y, phase transition taking place at 1045°C
cannot be suppressed by any of the quenching methods [52]-[54] although the cooling rate of, for example, thin
specimens, even at conventional water quenching is very high and can approach to 10° °C/s. It is obvious, that at
such a cooling rate, no diffusion phase transitions in Ni-sV,s alloy have time to happen. This raises the question
as to how during quenching from high temperatures (e.g. from 1200°C) atoms of vanadium manage to occupy
the sites in the lattice, which lead to the transformation from fcc to DOy, at temperatures below 1045°C.

A reasonable answer to this question can only be obtained if one assumes that the formation of the three-va-
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riant DO, structure takes place during slow cooling of the casting from the liquid state. It is in the liquid solution
and at a temperature no lower than the solidus, that all conditions are present for unimpeded formation of the
three-variant DO, structure: in the liquid state, the diffusion rate of the component atoms is incomparably higher
than in the solid solution, and the formation of the D0O,, phase and packing of its unit cells in the form of the
three-variant structure are not accompanied by the appearance of elastic stresses. If this assumption is true, then
it becomes clear why superlattice reflections are quite sharp and intense and why in the electron diffraction pat-
terns there are no distortions that commonly occur with the appearance of elastic stresses in the crystal lattice,
which are associated with phase transitions taking place in it.

To check the suggestion concerning the D0O,, phase formation from the liquid solution, the quenching of the
studied alloy was conducted from the liquid (1600°C) and solid (1200°C for 1 h and 10 h) states [55]. Figure
17(a) presents the selected area electron diffraction pattern of the alloy quenched from the liquid state into ice
water. On the electron diffraction pattern, the characteristic system of superlattice reflections from the three-variant
structure of the D0, phase and the system of fundamental reflections from the Al solid solution are observed.
When quenching was conducted from the solid state (from 1200°C, exposure for 1 h), the intensity of the super-
lattice reflections corresponding to variant 111 was appreciably weak; but when it was conducted after aging at
1200°C for 10 h, these reflections were just absent (Figure 17(b)). This led to the conclusion that the three-variant
structure of the DO,, phase is formed in the liquid state. If the structure is formed in the liquidus-solidus temper-
ature range, then the remaining portion of the liquid solution crystallizes at the solidus temperature forming the
lattice of the Al solid solution.

If in the NissVosalloy the transformation from the three-variant structure to the two-variant structure takes
place at a temperature of 1200°C, then it is possible to expect that further decrease of heat treatment temperature
should lead to the formation of the one-variant structure. With this in mind prolonged (up to 84 h) heat treatment
was conducted at 800°C [55]. The microstructure which is formed as a result of the decomposition of the Al
solid solution is very much similar to the morphology of NisMo(D1,) phase particles which are formed during
the aging of the Nig;Mo,, alloy, see Figure 9(b). The interpretation of the patterns indicates that these reflection
systems are characteristic of the Ni;Mo chemical compound with the D1, structure. However the lattice parame-
ters of this phase (a = 0.5365; ¢ = 0.3369 nm) significantly differ from the corresponding parameters of the D1,
phase in the NigsMo, alloy. A simple calculation shows that the phase can be considered as belonging to the
D1, crystal structure with a tetragonal body-centered lattice, i.e. to the NisV phase. As it is known, such a phase
does not exist in the Ni-V system in the equilibrium state. Therefore, one can assume that it is formed as a me-
tastable intermediate state of the alloy in the process of the rearrangement of the Al solid solution lattice into the
lattice of the DO,, phase. Moreover, the D1, phase is found only after 84-h aging; after 180-h aging it is not
found in the microstructure.

As it was already mentioned in section 3.1, the body-centered tetragonal D1, phase is the intermediate link in
the transition A1 — DO0,,. Therefore, the inflection in the temperature-time curve at 1045°C, (found previously
when constructing the phase diagram of Ni-V and interpreted as an evidence of the phase transition A1 — DO0,,)
does not appear due to the precipitation of the three-variant DO,, phase (as shown above, it is formed when the
alloy is in the liquid state), it appears due to the precipitation of an intermediate metastable Ni,V (D1,) phase. In
other areas of the foil, the so-called lamellar-like microstructure [55] is observed, inside of which one can see

(b)

Figure 17. NizsVys alloy. Water-quenching from liquid state (a) and from
1200°C for 10 h (b): electron diffraction patterns, [001] zone axis.



Y. Ustinovshikov

stacking faults. The electron diffraction pattern in Figure 18 shows that this microstructure is nothing but par-
ticles of the one-variant NisV (DO0,,) phase in an Al solid solution.

Further prolonged aging, at 800°C for 180 h, leads to full disappearance of NisV (D1,) particles and, in some
places, disappearance of the Al solid solution. The electron diffraction pattern demonstrates only a system of
fundamental reflections from the one-variant D0O,, phase. Thus, separation of the structure into the solid solution
and the D0y, phase with the three-variant packing of cells, which takes place during solidification, leads to the
fact, that in the process of relaxation, for example at 800°C, each of these structures evolves according to its own
scenario: the three-variant microstructure of the D0,, phase gradually transforms into the one-variant structure,
while the solid solution transforms into the equilibrium DO,, phase through precipitation of the metastable in-
termediate NisV (D1,) phase. As the end result, the one-variant NisV (D0,,) microstructure will be formed in
the whole volume of the alloy [55].

3.7. Microstructures Responsible for the Emergence of the Invar and Permalloy Effects in
Fe-Ni Alloys

Alloys of the Fe-Ni system play a very important role in modern engineering: iron dominated alloys (invars)
have very low values of the linear expansion temperature coefficient; nickel dominated alloys (permalloys) are
soft magnetic materials with a very high magnetic permeability. The vast majority of authors [56]-[58], who
studied these alloys, explained the emergence of such properties in the Fe-Ni alloys by their structural features,
in particular, the formation of a short-range and/or a long-range order, ordering, formation of a modulated
structure, etc. These conclusions were based on integral methods of microstructure research (X-ray diffraction,
neutron diffraction, Mossbauer spectroscopy, study of changes in the physical properties of the alloys and the
like). Direct local electron microscopic methods for studying the microstructure were used rather infrequently
and the interpretation of the results, especially in terms of the short- and long-range order did not clarify the
general picture of the processes forming such structures, which, in its turn, made it impossible to link specific
changes in the properties of alloys with specific changes in their microstructure.

As for the generally accepted phase diagram of Fe-Ni, two temperature regions are well visible in it—above
and below the temperature range of 500°C - 600°C. Below this range, real or hypothetical chemical compounds
precipitate in the system [15]. Above it, there exist regions of solid solutions. The presence of a region of the
solid solution in the equilibrium phase diagram, which as it is known from thermodynamics, is not an equili-
brium phase, indicates rather gaps in our knowledge than the actual structural state of the studied alloy at these
temperatures. At the same time, improvement of soft magnetic properties of permalloys and low values of the
linear expansion temperature coefficient of invars are usually associated with the formation of a short- or a long-
range order in these alloys [56] [58]. What concrete structures are denoted by the abstract terms “short-range
order” and “long-range order” is usually not disclosed and no direct experimental evidence is given for the exis-
tence of this or that structure responsible for the improvement of the mentioned physical properties of the alloy.

Therefore, of particular interest is to find out which particular type of microstructure is responsible for the
appearance of the invar and permalloy effects in alloys of the Fe-Ni system, in order to have a clear idea of the
heat treatment needed to obtain the best properties.

X-ray photoelectron spectra obtained on the FeggNis, alloy at the temperatures of specimen heating 200°C,
500°C, 800°C and 1100°C have shown that in the temperature range between 500°C and 800°C, a phase transi-
tion ‘ordering-phase separation’ takes place in the alloy, during which the sign of the ordering energy is reversed
[59].

After quenching in water from a temperature of 1300°C the structure shown in Figure 19 is formed in many
microscopic portions of the FeggNig, alloy. Round dark spots with diffuse edges and sizes of the order of 0.1 -
0.2 um are observed on a bright background, as a result of the electron-microscopic absorption contrast from
certain clusters. It is obvious that the formation of these clusters occurs without any significant elastic changes
in the lattice, i.e. changes that could lead to the appearance of the diffraction contrast. It should be noted that
other components of the contrast that are visible in Figure 19 (extinction contours, dislocations), are formed as a
result of the diffraction contrast. The cause for the formation of such clusters of nickel atoms becomes clear if
the electron microscopic data is compared with the results obtained by the method of XPS. Such a comparison
leads to the conclusion that the formation of the structure shown in Figure 19 is a consequence of the fact that a
tendency to phase separation exists in the alloy at 1300°C.
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Figure 19. FeggNis, alloy. Water-quenching from liquid state (1600°C). Bright-field image of a microstructure.

At lowering the heat treatment temperature to 740°C, the morphology of clusters in electron microscopic im-
ages changes. This seems to be associated with an increase of nickel concentration in nickel-enriched clusters
(Figure 20) [59]. A structure very similar to a modulated structure is formed instead of round dark spots. The
obtained structural results allow concluding [59] that it is precisely such a fcc structure consisting of nickel-
enriched and depleted modulations that is responsible for the high invar properties of the alloy, when at a change
of the temperature, lattice expansion in modulations of one kind occurs due to lattice compression in modula-
tions of another kind.

Quenching the Fe,3Niz; alloy from the liquid state (from 1600°C) fixes the phase separation microstructure
(Figure 21) similar to that shown in Figure 19. Round dark spots with diffuse edges are observed on a bright
background, as a result of the electron-microscopic absorption contrast from clusters enriched by iron. The sizes
of the dark spots are unaffected but the density of darkening decreases after quenching from 1000°C (Figure
22(a)).

At lowering the heat treatment temperature to 450°C, i.e. to a temperature below the line of the phase transi-
tion ordering-phase separation, a system of additional reflections appears in the electron diffraction patterns
(Figure 22(b)), evidencing the nucleation of highly-dispersed particles of a new L1, phase (usually called the
v'-phase) on the {110} planes of the disordered matrix. The reflections are rather weak.

The formation of reflections from particles of the L1, phase alongside with almost complete absence of con-
trast from these particles made authors [59] assume that this occurs due to the fact that the crystal lattice of the
particles of this phase is fully coherent with the lattice of the surrounding fcc solid solution. So, in alloys of the
permalloy class, aged in the temperature range of 450°C - 500°C, highly-dispersed particles of the L12 (y") phase
precipitate from the solid solution as a consequence of the tendency of these alloys to ordering at such tempera-
tures.

3.8. Consequences Following from the Obtained Results

According to existing ideas, at high temperatures, the microstructure of ordering alloys is a homogeneous solid
solution, in which component atoms are randomly distributed over lattice sites (for substitution alloys) and in-
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Figure 21. Fey3Niz7 alloy. Water-quenching from 1300°C. Bright-field images of a microstructure ob-
tained from the majority of microscopic portions of the foil.

Figure 22. FeysNiz7alloy. Water-quenching from 1000°C. Bright-field image of a microstructure (a);
electron diffraction pattern; zone axis is near [001]a1; (100)a1//(100) 15; [010]a1//[110].12 (b).

terstices (for interstitial alloys). At a temperature decrease, when the alloy becomes supersaturated with the al-
loying component, an order-disorder phase transition begins in it. It is considered that the physical reason of or-
dering is the elastic interaction between atoms of the components constituting the solid solution [1]. At low
temperatures, when the atomic interaction potential becomes significantly higher than heat energy, the mutual
arrangement of component atoms in the solid solution will be determined from the minimum free energy condi-
tion [1] and a new phase will form.

However, the type and dispersity of the microstructure do not directly depend on heat treatment temperature
as it was previously supposed on the basis of the fact that, for example, in aqueous solutions, the degree of their
supersaturation gradually decreases with a progressive increase in the temperature. In metal alloys, a more com-
plicated dependence of the forming microstructure on the temperature of heating takes place, which appears as a
consequence of the existence of the phase transition ordering-phase separation in alloys. This is indicated by, at
least, the facts that after quenching from high temperatures, a two-phase microstructure instead of the micro-
structure of the solid solution has been found in many alloys, and, at a decrease of the temperature, one could,
on the contrary, observe the solid solution structure in a number of alloys (if the phase transition ordering-phase
separation took place at low temperatures). Experimental discovery of the phase transition ordering-phase sepa-
ration in alloys has shown that the type of the alloy microstructure is directly dependent on the sign of the ener-
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gy of the chemical interaction, and the possibility of formation of the solid solution structure depends on the ab-
solute magnitude of the energy of the chemical interaction at the test temperature. At the same time, the last two
parameters (the sign and the absolute magnitude of the energy of chemical interaction) are directly dependent on
the temperature.

The scheme presented in Figure 23, shows how the sign and the absolute magnitude of the energy of the
chemical interaction E change at temperature changes, in the presence of two phase transitions ordering-phase
separation in the FesoCrspalloy (at 560°C and 1000°C). Dashed lines 3, 4, 5 correspond to the level of the chem-
ical interaction energy (in absolute value), above which a new phase precipitates in the alloy (chromium rich
clusters or the o-phase). The points of intersection of these lines (3, 4, 5) with curve E correspond to the points
in the Fe-Cr phase diagram (Figure 4) that separate single-phase and two-phase regions.

The sizes of dissimilar atoms constituting the alloy do not play that determining role in the processes of for-
mation of new phases or formation of the solid solution that is usually attributed to them, referring to the 15%
rule. Evidence of that can be found by examining the obtained experimental results in sections 3.1 - 3.7. Some of
the diffusion couples of alloy components presented in these sections have a difference in the sizes of atoms
which is significantly higher than 15%, in others the difference is quite small, but in all of them (except the Ni-V
system), a phase transition “ordering-phase separation” with corresponding changes in microstructure occurs.

Using this scheme, and based on the results presented above (3.1 - 3.7), we can make the following conclu-
sions:

1) Chemical interaction between dissimilar atoms exists always, in all alloys and at any temperature of heat-
ing.

2) The sign of the energy of the chemical interaction between dissimilar atoms is not a constant for the major-
ity of metallic systems but varies with the change of the temperature of the alloy (sometimes more than once).

3) Precipitation of this or that phase and formation of a solid solution depends not on the degree of solubility
of atoms of one component in the lattice of the other, but on the sign and the absolute magnitude of the energy
of the chemical interaction between dissimilar atoms.

4) The exposure of the alloy at each heating temperature brings to formation of quite definite microstructure
unique to this temperature, during which the previous microstructure is not inherited and disappears. This means
that quenching of alloys from the so-called region of the solid solution, which is usually performed before tem-
pering (aging) is a totally unnecessary and useless operation that does not in any way affect the final structure of
the alloy forming later at the temperature of tempering (aging).

5) The microstructure of a disordered solid solution is formed over all the bulk of an alloy only in the temper-
ature region adjacent to the temperature of the phase transition “ordering-phase separation”, because it is in this
region that the chemical interaction energy between dissimilar atoms is close to zero.
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Figure 23. The energy of the chemical interaction vs. temperature for FesoCrsg alloy. 1, 2 -points
of high-temperature (1) and low-temperature (2) phase transitions ordering-phase separation.
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4. Conclusions

The discovery of the phase transition “ordering-phase separation” opens new perspectives for Materials Science
in the study of alloys and sets new problems.

1) Our understanding of this or that physical phenomenon always changes with time and usually corresponds
to the level of experimental technique at the given period. However, some theories and views which formed
many years ago (when the modern research methods did not yet exist) persisted to the present. They have so
deeply rooted into our minds, that even now, when the experiment does not verify them, we believe that they are
the unquestionable truth. For example, we cannot imagine equilibrium phase diagrams without regions of solid
solutions at high temperatures, although the latter, from the point of view of thermodynamics, is not an equili-
brium phase at any temperature. We cannot imagine the probability of decomposition of a quenched solid solu-
tion without its “supersaturation” in the alloying component, which occurs at a decrease of the solution temper-
ature. We cannot imagine a heat treatment carried out to obtain a highly dispersed two-phase structure, which
will not include a preliminary high-temperature quenching from the solid solution region. The discovery of the
phase transition “ordering-phase separation” in alloys makes us look more critically at some ideas existing in
Materials Science, and to understand that it is precisely the chemical interactions between dissimilar atoms and
their dependence on the transition temperature that are the source of all structural changes in alloys.

2) As known, any solutions A(B) are not ideal, and therefore, in certain conditions, they are bound to decom-
pose indiscriminately. This axiom of thermodynamics has long been known, and it applies to all solid solutions
in metallic alloys. At the same time, the majority of equilibrium phase diagrams constructed to date for A-B
metallic systems, contain solid solution regions, especially at high temperatures, when the diffusion mobility of
A and B atoms and their energy of the chemical interaction are sufficient for their decomposition. Thus, in the
existing equilibrium phase diagrams, regions are presented, in which the phase (solid solution) is not an equili-
brium one.

3) The phase transition “ordering-phase separation” takes place in vast majority of alloys and consists in the
fact that at a heat treatment temperature, which is definite for each system, the sign of the energy of the chemical
interaction between dissimilar atoms constituting the alloy changes. The change of the sign of the chemical in-
teraction that occurs at the level of changes in the electronic structure, determines a change in the type of micro-
structures: if a tendency to ordering is displayed in the alloy, then chemical compounds are formed in the micro-
structure. If a tendency to phase separation is displayed in the alloy, then clusters (or grains) appear, consisting
mainly of atoms of one kind. In the phase transition point, the energy of the chemical interaction of the alloy is
equal to zero and, therefore, at temperatures close to this point, a structural state, close to the disordered solid
solution, is formed in all the bulk of an alloy. The temperature of the phase transition “ordering-phase separation”
is different for different systems.

4) In this paper, we present numerous examples showing, that the actual microstructure of alloys after high
temperature quenching from the so-called solid solution region does not correspond to their phase diagrams. Ex-
istence of the phase transition indicates that old ideas about the decomposition of alloys occurring due to a de-
crease in the solubility along with a temperature decrease do not correspond to reality, and hence, phase dia-
grams constructed on the basis of such principles do not reflect the real picture of decomposition processes tak-
ing place in alloys. A correction of phase diagrams should start with experimental detection of the temperature
of the phase transition “ordering-phase separation”. In most systems, this temperature is the same for all compo-
sitions, but in some systems, it may vary with a change in the concentration.

5) Some different approach to the heat treatment of alloys is proposed, which become possible after the expe-
rimental discovery of the phase transition “ordering-phase separation” in alloys. Quenching of alloys from the
so-called region of the solid solution, which is usually performed before tempering (aging) is a totally unneces-
sary and useless operation that does not in any way affect the final structure of the alloy forming later at the
temperature of tempering (aging).
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