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ORDERING ALLOYS WITH MICRO- AND  
NANOSCALE STRUCTURES BASED ON CUBIC LATTICES: 
MECHANICAL AND THERMODYNAMIC PROPERTIES

The development of the transport, chemical, and energy industries, aerospace engi-
neering, and shipbuilding dictates the need to develop and create new materials capa-
ble of functioning in various conditions. These materials include atomically ordered 
alloys based on the noble metals with specific properties such as high corrosion resist-
ance, low electrical resistance, and suitable magnetic and optical properties. At the 
same time, for their practical application, an integrated combination of the necessary 
operational characteristics is becoming increasingly in demand, providing sufficient 
electrical resistive and electrical contact properties, high strength and plasticity in 
addition to the corrosion resistance. Simultaneously, the simplicity of the chemical 
composition of the materials being created or improved, the manufacturability of the 
metallurgical process, and subsequent production conversions on existing equipment 
remain undoubtedly important.

Keywords: long-range atomic order, ordered alloys, kinetics, deformation mechanism, 
microstructure.

1. Introduction

In the 20th century, due to the rapidly increasing needs of the developing 
industry in various structural and functional metal materials, new tech-
nologies were continuously created, and new alloy steels and alloys were 
developed. The number of principal alloying elements and their share in 
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the total mass of materials gradually increased. Some grades of applied 
steels and alloys, primarily stainless, heat-resistant, high-strength, al-
ready contained 4–5 controlled principal alloying elements weighing up to 
30–40%, high-strength aluminium alloys with 3–4 elements by weight up 
to 10–15%, brass and bronze — up to 40 and 15%, respectively. In the 
intermetallics, which make up an extensive class of atomically ordered 
compounds of the initial metal elements, on the contrary, 2–3 main mate-
rial-forming metals were used, but in high concentrations: 25–75% in 
compounds of type A3B, up to 50% in compounds of type AB or A2BC. 
Ordered by various types (A15, B2, C15, D03, L10, L12, L21, etc.), often 
without good structural and technological characteristics, intermetallides 
had particular functional properties: superconductivity (Nb3Sn, V3Ga), 
magnetism (Fe, Ni, Co compounds), heat resistance (NiAl, CoAl, CoNiAl), 
heat resistance (Ni3Al, Ti3Al, TiAl), shape memory effects, thermally, de-
formationally or magnetically controlled (TiNi, Ni2MnGa, etc.).

A significant improvement in the complex structural, functional, and 
technological parameters of alloys and intermetallics was associated with 
additional micro- and macro-alloying (third, fourth, fifth, and sixth ele-
ments), the development of special hardening and plasticizing technolo-
gies for both synthesis and subsequent processing of poly- and single crys-
tals, modification of their micro- and sub microcrystalline structures. At 
the beginning of the 21st century, work began on the creation and com-
prehensive research of new so-called high-entropy polymetallic alloys, in-
cluding 5–6 or more basic elements [1–25].

One of the transformations underlying the latest technologies for crea-
ting functional and structural materials is the atomic ordering of alloys. 
Changes in the degree of perfection of the crystal lattice, associated with 
the processes of arrangement (cluster formation) of atoms in metals, sig-
nificantly affect their properties: structural, mechanical, thermal, electri-
cal, magnetic, and optical. Therefore, during the ordering process, it is 
possible to obtain a set of properties that optimally combines, e.g., low 
electrical resistance, high strength, and the necessary magnetic and opti-
cal characteristics [26]. The use of ordered alloys as functional or struc-
tural materials is attractive because changing the degree of order (param-
eter of atomic order) makes it possible to regulate that set of material 
qualities. Different types of alloys’ processing are used to create the nec-
essary states of atomic order, which can be both equilibrium and meta-
stable or non-equilibrium at all (obtained, in particular, as a result of 
quenching) [27].

In addition to purely metallurgical problems, the study of atomic or-
de ring raises questions that are important for understanding the funda-
mental aspects of solid-state physics. For many decades, studies of (main-
ly binary) alloys have been carried out. In numerous works, the types of 
ordered crystal structures, points of phase transformations, regions of 
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phase stability, transitions from distant order to purely close order and 
vice versa, the influence of (non)equilibrium states realized during order–
disorder phase transformations on the properties of materials were stud-
ied [26]. Some issues of atomic ordering kinetics as well as effects of or-
dering on the evolution of material properties have been studied. Many 
monographies and reviews [26–55] (see also references in Refs. [26, 51]) 
deal with the atomic ordering of alloys and summarize theoretical and 
experimental studies of the nature of this phenomenon, the bibliography 
of which reaches several thousand publications.

Alloys based on gold and platinum group metals, despite the high cost, 
play an increasingly prominent role in our daily lives. That applies not 
only to jewellery, where, along with gold alloys, the demand for platinum 
and palladium products is growing. The pins of the microcircuits are coated 
with gold, and glass is sprayed to give it athermal properties. Alloys based 
on gold, platinum, and palladium are used in medicine, for example, den-
tistry and acupuncture. Every year, the consumption of platinum and pal-
ladium in the automotive industry increases for the manufacture of cata-
lytic converters, which protect the atmosphere from toxic exhaust gases. 
And, of course, the use of precious metal alloys in engineering, in critical 
assemblies and devices remains, where they have found application as con-
tact, resistive, spring, and magnetically rigid materials.

The field of application of precious metal-based alloys is constantly 
expanding: recently, prospects for using Fe–Pd, Fe–Pt, and Co–Pt sys-
tems in computer technologies as a nanocrystalline medium for high-den-
sity magnetic recording of information have been revealed. In addition, it 
turned out that FePd and FePt alloys have a ‘magnetic shape memory’, 
i.e., they allow for large reversible deformations due to the restructuring 
of the magnetic domain structure in a magnetic field.

The ever-growing interest in gold and palladium-based alloys urgently 
requires a broad fundamental study of the formation of their structure 
and properties to solve emerging technological problems. For practical 
use, first of all, it is necessary to create a set of optimal properties in al-
loys. Moreover, for successful application in a particular field, the set of 
such properties may be different. However, a general requirement is the 
presence of high strength in alloys with sufficient plasticity.

Most precious metal-based alloys are ordered, i.e., when cooled below 
a certain critical temperature (Tc), the different atoms that make up the 
alloy occupy strictly defined places in the crystal lattice. Such ordered 
states are commonly called superstructures. Ordered alloys are very close 
to intermetallics, in which the atomic long-range order is formed directly 
from the melt. Intermetallides have several unique properties, primarily 
an abnormal temperature dependence of the yield point, i.e., they demon-
strate an increase in the yield strength when heated in a certain tempera-
ture range. That is why some intermetallics have become the basis of 
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several aerospace materials, while others are considered promising for 
developing new functional materials.

Thus, the research continuation on the formation of microstructure 
and the kinetics of ordering, the features of the deformation behaviour of 
gold and palladium-based alloys pursues a dual goal. On the one hand, this 
will give an impetus to solving several technological issues, which will 
further improve (optimize) the properties of alloys already used in the 
industry. On the other hand, it will help to understand the nature of tem-
perature anomalies observed in intermetallics and may lead to the creation 
of new materials.

Of particular interest are the L10-, L12-, and B2-type superstructures, 
which are formed by the vast majority of ordered alloys. The L10-type su-
perstructure has a tetragonal lattice and two other superstructures. The 
L10 superstructure is formed in a large group of binary alloys (CuAu, 
CoPt, NiPt, FePd). In the disordered state, they have an f.c.c. lattice, in 
the ordered state they have an f.c.t. one, in which the planes (001) are 
alternately filled with atoms of the same type. The degree of tetragonality 
of a given superlattice is usually determined by the ratio of the axes of 
translations of the unit cell c/a. Due to the shape change of the cell during 
ordering, large elastic stresses arise in the alloy, which stimulates the 
formation of a lamellar structure consisting of colonies of lamellar c-do-
mains articulating with each other along planes of type {110}.

All the alloys listed above have already been studied in detail. Moreover, 
it was in the gold–copper system that the ordered state of atoms in the 
crystal lattice was discovered. A large number of papers have been de-
voted to the peculiarities of the formation of microstructure during the 
order–disorder transitions in the CuAu equiatomic alloy [56]. Nevertheless, 
several issues were either not raised at all or were discussed only theo-
retically, without setting up appropriate experiments. For example, in 
most studies, the ordering processes were studied in recrystallized mate-
rial obtained either by slow cooling from a temperature above critical or 
by annealing after quenching from a high-temperature region.

The formation of the microstructure of alloys during ordering after 
preliminary plastic deformation has remained practically not considered. 
As explained in Ref. [57], in this case, ‘the recrystallization of the alloy 
is carried out below the phase transition temperature and strongly de-
pends on the initial degree of deformation, heating rate, temperature, 
holding time and subsequent cooling mode and it seems difficult to take 
into account so many variable conditions during the experiment’.

The results presented in Refs. [58, 59] reflect the complex nature of 
this phenomenon and the difficulties in its interpretation. Indeed, when 
annealing below Tc after preliminary plastic deformation, two diffusion 
processes must occur in the material: recrystallization and ordering. 
Existing theoretical works predict some interesting features of the forma-
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tion of the alloy microstructure during ordering after preliminary plastic 
deformation. Depending on the temperature range, in which annealing is 
performed, these processes can occur either together, or one of them may 
be ahead of the other. Of particular interest is the situation when ordering 
outstrips recrystallization. In this case, most of the dislocations inherited 
from the initially deformed state lose their mobility and become, as it 
were, ‘frozen’ into an ordered structure, forming a kind of framework.

Previously, it was experimentally discovered that for almost all alloys 
with the L10 superstructure, there is a temperature range and annealing 
inside which, after preliminary plastic deformation, leads to the forming 
of a particular structural state. In this state, NiPt, CoPt and FePd alloys 
successfully combine high strength and plastic properties, so it was called 
optimal [60, 61]. These works mainly concerned the study of the mechani-
cal properties of alloys, without analysing the interrelationship of various 
phenomena and developing a common approach. Before this work, there 
was no model explaining the occurrence of an optimal structural state in 
L10 superstructures. In addition, it was unknown whether it was possible 
to achieve a similar state in other superstructures.

The experimenters also ignored, that a temperature anomaly of the yield 
point has not yet been detected for alloys with the L10 superstructure. At 
the same time, the intermetallic TiAl compound, which has the same super-
structure, demonstrates an abnormal dependence on temperature, which is 
used in engineering. The question arises: is the presence of this anomaly in 
TiAl a property of a specific material (intermetallide) or perhaps this effect 
cannot be detected on alloys with the L10 superstructure for some reason?

Separately, we should focus on the problem of obtaining a monodo-
main alloy crystal with L10-type superstructure. The formation of a single 
c domain in the entire monocrystalline sample with an L10 superstructure 
is of particular interest, since in such alloys, because of ordering, a lamel-
lar structure is usually formed with a large number of c domain boundar-
ies of various orientations. When studying such a structure, it is hard to 
separate the effects arising from the influence of boundaries from the 
properties of the volume of the domain itself. Thus, the task arises of de-
signing an experimental setup and studying the structure of the mono-
crystalline samples obtained on it.

The B2-type superstructure is formed in alloys of the Cu (35–50 at.%) 
type system. These alloys are interesting because, during the disorder–or-
der phase transition, the crystal lattice in them changes from 
f.c.c.-disordered state to b.c.c.-ordered one. Since domain boundaries are 
not formed in this case, the most effective way to harden alloys of this 
system is considered grain grinding during phase recrystallization with 
forward and reverse order–disorder transformation. The possibility of in-
creasing the strength properties through ordering after preliminary plas-
tic deformation on this system was practically not considered.
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To solve this issue, first of all, information on the kinetics of phase 
transitions in this system is needed. However, it turned out that only 
fragmentary information on this issue is available in the literature. Thus, 
the order rate in this system was studied on alloys with a palladium con-
tent from 44 to 50 at.%, i.e., close to equiatomic. At the same time, the 
Cu–40 at.% Pd alloy is of the greatest interest from the point of view of 
obtaining a complex of high strength and plastic properties. In the pub-
lished works, there are completely different estimates of the ordering rate 
of this alloy, which differ hundreds of times and require verification. In 
addition, it is indicated in that several maxima are observed on the curve 
of isothermal transformations of the Cu–40 Pd alloy describing the pro-
cess of disordering, which has not yet been confirmed by other resear-
chers. Thus, it is interesting to study further the features of the micro-
structure formation and mechanical properties in the process of A1–B2 
phase transformations in the Cu–Pd alloy [62].

It is known that in the near-order state, some palladium-based alloys 
exhibit an abnormal dependence of electrical resistance on temperature: 
PdW, PdMo, PdAg. Due to this phenomenon, Pd–Ag alloy is used in engi-
neering as a contact or strain gauge material, the state of the short-range 
order was repeatedly recorded earlier in the copper-palladium system, but no 
anomalies were detected. Since this alloy has a very low electrical resistiv-
ity in an ordered state, it is interesting to find out whether there is a 
temperature anomaly p in this alloy. This would make it possible to obtain 
a material with high electrical conductivity over a wide temperature range.

The main modern methods for improving the mechanical properties of 
metal alloys include methods that provide nanostructural hardening due 
to the formation of a dislocation substructure, the decomposition of a su-
persaturated solid solution with the formation of highly dispersed pre-
cipitates, a domain substructure in atomically ordered alloys and, finally, 
the grinding of the grain structure of polycrystals down to the nanoscale 
scale. Sometimes, it is effective to combine different hardening mecha-
nisms in one metal alloy. Thus, in several alloys, intense megaplastic de-
formation (MPD) can provide the formation of ultrafine-grained structural 
states with a grain size of nanocrystallites from 10 to 100 nm. Howe ver, 
if the effect of MPD has been studied in great detail over the past 20–30 
years on a wide variety of metal systems (pure metals, model, and indus-
trial alloys) [33–45], then, such systematic studies on atomically ordered 
alloys, especially for special industrial purposes, are practically absent.

As known [63–78], the most common methods for obtaining materials 
for structural and functional purposes are based on the widespread use of 
structural and phase transformations in alloys. There are three groups of 
the substitutional metallic solid solutions. The first includes disordered 
solid solutions, in which the atoms of the components statistically ran-
domly or chaotically occupy the sites of the crystal lattice. The second 
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consists of solutions with short-range atomic order, in which the atoms of 
the first component prefer the atoms of the second component as neigh-
bouring atoms. The third includes cluster solutions, in which, on the con-
trary, the first component prefers atoms of the same type as neighbours.

2. Features of Ordered Alloys

In intermetallic compounds, the first and other components occupy or-
derly strictly defined sites of the crystal lattice or sublattice. Alloys with 
an order–disorder phase transition behave like intermetallic compounds at 
low temperatures but turn into disordered solid solutions with a possible 
near atomic order above a certain temperature below the melting point. 
This temperature is called the critical temperature Tc. For example, alloys 
with a structure close to the stoichiometric composition corresponding to 
the formula A3B are described in an unordered state by the f.c.c. lattice, 
at all sites of which atoms of type A or B. Therefore, in an ordered state, 
the sites legitimate for atom A are the vertices of cubic cells, and for atom 
B are the centres of the faces of these cells.

The most fully investigated alloys of this type include alloys of the 
Au–Cu system near the composition AuCu3 [77]. These alloys with a stoi-
chiometric composition are ordered when a quasi-equilibrium state is 
reached below the temperature of Tc ≈ 665 K. When moving away from the 
stoichiometric composition in both directions, the ordering temperature, 
as experience shows, an ordered phase of type AuCu3I exists in the range 
from approximately 68 to 79 at.% 68 to 79 at.% Cu (Fig. 1, a).

Ordered alloys near the structure of AuCu with a long period (such as 
AuCuII [77] or in alloys Cu3Pd [76]) represent one of the interes ting and 
promising classes of metal alloys (Fig. 1, b). They differ from ordinary 
ordered systems with a simple superstructure in that in alloys of this class 
the ordered arrangement of atoms is disrupted periodically or quasi-peri-
odically by antiphase boundaries (APB) domains. Usually, in ordered al-
loys, APBs are energetically unprofitable; however, in systems with a 
long-period structure (LPS) APBs are the equilibrium elements of the 
structure. In the ‘temperature–composition’ phase diagrams, ordered al-
loys with a long period have well-defined stability regions.

If the antiphase shift occurs in the appendix (1/2, 1/2, 0), the resulting 
structure is of type I, in the appendix (1/2, 0, 1/2) and (0, 1/2, 1/2) — IIa 
and IIb, respectively. This is a single antiphase shift observed in the one-
dimensional (1D) LPS. Single-stage DPS in stoichiometry of the type A3B 
(from which 2D LPS should be formed [79]) are constructed by translating 
the elementary cells L12 in appendix z and introducing regular (periodic) 
antiphase shifts postulated using APB with a short period, e.g., M = 1 or 
2, are usually found in alloys and are called D022 and D023 (Fig. 2). 
Structures with higher periods are called LPS [80].
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The structure of AuCuII is an equilibrium, stable phase [81, 82], the 
period of which does not change during isothermal annealing. The two-
dimensional LPS have two sets of APBs, one in each laying direction. In 
the second dimension, the distribution of type II APB is disrupted, which 
leads to two variants of type II APB, called IIa and IIb [83].

Although type II APBs were not observed in 1D LPS, they were ob-
served in 2D LPS. Figure 3 shows the most interesting 2D types of LPS 
presented in Refs. [84] and [79] at finite temperatures. Following the no-

Fig. 1. Fragments of the phase state diagram Au–Cu [77]
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menclature introduced with their 
first appearance in the literature 
[85], we refer to a structure with ty-
pe I APB in one direction and type 
IIa APB in the other (MI = MIIa = 1) 
(see Fig. 3). The study of alloys with 
2D LPS has shown that it is not al-
ways a superposition of 1D LPS in 
two directions [86]. The APB be-
tween the two domains can be formed 
in several ways [87].

For the first time, the periodic 
structure was studied back in 1925 
on epitaxial films [88]. Using x-ray 
images of the Cu–Au alloy, the au-

thors established the occurrence of an ordered phase, as well as a change 
in electrical resistance depending on the composition. Later, it was possi-
ble to construct the first diagram of the states of the ordered phase in the 
Cu–Au system. In the ordered state, there are several reflexes on x-ray 
ima ges, the intensity of which are determined by not only physical fac-
tors, conditions, and geometry of the survey, but also depend on the proba-
bility of filling with atoms of a certain type of the selected sublattice in 
the crystal; such reflexes are called superstructural [89].

Confirmation of the ordered structure in b-brass using radiographs 
was obtained in Ref. [90]. Later, in the 1950s, electron diffraction from 
antiphase domains (APD) was first observed [81], as well as superstruc-
tural reflexes of the structure CuAuII [91], and x-ray spectral analysis of 
superstructures was performed [92]. The formation of antiphase domains 
is energetically beneficial for the system since it is associated with a de-
crease in the symmetry of the ordered phase.

Further, in Ref. [85], the concentration dependence of the long- 
period structure for the Cu3Pd alloy with a period of M = 2 and 3 was 
obtai ned, as well as temperature dependence [93]. The peculiarities of 
changes in interplanar distances from concentration were considered in 
Ref. [94]. At the same time, the dependence of the effect of deforma- 
tion on the periodic structure and its electrical resistance was found in 
Ref. [95]. The drop effect in electrical resistance during heating was ob-
served in Ref. [96].

The alloys of the Cu–Pt system form a continuous series of solid solu-
tions. Under certain conditions of solid annealing, a whole range of or-

Fig. 2. Types of 1D LPS in A3B alloy with 
a period М = 〈1〉, 〈2〉, 〈3〉 [76] 
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dered superstructures can occur in this system in certain concentration 
ranges at annealing temperatures below 645  °С and above 812    °С. It was 
experimentally found that the highest degree of order is achieved at plat-
inum concentrations of 22.5, 50, 72.5, and 86 at.%, which corresponds to 
the superstructures L12 (Cu3Pt), L11 (CuPt), L13 (CuPt3), and the super-
structure of the CuPt7 composition. It should be noted that Cu–Pt alloys 
are the only dual system that transitions in an ordered state into several 
crystallographic structures from the disordered state of a regular solution 
based on the f.c.c. lattice. The alloy of the CuPt3 composition is ordered 
into the L12 superstructure based on the symmetry of the f.c.c. lattice. 
The alloy of the equiatomic composition during the disorder–order transi-
tion is transformed from the crystallography of the f.c.c. lattice into the 
crystallography of the rhombohedral lattice corresponding to the super-
structure with the angles a, b, and g are different from p/2. Alloy Cu3Pt 
is ordered as the L12 superstructure based on the f.c.c. lattice of a regular 
solid solution. The possibility of the existence of the most ordered phase 
of the alloy with 20% Pt was found, which corresponds to the Cu4Pt 
phase. However, the type of superstructure has not been determined. In 
addition, the possibility of an ordered Cu7Pt compound was predicted in 
the concentration range of 12.5% Pt. Thus, Cu–Pt alloys have many im-
plementations of ordered superstructures in a wide range of component 
concentrations. 

It should be noted the variety of structural transformations that oc -
cur in this system during the disorder–order phase transition, such as 
f.c.c.–f.c.c., and f.c.t.-rhombohedral structure. At the same time, the L12, 
L10, L11, L13 superstructures are implemented. However, to date, there  
is little information about the structural and phase transformations of 

Fig. 3. Six minimum possible 2D LPS at x = 25 at.% Pd [76]
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this system depending on 
the concentration of com-
ponents. The refore, the 
study of possible types  
of superstructures imple-
mented in the orde ring 

depending on the concentration of components of alloys of the Cu–Pt  
system seems relevant.

As shown in the works [86, 97], dealing with the study of the forma-
tion and distribution of antiphase domains, the period of antiphase do-
mains is a function of the concentration of Pd (for Cu3Pd alloy). Also in 
1957, in a paper [98] devoted to the study of the heat capacity of an or-
dered alloy, it was shown that the Debye temperature for the Cu3Au alloy 
increases in an ordered state. In theoretical work [99], the authors calcu-
lated the shape and amplitude of the distribution of antiphase domains for 
non-integer periods M, establishing six different distribution configura-
tions and two directions of the antiphase structure. The ambiguities and 
limitations of the Bragg–Williams long-range order determination tech-
nique using the Paterson function were analysed in Ref. [100].

In the work [101], the authors studied periodic structures using x-ray 
analysis, they were able to measure the APB M period, and observe a 
change in the interplanar distance during ordering. The authors [102], 
when determining the degree of ordering of the periodic structure, proved 
that it increases in proportion to the increase in the period M. Using x-ray 
studies on AuCu films of the phase transition from AuCuI to AuCuII, the 
formation of coherent ordered lamellae was revealed, the structure of 
which differs from the matrix, which is accompanied by an increase in 
stresses and the formation of twins [103]. It was shown that the profiles 
of the curves of the x-ray spectra for the alloy FeAl in the nanocrystalline 
state are almost identical and do not depend on the magnitude of the in-
troduced deformation and, accordingly, the grain size (Fig. 4) [104].

3. Metallographic Study of the Long-Range Ordered Alloys

Transmission electron microscopy is one of the main methods for studying 
alloys with periodic boundaries. This method makes it possible to deter-
mine the presence of a periodic structure by the appearance of splitting of 
superstructural reflexes in the diffraction pattern and by images of the 
periodic structures themselves.
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Transmission electron microscopy is one of the main methods for 
studying alloys with periodic boundaries. This method makes it possible to 
determine the presence of a periodic structure by the appearance of split-
ting of superstructural reflexes in the diffraction pattern and by images 
of the periodic structures themselves.

For the first time in Refs. [82, 105], electron microscopic thermal 
antiphase boundaries and antiphase domains (APD) were observed in the 
atomically ordered alloy Cu3Au in the early 1960s (Fig. 5).

APB can be observed because of the appearance of additional diffrac-
tion contrast in the form of dark lines or the form of pairs of stripes. At 
the same time, the authors of the papers studied the long-periodic atomic 
ordered structure (Fig. 6) [83, 106].

In Ref. [107], it was shown for the first time that at least three super-
structural beams must be used to form a ‘direct resolution’ image of anti-
phase domains (Fig. 7). In addition, as in the case of AuCuII, the authors 
[108] showed that the APB period in Ag3Mg remains constant on both 
dark-field and light-field images (Fig. 8).

In Ref. [109], periodic structures on films of atomically ordered Cu–
Pd alloys were studied, and, for the first time, a step-by-step ordering of 
a long-period structure from near to far order was shown, as the diffrac-
tion pattern changes depending on the content of Pd and superstructural 
reflexes are redistributed (split).

In Ref. [110, 111], the case of the formation of a structure with a 
long-range order was considered, when the sublattices in different parts 
of the crystal do not coincide, in this case, APDs are formed. The authors 
of a series of theoretical papers on the study of one-dimensional antiphase 
domain structures improved the model for non-integer APBs by disorder-
ing the structure consisting of two types of APBs with a period of M and 
M + 1 and derived the corresponding step function. The scheme of AuCuI 
phase growth from the AuCuII phase is clearly shown in Ref. [100] (Fig. 9).

In Ref. [112], the high thermal stability of periodic structures was 
noted, which is important from the point of view of the structural proper ties 
of atomically ordered alloys. Using the example of diffraction patterns, 
the authors of [113] developed and proved a theory that helps to explain 
the initial stage of ordering and the transition from near to far order.

In Ref. [114], the direct resolution of an atomically ordered structure 
was published for the first time (Fig. 10). The authors also showed that the 
order–disorder transition occurs by two mechanisms (heterogeneous and ho - 
mogeneous): the creation of an ordered phase on APB and the mechanism 
of the origin and growth of a disordered phase inside ordered domains.

Two groups of long-period states have been experimentally discovered: 
in the first group, the stabilization of atomic ordering is determined by 
relaxation processes, and in the second, the competing interaction in dif-
ferent coordination spheres plays a decisive role. The initial stage of order 
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responding elec-
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was also studied in Ref. [79], where the authors were able to determine the 
exact conditions for forming a short-range order for Cu–Pd alloys.

The authors [115] for the first time established the presence of local-
ized antiphase shifts, constructed the temperature dependence of the aver-
age size of antiphase domains, and explained the nature of APB in a one-
dimensional periodic superstructure, dividing them into ‘wavelike’ and 
‘diffuse’. Thanks to the Fourier transform, they very clearly showed the 
formation of APB using transmission electron microscopy (TEM). The 
clearest APB was obtained for the alloy with 25.2 at.% Pd (Fig. 8), which 
was agreed upon in the works [85].

To obtain a direct image of periodic boundaries in an alloy, two condi-
tions must be satisfied: a sufficiently high resolution of the TEM and a 
high degree of control over the crystallographic orientation of the sam-
ples. The second condition is fulfilled in the presence of a special gonio-
metric table, but its installation on most modern microscopes entails a 
decrease in resolution. In this regard, such studies were previously usually 
carried out using electron microscopes on specially prepared epitaxial films 
having the necessary orientation of the crystallographic axes relative to 
the surface of the film, which eliminates the need for a goniometric table.
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The work [116] shows the evolution of the structure of atomically or-
dered alloys with a lattice of type L12 under the influence of MPD and the 
stages of destruction of the long-period structure because of the action of 
MPD. In Ref. [117], the dependence of the degree of order, the size of the 
antiphase domains, moreover the effect of temperature and annealing time 
on these parameters were investigated. It turned out that the greater the 
micro deformation of the crystal lattice, the lower the degree of order, and 
at the maximum degree of order, the distortions are close to zero. It can 
be concluded that a long-range atomic order creation is possible only in the 
case of a small size of antiphase domains [118–130].

In Ref. [131], the microstructure and properties of high-entropy 
Al0.5CoCrCuFeNiTix alloys with different Tix content (x = 0–2) were inves-
tigated and some interesting facts were established. For example, with a 
low Ti content, the alloys had mainly an f.c.c.-solid solution phase, how-
ever, already with a titanium content of x = 0.4, the two b.c.c. phases b1 
and b2 appeared, and then b1 phase became ordered at x = 1.4. As the Ti 
content in the alloy increased, nanowires enriched in copper were segre-
gated in the interdendritic region (Fig. 9). Chemical (x-ray EMF) and x-
ray diffractometric analysis showed that the CoCr and Ti2Ni phases were 
formed in the dendritic region at x = 0.8–1.2 and x = 1.2–2.0, respectively.

Fig. 9. The microstructure of the high-entropy alloy Al0.5CoCrCuFeNiTix, obtained by 
the SEM method, with Ti content in the alloy x = 1.2. TL is the Ti2Ni phase, σ is the 
CoCr phase, DR is the dendritic region, and ID is the interdendritic region [131]

Fig. 8. The direct resolution of 1D LPS 4 in Cu–25 at.% Pd annealed at 
424 ºC [115]

Fig. 7. Antiphase domain interference scheme in Ag3Mg [107]
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The hardness values of the high-entropy alloy Al0.5CoCrCuFeNiTix in-
creased with an increase in the Ti content and the number of phases of 
b.c.c., Ti2Ni and CoCr in the dendritic region of the alloy (Fig. 10). The 
wear resistance of the alloy was also measured, which showed that at a low 
Ti content, the wear resistance remained at the same level as that of the 
original alloy (Al0.5CoCrCuFeNi) without Ti content, however, at x = 0.6–
1.0, the values of the wear resistance increased and reached their maxi-
mum at x = 1.0. Thus, the best combination of hardness and wear resis-
tance in Al0.5CoCrCuFeNiTix alloys was obtained with Ti content in the 
alloy x = 0.8–1.2, that is, with the formation of the σ-phase CoCr [131].

Similar experiments with varying the content of another element (V) in 
the high-entropy alloy Al0.5CoCrCuFeNi were described in the article [132]. 
With a small addition of vanadium Al0.5CoCrCuFeNiVx, the alloys had a 
simple f.c.c. solid solution phase. As the vanadium content increased to 
x = 0.4, a b.c.c. phase appeared in the dendritic region because of the as-
sumed spinodal decomposition. With an increase in the V content from 
x = 0.4 to 1, the volume fraction of the b.c.c. phase increased. When the 
vanadium content in the alloy reached x = 1, the dendritic f.c.c. structure 
was completely replaced by a b.c.c.-dendritic one. Then, with an increase 
of x = 1.2 to 2, a needle phase σ was formed in the spinodal decomposition 
process (Fig. 11) [132].

4. Nanostructural State in Ordered Alloys

Metals and alloys with nanoscale structural elements are weakly resistant 
to external influences (temperature, load, composition changes, alloying, 
etc.). In addition, atomically ordered alloys in the nanostructured state 

Fig. 10. The de-
pendence of hard-
ness (according to 
Vickers) and wear 
resistance on the 
Ti content in the 
high-entropy al-
loy Al0.5CoCrCu Fe 
NiTix. TL is the 
Ti2Ni phase, σ is 
the CoCr phase, 
DR is the den-
dritic region, and 
ID is the inter-
dendritic region 
[131]
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have good magnetic properties, as described in [103]. MPD is one of the 
principal methods that ensure the achievement of large accumulated de-
formations in materials with values of true logarithmic deformation equal 
to 10 or more, without destroying samples. MPD includes high-pressure 
torsion (HPT) and equal-channel angular compression [133–137]. When 
deformed by torsion under high pressure, the obtained samples have the 
shape of discs with a diameter of 10–20 mm and a thickness of 0.2–
1.5 mm, clamped by strikers on both sides. Rotation of one of the strikers 
due to friction forces ensures shear deformation of the sample by the 
strikers under the applied pressure of several GPa. Therefore, despite the 
large values of the true deformation, the sample does not collapse. As re-
search shows [138], during the implementation of this scheme of intensive 
plastic deformation, not only on the periphery of the disks but also in 
their central part, after several revolutions, the structure is sharply 
crushed and becomes almost homogeneous along the radius of the samples. 
This is confirmed by the convergence of microhardness values at different 
points of the sample.

A comparatively promising method of deformation formation of nano-
structures in bulk samples is comprehensive forging or pressing, when 
compression deformation operations are repeated many times with a se-
quential change of the axis of the applied deforming force. It also allows 
you to preserve the volume, shape, and dimensions of the workpiece, en-
suring its intense hot deformation, which is usually accompanied by dy-
namic processes of return, polygonization, and recrystallization, which 
contribute to deformation even in sufficiently fragile materials and with 
relatively small specific loads on the tool [139–145].

Systematizing the known data, it can be firmly concluded that nano-
structured metals, their alloys, compounds, and composites studied under 
different schemes of mechanical tests (stretching, compression, bending, 
torsion) demonstrate significantly higher (several times) values of tensile 

Fig. 11. The microstructure obtained by the SEM method of a 
high-entropy alloy Al0.5CoCrCuFeNiVx with V content in the alloy 
x = 1.0. SD is spinodal decay, σ is a needle phase enriched in V, 
DR is a dendritic region, and ID is an interdendritic re gion [132]
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strength and yield strength. However, in some cases they have noticeably 
less pronounced deformation hardening at the plastic deformation stage 
during testing and, as a result, a smaller increase in hardening and lower 
plasticity. These circumstances, as well as violations of the Hall–Petch 
ratio, are obviously due to the inclusion in nanostructured materials of 
new deformation mechanisms based on grain boundary non-crystallographic 
shear or rotational slippage, already at relatively low or even at any tem-
peratures competing with the action of standard crystallographic intra-
grain dislocation sliding and twinning or replacing and ignoring them [146].

The special role of the state of the boundaries of nanograins is con-
firmed by experiments with such short-term low-temperature annealing, 
as a result of which the average size of nanograins practically does not 
grow, but there is some return of the defective structure and an increase 
in its perfection, and, above all, at the grain boundaries. After such treat-
ments, the mechanical deformation behaviour of nanostructured mate rials 
radically changes: high yield strength is achieved, and a significantly 
greater elongation is fixed. It should be noted that many nanostructured 
materials, in addition, exhibit high-temperature superplasticity (up to 
1000%) because of grain boundary slippage at higher deformation rates 
and lower temperatures than conventional polycrystalline alloys of the 
same compositions in the superplasticity mode. Paper [147] shows an in-
crease in the characteristics of cyclic loading and wear resistance of mate-
rials in the nanostructured state. In Ref. [148], it was shown that the 
peaks of the x-ray spectra begin to smooth out with a decrease in grain 
size to the nanostructural state. The typical structure of equiaxed grains 
in the nanostructured state obtained using MPD by the HPT method is 
shown in Fig. 12 [138].

High tensile strain leads to intercrystalline fracture regardless of 
grain size (in the range from 10 to 65 nm) (Fig. 13) [149]. The electron 
microscopic image of direct atomic resolution shows that the origin and 
propagation of the crack occur along the double boundary (Fig. 13, b).

To determine the quantitative parameters of the grain size of crystal-
lites and elastic microdistortions of the 
crystal lattice of the alloy in the nano-
structural state after MPD, an analysis of 
the physical profile of x-ray peaks is used. 
At the same time, if the effect of MPD has 
been studied in detail on many metals and 
model alloys, such studies on atomically 
ordered alloys are practically absent.

Fig. 12. Light-field TEM image of equiaxed nano-
crystalline Cu grains [138]
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The ordered state in nanostructures has also been observed experimen-
tally and studied theoretically in a series of works devoted to the low-di-
mensional (quasi-two-dimensional) structures, first of all, based on gra-
phene and graphene-related systems [150–164].

5. Change in Electrical Resistance during Ordering

Several works are devoted to the influence of the ordering of the Cu3Pd 
alloys on electrical resistance, as well as the dependence of electrical resis-
tance on the structure and phase state of the alloy.

Knowing the wave properties of conduction electrons, predicting the 
change in resistance during ordering is possible. So, suppose the crystal 
lattice of a metal or alloy contains any distortions that lead to a violation 
of the periodicity of the potential. In that case, the scattering of elec-
tronic waves appears, causing an increase in electrical resistance.

At concentrations corresponding to the transition from the disordered 
to the ordered phase, characteristic features should be observed on the cur-
ve p0(cA) for alloys annealed at the same temperature. Since, during phase 
transitions of the second kind, the degree of long-range order changes con-
tinuously with temperature, it must also change with the composition of 
alloys annealed at the same temperature. Therefore, the electrical resistan-
ce, in this case, should also change continuously, but at concen trations of 
cA = c0, the curve of dependence of electrical resistance on the composition 
should have fractures. If the order–disorder phase transition is a phase 
transition of the first kind, then, the degree of long-range order changes 
abruptly, and, during the transition to an ordered state at con centrations 
cA = c0, the electrical resistance of the alloy should decrease abruptly.

Additional features of the concentration dependence of the residual 
electrical resistance of the alloy appear if the electron energy spectrum 
changes significantly when the alloy composition changes in a certain con-

Fig. 13. Light-field TEM image of intercrystalline grain fracture 
during deformation in the nanostructural state [149]
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centration range. Such a change in the energy spectrum occurs, e.g., in 
alloys of transition metals with non-transition metals. In this case (using 
the terms of the one-electron approximation), in a certain concentration 
range in alloys, there is an unfilled d-band of the electron energy spectrum 
with a significantly higher density of electronic levels than in the s-band. 
The probability of scattering of s-electrons on inhomogeneities of the crys-
tal lattice increases remarkably, because there is a possibility of transi-
tions not only to s-levels but also to unfilled d-levels. By this, the number 
of quantum transitions of conduction electrons per unit of time, which 
determines the value of electrical resistivity, becomes greater. As a result, 
the residual electrical resistance of alloys in the concentration range cor-
responding to unfilled d-levels increases significantly. 

It is important to note that in general, the alloys A3B may differ ma-
terially from another Tc and the kinetics of atomic ordering, for example, 
in the alloy Cu3Au, but slow in Cu3Pd. With increasing temperature, as 
already mentioned, additional distortions of the crystal lattice of the alloy 
occur, correlated with thermal fluctuations. Therefore, even if the distri-
bution of atoms at the sites of the crystal lattice of the alloy does not 
change with a temperature change, the electrical resistance increases with 
an increase in temperature.

Further heating causes an increase in electrical resistivity, which is 
associated with the processes of disordering occurring in the samples. At 
a temperature of 730 °C, the electrical resistance of all the studied samples 
becomes approximately the same regardless of the initial state (i.e., the 
state of the material is approaching equilibrium). Studying the effect of 
the order–disorder phase transition on the change in the thermal resis-
tance coefficient, the authors [78] proved that the transition from a dis-
ordered state to a long-range order and vice versa is carried out through 
a structure with a short-range atomic order (Fig. 14). In addition, Fig. 14 
shows how the resistance and phase transformations change depending on 
the heating rate, it can be seen that the minimum speed allows you to ob-
tain a lower resistance, and therefore a higher degree of long-range order.

This subsection very briefly describes the effect of ordering in the 
electrical resistance of the cubic-lattice-based alloys. A series of another 
works dealing with response of ordering in the residual resistivity (for 
both cubic- and non-cubic-lattice-based alloys) are analysed in reviews [50, 
53] and references therein as well as in articles [165–174].

6. Kinetics of the Formation of Periodic Superstructures

For the first time, the principles of the formation of long-period super-
structures were set out in the model of spatial correlation of electrons 
described in Ref. [175], where the main idea is the energy benefit of creat-
ing APB with lattice distortions, i.e., the direct relationship between the 
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concentration of valence electrons and the density of APB. In the elec-
tronic theory proposed by the authors [83, 176], the main principle is also 
the reduction of the systems’ energy. The energy of the alloys’ electronic 
system decreases, if the Fermi surface comes into contact with the bound-
aries of the Brillouin zone [177]. Since the appearance of periodic bound-
aries in the alloy is accompanied by the division of the Brillouin zone, the 
Fermi surface can come into contact with the zone boundaries [178]. 
However, the structure of an alloy with periodic boundaries will be stable 
only if, due to the contact of the Fermi surface with the boundaries of the 
Brillouin zone, the energy of the alloy decreases so much that it will more 
than compensate for the additional energy required to create a large num-
ber of periodic APBs [179]. Thus, by controlling these two energy param-
eters, it is possible to suppress or make a structure with APB, as well as 
change the size of the M period.

Each temperature corresponds to a certain equilibrium value of the 
parameters characterizing the far and near order. However, these values 
are not set instantly, but over time by the processes of redistribution of 
atoms at the sites of the crystal lattice. Therefore, some physical quantity 
Q, depending on the ordering of the alloy, will take equilibrium value Qp 
corresponding to a given temperature, not immediately, but after infi-
nitely long annealing at this temperature.

In Ref. [180], a strong influence of the electronic distribution on the 
thermodynamic properties associated with the phase transition was shown. 

Fig. 14. The coefficient of thermal resistivity is plotted as a func-
tion of temperature for different heating rates of Ni2(Cr0.5Mo0.5) 
hardened from 1423 K [78]
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The kinetics of ordering in alloy 3 has been studied in the most detail, 
where the order–disorder transition is a phase transition of the first kind. 
The Cu3Au and Cu3Pd alloys are stoichiometrically the same. If such an alloy 
is annealed after a long time at a temperature higher than the ordering 
temperature of T0 (i.e., being in a disordered state), it cools quickly to a 
tem perature of T < T0. Then, the process of establishing an equilibrium 
state with a long-range order will occur in two stages. First, at certain points 
of the crystal (where the short-range order was greatest), centres of a newly 
ordered phase are formed and grow into contact, in which, at this first 
stage, the long-range order parameter close to equilibrium is established.

Since all the sites of the crystal lattice were equivalent in the disor-
dered state, the distribution of copper and gold atoms along the sites of 
the initial f.c.c. lattice may be different in the various ordered regions 
that arose, called domains. The second, which proceeds more slowly in the 
process of establishing an equilibrium-ordered state in the alloy, is the 
growth of some domains at the expense of others and the transition as a 
result of this alloy to a state with homogeneous ordering. By the presence 
of such two stages of establishing order, the ordering process can be ap-
proximately characterized by two different relaxation times. With rapid 
heating of a previously ordered alloy to a temperature higher than the 
ordering temperature and isothermal exposure at this temperature, the 
disordering process has only one stage. Indeed, in this case, even an alloy, 
that had a domain structure before heating, after the disappearance of 
order in each domain becomes homogeneous (disordered), and no process 
of combining different regions is needed to achieve equilibrium. The alloy 
transition to an ordered state, as already noted, is associated with the dif-
fusion processes of redistribution of atoms at the sites of the crystal lat-
tice [181]. These processes are characterized by certain activation energies 
and become extremely slow at low temperatures. As the temperature of 
the isothermal exposure increases, the relaxation time decreases rapidly at 
first. However, as this temperature approaches the ordering temperature, 
in addition to the diffusion rate, another factor becomes significant, be-
cause the ordering process slows down with a decrease in the difference in 
free energies of the ordered and disordered phases corresponding to a 
given temperature. At temperatures close to ordering, this difference is 
tiny, and therefore, despite the significant diffusion rate, ordering occurs 
slowly, i.e., the relaxation time again reaches large values. Lowering the 
temperature in this temperature range accelerates the ordering process. 
Thus, the relaxation time will decrease with a deviation in any direction 
from the ordering temperature.

Consequently, there is a minimum on the curves of the temperature de-
pendence of relaxation times for various values. It should be noted that, 
if the relaxation process takes place over a considerable time, then, the tem-
perature dependences of the different properties of the alloy, measured res-
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pectively during heating or cooling of the sample, will differ, i.e., hyster-
esis-type curves should be obtained. With a decrease in the rate of heating 
and cooling, hysteresis phenomena should be manifested to a lesser extent.

The presence of a domain structure in an ordered alloy could also ex-
plain that the time of bringing the alloy from an unordered state to an 
equilibrium ordered one (≈70 h) was significantly longer than the time of 
bringing the alloy into an unordered state from an ordered one (≈15 min), 
because in the latter case, as already indicated, there is no second, slow-
flowing stage of the process. The regions of the ordered phase formed at 
the first stage of ordering are tiny and do not have a noticeable effect on 
the electrical resistance of the alloy, nor do they cause the appearance of 
superstructural lines. The course of the ordering process at this stage, 
however, can be investigated by studying the heat capacity of the alloy, 
which is sensitive to the redistribution of atoms in small volumes having 
linear dimensions of the order of several atomic distances. The strong 
temperature dependence of the relaxation process rate is because a change 
in the degree of long-range order, which determines the magnitude of 
electrical resistance, occurs using a diffusion mechanism. As a result, the 
rate of change in the order parameter is greater the higher the concentra-
tion of vacancies at the sites of the crystal lattice of the alloy (holes) and 
their mobility, which, as is known, increase rapidly with increasing tem-
perature. The observed significant decrease in electrical resistance is due 
to the occurrence of a large number of equilibrium vacancies at the lattice 
sites at these temperatures. As the temperature increases, the equilibrium 
value decreases, and as a result, the resistance, after passing through the 
minimum, begins to rise again. By studying the kinetics of ordering in the 
alloy Cu3Au at low temperatures, it could be established that the activation 
energy for the movement of vacancies in this alloy is approximately 0.9 eV.

7. Deformation Mechanisms in Superstructures

Numerous works have been devoted to the study of dislocations in atomi-
cally ordered alloys and, the study of the effect of deformation on the 
mechanical properties of the periodic structure [182]. The deformation 
effect over a wide temperature range leads to the generation of deforma-
tion antiphase boundaries, contributes to a decrease in the average size of 
antiphase domains, and, accordingly, leads to an increase in the density of 
antiphase boundaries, which stimulates the emergence of additional con-
tributions to deformation resistance. The stages of deformation, changes 
in microstructure, and grain size are also studied in detail in Ref. [183]. 
It was shown in Ref. [184] that deformation processes can positively affect 
the ordering in the alloy, delaying recrystallization, and making it possi-
ble to undergo atomic ordering. The peculiarity of ordering systems is 
that plastic deformation is associated with over-dislocations. In general, 
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an over-dislocation is a complex containing single split dislocations, APB 
bands, and packaging defects of various types [185].

In Ref. [185], an ideal deformation scheme is presented, based on the 
assumption that the periodic anti-phase domain structure is also perfect. 
Only in this case, the crystal structure is restored during the passage of 
the dislocation complex. However, an analysis of the literature data shows 
that the periodic domain structure is never ideal. The period of almost all 
such alloys, when accurately measured, turns out to be either non-integer 
or odd, which indicates the mixing of domains of different sizes. For the 
Cu3Pd alloy with a period of 7 parameters, the alternation of atomic 
boundaries, according to Ref. [186], can be represented as 34343343434434. 
In all alloys with a periodic structure, in addition to periodic ones, there 
are thermal boundaries, which, unlike periodic boundaries, are located 
arbitrarily, as well as the boundaries of domains.

The introduction of not one, but many ‘superfluous’ boundaries into 
the structure or the mixing of domains of equal size will lead to the forma-
tion of numerous sections of the antiphase surface during deformation. As 
a result, the long-range order in the current sliding plane will be disrupt-
ed. In this case, microscopic sections of the antiphase surface alternate 
with sections in which the long-range order is preserved. Such defective 
planes were called planes with a broken long-range order. Planes with a broken 
long-range order continue to exist even after passing through several dis-
locations. The formation of special defects at the initial stages of deforma-
tion, planes with a disturbed long-range order, can explain all the experi-
mental facts. Dislocations, except the first ones, are forced to move in 
planes with a broken long-range order. At the same time, single disloca-
tions no longer leave behind a high-energy defect, and therefore the move-
ment of paired or other complex dislocations now has no advantages, that 
is, the incentive to combine dislocations into paired or complex disloca-
tions disappears.

For this reason, mainly single dislocations are observed electron mi-
croscopically in deformed alloys with a periodic ordered structure. It also 
becomes clear that there is no significant difference in the dislocation 
structure of alloys with different period values for layered and columnar 
structures: a rapid violation of the long-range order in the sliding planes 
should occur in any alloy with a sufficiently high density of APB, inclu-
ding in periodicity. The area of the sections that make up the plane with 
a disturbed long-range order should be larger the more dislocations and 
disturbances in the considered sliding plane. However, a violation of the 
long-range order probably does not occur until complete disordering for 
the following reasons. After the long-range order in the sliding plane was 
violated, but there were still areas with correct connections (characte ristic 
of an ordered state), it became equally difficult for both single and paired 
dislocations to move. For further movement of dislocations in this plane, 
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a significant increase in voltage would be required, therefore, it becomes 
advantageous to activate another sliding plane, and this process is re-
peated repeatedly.

In the studied copper–palladium alloys, such partial dislocations, as 
we have seen, can move only in planes with a disturbed long-range order. 
Although these planes are located close to each other, they do not form in 
a row in each sliding plane belonging to a pack of parallel planes. Therefore, 
the pole twinning mechanism does not work, and extended packaging de-
fects are often found in copper–palladium alloys, but microtwinning is 
never observed. In some cases, planes with a disturbed long-range order can 
produce diffraction-banded contrast in an electron-microscopic image, the 
analysis of which indicates that it is due to a disturbed long-range order:

• the planes of occurrence of defects causing banded contrast are 
planes of type {111}, that is, those in which planes with a disturbed long-
range order should occur during deformation;

•banded contrast is observed only if the foils of alloys with periodic 
boundaries have been deformed;

• banded contrast is not detected in any alloy if a disordered state is 
fixed in it by quenching;

• if the alloy samples in which the contrast under discussion is ob-
served are briefly heated to a high-temperature T, but such that T < Tc, 
then the contrast disappears; this is explained by the diffusive restoration 
of order in the sliding planes, which can be conditionally called ‘healing’ 
of planes with a disturbed long-range order.

Moreover, a weakening of the striped contrast was observed until its 
disappearance and during long-term storage of deformed foils (at room 
temperature). What is common for Cu–Pd and Cu–Au alloys is that their 
lattice parameters change when they are ordered. Moreover, their elemen-
tary cell changes, first it becomes tetragonal, and then orthorhombic. In 
the alloy Cu3Au (31.6 at.% Au), the crystal lattice parameter changes very 
little during ordering, the difference is only a few thousandths of Å [187]. 
With such a difference in the parameters of the ordered and disordered 
phases, the occurrence of a defect in the form of a plane with a disturbed 
long-range order does not lead to a significant displacement of one part of 
the crystal relative to the other. Hence, the mechanism of plastic deforma-
tion of real alloys with a periodic antiphase structure is determined by the 
formation of special defects already at the initial stages of deformation, 
namely, planes with a disturbed long-range order. Therefore, the deforma-
tion of alloys passes uniformly along many sliding planes and is carried 
out not only by paired, but by split and single dislocations. Shockley dis-
locations become possible with the appearance of extended packaging defects.

There is particular importance of the dynamic and post-dynamic re-
crystallization processes, which occur both during deformation at room 
temperature and at liquid nitrogen temperature. Thus, in [188], a scheme 
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for the formation of high-angle boundaries during deformation is shown 
in detail (Fig. 15).

8. Conclusions
One of the fundamental and practically oriented tasks of condensed matter 
physics and physical metrology is the development of the physical founda-
tions for the creation of new metal materials and technologies for their 
production with a complex of necessary physical, mechanical, and opera-
tional characteristics, structural and functional. As is known, the mechani-
cal properties of materials significantly depend on their chemical composi-
tion and features of the crystal-structural state, such as structural type, 
grain sizes, types of their boundaries, number and size distribution, and 
volume of inclusions of excess phases, density, dislocation substructure, etc. 
In the last two to three decades, it has been established that a significant 
improvement of the physicomechanical properties of metallic materials can 
be achieved due to the ultrafine-grained structure (submicron and nanocrys-
talline and nanophase). Various methods of its formation have been devel-
oped, including those based on thermal (inclu ding rapid quenching from a 
melt) and thermomechanical external influences, the use of various combi-
nations of large deformations, and annea ling. They make it possible to de-
sign, using mechanical and thermoinduced processes, optimal structural 
states and control some properties of such materials within a wide range.
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УПОРЯДКОВНІ СПЛАВИ З МІКРО- ТА НАНОМАСШТАБНОЮ  
СТРУКТУРАМИ НА ОСНОВІ КУБІЧНИХ ҐРАТОК:  
МЕХАНІЧНІ ТА ТЕРМОДИНАМІЧНІ ВЛАСТИВОСТІ

У зв’язку з розвитком транспортної, хімічної, енергетичної індустрії, авіакосмічної 
техніки, суднобудування постає необхідність розроблення та створення нових мате-
ріалів, здатних функціонувати в різноманітних умовах. До цих матеріалів нале-
жать атомарно впорядковані сплави на основі благородних металів, що мають осо-
бливі властивості, як-от висока корозійна стійкість, низький електроопір, відповід-
ні магнітні й оптичні властивості. Водночас для їх практичного застосування деда-
лі більш затребуваним стає комплексне поєднання необхідних експлуатаційних 
характеристик, що забезпечують поряд з достатніми електрорезистивними й елек-
троконтактними властивостями високі міцність і пластичність на додаток до коро-
зійної стійкості. Також, безсумнівно, важливими залишаються простота хімічного 
складу створюваних або вдосконалюваних матеріалів, технологічність металургій-
ного процесу і подальших виробничих переділів на наявному обладнанні.

Ключові слова: далекий атомний порядок, упорядковані сплави, кінетика, меха-
нізм деформації, мікроструктура.


