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Congratulation to Professor Andrei Rudskoi on the Occasion of His
Diamond Birthday Jubilee

On 19" of February 2017, Chief Editor of Material
Physics and Mechanics Journal, Rector of Peter the Great
St. Petersburg Polytechnic University, Academician of
the Russian Academy of Science, Professor Andrei
Rudskoi, celebrates his 60" anniversary. A.l. Rudskoi is
a recognized and competent scientist in the field of
materials science and of metals forming. His notable
achievements promote the development of scientific and
technical progress.

A.l. Rudskoi significantly contributed to the development
of the theoretical foundations and highly efficient
technologies for the production of construction materials
\ with high performance and special physicochemical
propertles His research interests include theory and modeling of metals forming, powder and
composite materials, materials for additive technologies, as well as theory of the formation of
ultrafine structures by the means of intensive plastic flow. Likewise, he is passionate about the
theory and technology of obtaining nanopowders, nanostructured materials and products by
methods of plastic flow and thermomechanical treatment.

Under his leadership, technologies and production equipment of nanopowder metallic, ceramic
and composite materials, including those utilizing the method of gas-phase synthesis at
atmospheric pressure, have been developed and commercialized by industry. Similarly,
manufacturing technologies for nanopowder-based products utilizing processes of nanopowder
metallurgy with unique performance properties, have been methodically justified and
implemented; theoretical foundations and technologies for intensive plastic flow of metals to
produce nanocrystalline structures with high performance and special physicochemical
properties had been developed.

Rudskoi’s research results are widely used in machine building, instrument-making, chemical
industry, as well as the development of specialized equipment and have been introduced in a
number of enterprises and research organizations in Russia. Correspondingly, his research had
laid foundations for the numerous educational programs in universities in Russia, Germany,
Poland and China.

Professor Rudskoi is a chief editor of Material Physics and Mechanics journal and highly
contributes into a quality increasing of material science researches. He is a member of the
Presidium of the Presidential Council for economic modernization and innovative development
in Russia, a member of the Presidium of the Presidential Council on Science and Education. He
is a member of several scientific boards and commissions in these areas.

We wish him a long life and success in his endeavors for the benefit of science and education!

Editorial board
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CHARACTERISTIC DEFECTS-CORROSION DAMAGE AND
MECHANICAL BEHAVIOR OF DUAL PHASE REBAR

Ch. Apostolopoulos?, Arg. Drakakaki'*, Alk. Apostolopoulos?, T. Matikas?,
A.l. Rudskoi®, G. Kodzhaspirov?

tUniversity of Patras, Panepistimioupolis Rion, 26500 Patras-Greece
2University of loannina, loannina, Greece
3Peter the Great St. Petershurg Polytechnic University, Polytecnicheskaya 29, St. Petersburg, 195251, Russia

*e-mail: drakakaki@mech.upatras.gr

Abstract. The demands for constructions with high mechanical performance, located in seismic
areas, expressed through EC2 and EC8- part3, were importantly satisfied mainly with the use
of Tempcore dual phase steel bars. High mechanical performance of dual phase steel comes
from the combination of the mechanical properties of each individual phase. However, several
times have been reported problems concerning their structural cohesion.

In the present study four different technical classes (DP) of reinforcing steel bars were
used: B500c, B450c, B400c and B500b. SEM and EDX analyses were used, focusing not only
on the internal defects regions of the materials (before and after corrosion), but also on the
external areas affected by pitting corrosion. Moreover, in terms of the experimental procedure,
mechanical tensile tests were conducted, on both corroded and non corroded reinforcing steel
bar specimens and the pertinent results are analyzed.

The conclusion from the present study is that both internal and external defects constitute
a major problem for constructions, by diminishing their mechanical performance and resulting
in their premature failure.

1. Introduction
During the last years, extended disasters were reported after powerful earthquakes. These facts
raise speculations concerning not only the structural integrity and the performance of the
constructions, but also the sufficiency of the technical characteristics and demands of the high
strength steel bars used. The demand for constructions with high mechanical performance in
earthquake prone areas of the EU was expressed through Eurocode 2 [1], Eurocode8- part3 [2].
These regulations demanded the use of high mechanical performance steel (high strength and
ductility) category c. This demand was satisfied with the adoption of Tempcore dual phase steel
bars, which occupy an increasing market share and with the micro-alloyed steel bars as well.
As it is widely known, dual phase high performance steel, which is made of scrap metal,
shows an external high strength zone (martensitic phase) and a softer core (ferrite-perlite phase).
Beyond these two obvious phases, there is a transition zone called bainite phase. The high
mechanical performance of dual phase steel comes from the combination of the mechanical
properties of each individual phase, where the increased strength properties are credited to the
presence of the outer martensitic zone, and the increased ductility to the ferito-perlitic core. Due
to the coexistence of the different phases, an assumption could be made, that the continuity and
the coherence of the structure of the specific type of steel is taken for granted. However, this
anticipation is not always satisfied, since given the variety of the phases, there are distinct areas

© 2017, Peter the Great St. Petersburg Polytechnic University
© 2017, Institute of Problems of Mechanical Engineering
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of different types of crystal structures and consequently different types of mechanical behavior
on each phase of the material. Moreover, quite often, final products suffer from surface and
internal defects, which deteriorate the final product quality. These defects occur at the early
stages of the casting of the steel bars, as it was analyzed in study [7], which was presented at
the 11™ International Scientific and Technical Conference, which took place in Saint Petersburg
in Russia on 2015. Similar information is given in studies [3-6].

Studies [8, 9] are related to internal micro cracks, micro voids and non-metallic sulfide
compounds (MnS, FeS), which react selectively to the presence of chlorides (coastal
environment) and contribute towards their fast and dangerous swelling.

Inclusions, voids, cracks and micro-cracks can be formed within steel microstructure
during solidification of steel, as Thomas [3] refers. Sulfur and phosphorus are undesirable
impurities in steel, since they may lead to low toughness, poor weld ability and so on. As it has
been proved by various studies, such as [10], the size and the morphology of sulfides in steel
may cause additional problems. Large sulfides usually result in poor mechanical properties, and
non-spherical sulfides are responsible for certain anisotropic properties due to their non
determined shape, resulting in the diminishment of the materials performance.

However, internal defects are not the only factor that affects the internal structure of steel.
Another important and equally harmful factor is the surrounding environment. A typical
example is the saline environment, which is rich in chlorides, that performs an intense action.
There are various examples of European countries, which are located in coastal environment,
that need to confront the intense erosive activity which usually begins in the form of pitting
corrosion. Pitting corrosion is a localized degradation of the corrosion resistance of the metal,
which initiates by the penetration of some aggressive anions, such as Cl- ions, through ruptures
found at discrete sites on the passivized film layer. It is a highly localized form of corrosive
attack that leads to the loss of material. Study [11] refers that in some cases, if left to continue,
then pitting may increase to full wall thickness perforation.

According to [12], pitting may act as an initiator of another, much localized corrosion like
crevice corrosion, shielded by corrosion products and inter-granular corrosion at grain boundary
region. It also acts as a local stress raiser to environmentally induced cracking viz. SCC (stress
corrosion cracking) and HIC (hydrogen induced cracking). Pitting corrosion is one of the main
causes of the performance deterioration and structural failures of industrial systems.

Once pitting has been initiated, the growth of the pits will depend on the charge difference
of the electric field strength between the regions within and around the pits. Metal dissolution
within the pits produces excessive charge. Negatively charged CI- ions migrate from the
surrounding area towards the pit cavity to induce the corresponding neutralization. The rate of
CI" migration (or pit propagation) depends on several factors such as pit shape, surface
roughness and salt films concentration. Paul and Biswas [12] mention that the combination of
all these factors results in a more aggressive pit environment than the critical chemistry needed
to encourage pitting growth. After pitting initiation, growth is controlled by the following
electrochemical reactions.

Anodic reactions inside the pit:

Fe < Fe +2e- (dissolution of iron) [12]. The electrons given up by the anode (inner wall of
the pit) flow to the cathode (passivated surface outside the pit) where they are discharged with
the following cathodic reaction:

02 +H20 +2e- «2(0OH-) [12]. The effect of these reactions is that the electrolyte within the
pit is enriched with the positively charged ions, in contrast to the surrounding electrolyte of the
pit, which becomes negatively charged. The positively charged pit attracts the negatively
charged Cl- ions, increasing the acidity of the electrolyte according to the following reaction

FeClz +2H20 < Fe(OH)2 +2HCL.

The previous reaction produces HCI, which aggravates further dissolution of the metal,
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producing more Fe++ within pit and hence excessive charge again by the above reaction.
Consequently, the previously referred steps keep repeating, simulating pit growth to an
autocatalytic process. Steel corrosion can be arisen from the exposure to corrosive media, such
as sour gas or hydrogen sulfide (H2S), carbon dioxide (CO2) and free water. Frequently,
relatively high operating temperatures and pressures get involved, which can further exacerbate
the rate of corrosive attack. Furthermore, study [13] mentions that due to the possibility of the
presence of a ‘cocktail’ of corrosive media, a simultaneous action of combined corrosion
mechanisms may take place. The results of the experimental study, which was conducted by
Apostolopoulos et al. [4], showed that for equal mass loss rates, due to corrosion process,
among the embedded and the bare dual phase steel bar specimens, embedded specimens
recorded higher mechanical degradation. This fact was associated with the higher surface
damage which was observed due to pitting corrosion.

Various studies have been conducted by many researchers [5, 6, 7, 8, 14, 15, 16] on the
detection of internal structural imperfections of the material and their development over time
(under corrosion conditions). Avci et al. [17] in their study depict a sulfide area, as well as the
surrounding dissolution mechanism of the material of the iron. This particular morphology, of
protruding MnS at the center of a pit, is pretty common in the early stages of pit initiation and
development. Notice also that MnS does not erode as fast as the surrounding Fe matrix during
the initial stages of corrosion. The proposed mechanism of corrosion is depicted in Fig. 1. It is
very likely that the adsorption of Cl- ions in and around the strained regions of a MnS—Fe
interface triggers the anodic dissolution of Fe2+ ions. It is important to reemphasize here that
Cl- ions are not involved in redox reactions, but catalyze the anodic processes by adsorbing on
the surfaces around the MnS inclusions and by chasing away the conduction electrons of the
strained matrix, which results in the anodic dissolution of iron from these regions as depicted
in Fig. 1 [17].

Saltwater Solution
Cathodic reactions:

Deposition reaction: MnSinclusion  2H*+2e—H,
Fe?* + 8> —=FeS 2H,S + 2e" —*2HS" +H,

A A A
FeS deposits \

Anodic reaction:
Fe—sFe?*+2e

L

Local environment

Fig. 1. Corrosion mechanisms surrounding a MnS inclusion: refer to [17] for details.

The study that was conducted by Negheimish et al. [18] is worth noticing as well. In the
frames of the specific study manganese sulfide [MnS] inclusions in steel rebar are examined,
exposed to simulated concrete pore solution to understand their role in passive film, corrosion
and pit propagation behavior. The results showed that MnS inclusions adversely affected the
nature of passive film and accelerated corrosion and pit formation. Results of studies [6-7] refer
to frequently occurring defects, the majority of which firstly appear during the casting
procedure. This fact has an impact on the mechanical performance and the reliability of steel
bars, since in many cases sulfide and microvoid areas act as stress concentration points or
motivate micro cracks formation during the loading, a fact that has been mentioned in study
[19] as well. The average stress concentration inside the inclusion is higher for more rigid
inclusions. The properties which have been defined for the interface govern the average stress
concentration around soft inclusions, but the stress concentration around the inclusions with
higher rigidity factor is related to the properties of the matrix. Investigation of the size effect of
the inclusion on the level of the stress concentration reveals a critical size of the inclusion where
the stress concentration does not increase with the growth of the inclusion for a given applied
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load and boundary conditions. However, during the violent loading, recycles may cause
coalescences of critical importance for the steel, due to their proximity, forcing a multiple
cracking phenomenon. This phenomenon has also been described in [20]. Moreover, according
to [4, 6, 7, 15], corrosive environment also causes not only surface damage assisted by pits, but
also damage within the outer surface, due to sulfide existence on the martensite area. This fact
results in the extension of the damage in depth. According to the same study, rapid depletion of
the ductility, or even failure, may occur in high strength and ductility dual phase steel bars, due
to the combination of interior and exterior damage phenomena under strong stresses.

The main purpose of this study is to describe and to evaluate the influence of corrosion
on dual phase steel bars and to estimate the degradation of its mechanical properties and
performance, which is the result of the cooperation of the internal and the external damage,
under those hazardous circumstances. What is also analyzed is the fact that induced damage is
not owed only to internal defects, but also to the detriments resulting from the prevailing
environment conditions, which are responsible for the development of the external damage.

2. Experimental procedure

The materials used in the present study were four different technical classes (DP) of reinforced
concrete steel bars, namely B500c, B450c, B400c and B500b, coming from European factories,
which were produced by the same steel manufacturer using the “tempcore” method. The
chemical composition, which is approximately the same for the four different steel bar
categories, is presented in Table 1.

Table 1. Chemical composition of B500c, B450c, B400c and B500b steel bar categories.

B500c, B450c, B400c, B500b
C, % 0.22
P, % 0.050
S, % 0.050
Cu, % 0.80
N, % 0.012

In Fig. 2 are shown representative optical micrographs of a DP-steel B500c (®12),
produced in this work, that were etched revealing the martensitic skin, the transition zone and
the ferritic -perlitic core, upon immersion in a Nital solution 2 %. In the microstructures shown
in Fig. 2, the bright grains are the ferrite phase and the dark ones are the martensite. At their
transition zone, bainite phase can be recognized. At the same time, SEM and EDX analyses
were used for the analysis of the fracture surfaces, focusing not only on the internal defects
regions of the materials (before and after corrosion), but also on the external areas affected by
pitting corrosion. Moreover, in terms of the experimental procedure, mechanical tensile tests
were conducted, on both corroded and non corroded reinforcing steel bar specimens. The
pertinent results are analyzed.

Fig. 2. Representative optical micrographs of a DP-steel B500c, etched, revealing the
different phases discrimination, upon immersion in a Nital solution 2 %.
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Half of the B500c specimens used have a 10mm diameter. The rest specimens have a
12 mm diameter and 510mm length each. All the steel specimens of ®10 and ®12 were taken
from different sources. This process was followed not only for bare specimens but also for
embedded, which were prepared in cylindrical shape with peripheral concrete cover equal to
10 mm, compressive strength equal to 20 MPa and C16/20 class of concrete.

As far as the rest three categories (B400c, B450c and B500b) are concerned, the
specimens used had a nominal diameter of 16mm and 1m length. Besides these, two reference
specimens, with 10 mm diameter, which belong in B500c steel bar category, were mechanically
tested.

2.1. Artificial Corrosion and the Mechanical Tests of the specimens. The specimens used,
(directly exposed to the corrosive medium) were inserted in a laboratory salt-spray exposure
chamber, in accordance to the ASTM B117-94 [21] specification. The exposure of the bare and
the embedded specimens to the corrosive medium was direct and was defined for the different
periods of 15, 30, 45, 60, 75 and 90 days for the bare and of 30, 60 and 90 days for the embedded
respectively.

The ASTM B117 [21] specification covers every aspect of the apparatus configuration,
procedure and conditions required to create and maintain a salt spray (fog) testing environment.
The selection of such a procedure for corroding the specimens, relies on the fact that the salt
spray environment lies qualitatively closer to the natural coastal (rich in chlorides) conditions
than any other accelerated laboratory corrosion test. In principle, the testing apparatus consists
of a closed chamber in which a salted solution atomized by means of a nozzle, produces a
corrosive environment of dense saline fog. The salt solution was prepared by dissolving 5 parts
by mass of sodium chloride (NaCl) into 95 parts of distilled water (pH range 6.5-7.2). The
temperature inside the salt spray chamber was maintained at 35 °C (+1.1-1.7) °C. The corrosion
procedure was carried out at a cycle time of 3 hours resulting in 8 wet-dry cycles per day.

At each testing date specimens were removed from the salt spray chamber, washed with
clean running water to remove any salt deposits from their surfaces and air-dried. The corrosion
products were removed from the surface of the specimens by means of a wire brush, according
to ASTM G1 specification [22]. The specimens were then weighted and the mass loss due to
corrosion exposure was calculated with the use of equation (1):

Am=[(mo-mc)/ mo]*100 %, (1)

where, mo is the mass of non-corroded specimens and mc the reduced mass of the corroded
specimen. Both reference specimens (before corrosion) and specimens exposed to corrosion for
different periods were subjected to tensile mechanical tests.

The tensile tests were performed according to the ISO/FDIS 15630-1 specification [23],
using a servo-hydraulic MTS 250KN machine with a constant elongation rate of 2 mm/min.
Each bar was cut to the tensile testing length of 510 mm, according to the standard. The
mechanical properties, yield strength Rp, ultimate strength Rm, and uniform elongation Agt,
were determined.

3. Results and Discussion

Results mainly refer to the most representative and significant cases of the mechanical behavior
of the specimens, coming from the four different dual phase steel bar categories. A few
specimens were additionally submitted to cross and longitudinal sections so as to properly
formulate, after grinding and careful polishing, certain plates in the demanded geometry.

The preparation of the slide specimens for SEM analyses was performed as follows:
Grinding and polishing of the samples were carried out on a Minimet TM grinder Polisher
machine (Buehler Itd.). After normal grinding of the sample surfaces with SiC paper, diamond
and SiO> polishing compounds were used for producing stress free surfaces. Scanning electron
microphotographs recorded with field emission scanning electron microscope (ZEISS, SUPRA
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35VP) operating at 15 and 30 keV accelerating voltage. The microscope is equipped with
backscattered electron detector and x-ray microanalysis system (QUANTA 200, BRUKER
AXS) in order to get the appropriate information’s from the surface structure of the samples.

Similar SEM-EDX analyses were performed on fracture surfaces (corroded and non-
corroded), with the use of X rays, after rigorous polishing. For B500c dual phase steel bars,
@12 diameter, the findings (before corrosion) revealed the existence of microcracks and
microvoids in the material. These findings were detected locally and are characterized as
internal defects of the materials. Moreover, through X rays diffusion, the appearance of pores
was obvious at the external martensitic surface and at the same area high sulfide concentration
was noticed. This fact increased the requirements for damage expansion at the inner area of the
external surface (skin). Given the sensitivity of the sulfides to corrosion, in these areas, more
attention is paid to items such as copper content, which are factors that should be attributed to
the quality of the scrap metal used. From certain images of the specimens that were placed
under treatment, was found that within 50 microns from the outer surface develops an area with
elongated “dividing” undulations, which seems to obey on the shaping of the steel in steel bar,
with Mn, Cu and Si (Figs. 3 and 4).
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Fig. 3. Surface layer of 50 um thickness, Fig. 4. Surface layer of 50 um thickness,
with elongated “dividing” undulations, with elongated “dividing” undulations,
rich in MnS, Si and Fe oxides. rich in MnS, Si and Fe oxides.

Such a phenomenon is considered to be quite common on the external surface, even
before corrosion. Moreover, it should be noted that at these areas a native intergranular
corrosion can be detected, even before the artificial corrosion of the specimens in the salt spray
chamber. These phenomena, in combination with the extended sulfides (Mns, FeS)
development in the outer zone of the material, constitute, without a doubt, a characteristic
tendency of the material to corrosion (Fig. 5).
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Fig. 5. Extended sulfide development in the outer area of the material.

Characteristic defects (oxides and sulfides), as well as intergranular corrosion phenomena,
not only constitute very serious degradation factors for the material but they also have impact
on its mechanical performance.
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On non corroded steel bars B500c category, ®12 diameter, which were subjected to
tensile tests up to the neck appearance (before failure), several cross sectional areas at different
depths were examined, via SEM optical processing. At those areas, several voids, inclusions
and sulfides were revealed. Figure 6 shows a spot series (inclusions, sulfides) and voids which
surround the granular groups and can affect the mechanical behavior of the limit load cases.

Figure 6 focuses on the martensitic area in 350 pm depth.

In Fig. 7 is presented an impressive microphotograph, where the grey spots are turning
into polygonal patterns, each of which is surrounding grains groups.

T
[ o
] L

Fig. 6. Voids and inclusions Fig. 7. Voids surrounding grains groups.
in the martensitic zone.

Figures 8 and 9 derive from EDX process, which shows the existence of either visible or
not visible sulfides as well as the dispersed copper (Cu), which is possibly owed to the scrap
provenance of the material.

Fig. 8. Martensite area in
350 um depth.

Fig. 9. Stoichiometry in 350 pum depth.

Figure 10, which has been taken from [6] study that processes on the same rebar group, presents
a SEM analysis of a longitudinal cut in the fracture region in a non - corroded B450C specimen
after tensile test.

Certain results of the present experimental procedure, which were published in [6] and
constitute a part of an ongoing study conducted by prof. Apostolopoulos prove that both defects
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and voids have been obviously extended and oriented to the direction of the (growing) external
applied load. The deviation from horizontality at 13-15 degrees is caused by the development
of shear stresses (shear deformation is dominant) in the failure location of the specimen.
Furthermore, at those areas, voids were more frequent. Certain of the voids, located near the
fracture surface, were elongated in the tensile direction. The development of the particularly
intense deformations in the fractured area clearly contributes to the elongation and coalescence
of interior holes. On the fracture surfaces porosity and inclusions were recorded. In general,
these two types of defects appear to have a significant impact on failure, since throughout the
entire length they have their negative imprint. This information has already been mentioned in

[6].

2 Oun /

Fracture ————p
\

Fig. 10. Fracture surface (longitudinal cross section) of a non corroded specimen B450c [6].

Figure 11 is taken from ®10 specimen, in 770 um depth, where the martensitic zone
ends and the transition zone (bainite) begins. At the area where the three metallurgical phases
(martensite, ferrite and perlite) coexist, voids and sulfides detection was confirmed. Similar
findings were recorded in ferritic-perlitic area, at 2500 um depth.

EHT = 15.00 kv ate :27 Jul 2012
i1

FORTH/ICE-HT

WD = 7mm ! Zeiss SUPRA 35VP

Signal A = RBSD

1:12:33
ucti

Fig. 11. Intense presence of sulfides on the transition zone of a ®10 specimen,
in 770 pum depth.

Certain important findings concerning a longitudinal section of a non corroded B500c
steel bar, @10 diameter are presented in Figs. 12a-c. The elongated inclusion (2300 pum length)
which has been detected in the martensite-bainite interface (transition zone) is characterized by
the intense presence of sulfides, oxides and voids, which from one point of view have no
“mechanical performance”. On the other hand, it constitutes a region, which in presence of
chloride ions is responsible for the destruction of the surrounding iron (Fe).
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Fig. 12. (a). An important finding on a longitudinal section of a non corroded B500c¢ steel bar
with 10 mm diameter, (b). Intense presence of sulfides, (c). FeS and MnS identification
through EDX image processing.

Moreover, it is believed that the coexistence and the continuance of the material between
the phases of the martensite and the core (interface limits) is sustained and coherent. However,
from a metallurgical point of view, it is not true. Reality lies in the fact that the interface is not
coherent in the boundaries, between the ferritic-perlitic zones, as it is a region of different
crystal types with subsequently different mechanical properties. Figs. 12a-b, 13, 14, and 15
confirm this view. Under laboratory investigation on the mechanical behavior of the transition
zone, a ®8 B500c steel bar sample was recorded (the martensitic percentage was calculated at
24 %), after the imposition of eccentric compressive load pointed at the martensitic skin of a
cross section on the kinematic behavior of the gauge. In reference to this fact, Figs 13, 14, and
15 present various point of views, such as the surface of the slip area and the lower level of the
core. Rupture of the two phases and slide lines can also be observed.

Martensite- Core

Fig. 14. (a, b). The area where the external martensitic skin slips towards the core is
indicative.

Further cross sections and focus (via EDX analysis) on the interface of the martensite and
the transition zone (bainite) revealed silicon and iron oxides, as well as sulfides derived from
the production process of the material. The extension of these findings, constitute possible
threats for steel mechanical degradation. Mechanical degradation is owed to the fact that the
previously referred oxides and sulfides cannot receive any load and for this reason they
constitute potential sites for stress concentration development. This fact has been described in
recent studies [10, 24, 25, 26].
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Fig. 15. (a, b). The presence of concentric cracks peripheral to the degraded part of the
martensitic skin.

It is well known that many researchers have reported the ductile failure mode of dual
phase steels with major reports in studies [27, 28]. Studies [29, 30] attributed the failure to void
formations resulting from the fracture of martensite elements and the detachment from the
interface of the martensitic and ferritic-perlitic zone. Steinbrunner and Krauss [31] conducted
a micro mechanical study so as to investigate the process of failure in dual phase steels and
observed three mechanisms of void formation, namely, the detachment of interfaces, the
fracture of martensite and the individual withdrawal of the martensite. Kang and Kwon [32]
studied the fracture behavior of steel structure (in medium carbon steels) and observed that the
ferrite-martensite interface decohesion was the predominant mode of the void nucleation and
growth, where martensite structure was the lath type. Nam and Bae [16] showed that the
overwhelming of the reports show that most of the voids that lead to fracture, were formed in
the core- martensite interface, despite the initially cracked martensite. Ahmed et al. [8] mention
3 ways of void formation in grains: martensite cracking, detachment of the ferrite-martensite
interface and detachment of the interface. They associate the failure mode with the percentage
of martensite Vm content, the void formation results in detachments on the ferrite-martensite
interface, while the other two mechanisms appear in higher rates of martensite (Vm more than
32 %). As far as the degradation of B500c steel bar category is concerned, it is thought to be
owed to the detachment noticed between the different phases, instigated by the existence of the
defects.

For the investigation of the mechanical behavior of the ®10 B500c non-corroded
specimens, five tensile tests were conducted, according to the standard, in a servo hydraulic
MTS-100kN test system. The cross head speed of the automatic controller of the machine was
2mm/min and the tests took place at room temperature. During the most of these tensile loadings,
a “knee” was observed at the elastic region. At the same time, elastic modulus reduction was
recorded. A typical example is illustrated in Fig. 16, where the gradually deteriorating response
of the material after corrosion is presented.
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Fig. 16. Stress-strain curve of non-corroded specimen, ®10, B500c category, with the
appearance of a “knee”, in comparison with a corresponding corroded specimen.

The initial Young’s modulus E1, appears to take different values E2 and E3, in each case (non
corroded and corroded respectively), in respect to the loads which are gradually imposed to the
material. As a result, the relevant value of yield strength point corresponds to an increased strain.
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The occurrence of a "knee" in the elastic region of the reference specimens, led to further
tests. The tensile tests of the non-corroded (reference) rod B500c @10, were performed until
the necking initialization. Afterwards, several cross sections of 10mm each were cut
successively along the bar’s length. After numbering the samples, as shown in Fig. 17 and
Fig. 18a, they were tested with the non-destructive method of ultrasound C-Scan, see Fig. 18b.
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Fig. 17. Sample mapping.

Fig. 18. Ultrasound inspection of samples.

Ultrasound examination was performed so as to detect and evaluate any internal discontinuities
in the structure of the bar. The examination showed that the samples with numbers 1-6, 9-12
demonstrated a structural defect in the interface of martensitic and feritoperlitic cortex, as
shown in Fig. 19.

Fig. 19. Ultrasonic C-scan results.

However, the occurrence of "knee" in the elastic region along with the results (qualitative
nature) of ultrasound process raised serious “hinds” regarding the non-consistent bonding of
the martensitic cortex and the core, which led to further investigation. So, as to eliminate the
possibility of structural defect in ferritic perlitic core of B500c, three mechanical tests were
performed in the non- corroded specimens that had previously been lathed till they reached a
4 mm diameter, a point at which only the core remained. At this point, the results would allow
us to know if there is an integral or an imperfect adhesion between the bainite and martensite
phases. Figure 20 depicts a lathed specimen and Figure 21 presents its respective stress-strain
diagram after a tensile test. In none of the three diagrams of the lathed specimens, did a "knee"
occur in the elastic region.
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Fig. 20. Lathed specimen U e
till core remains. Fig. 21. A respective stress-strain diagram

after a tensile test.
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Excluding structural defect in the core of the material, the interest was focused on the
examination of the fracture surface on the interface of the martensitic skin and the core, using
Scanning Electron Micrographs analyses. Figures 22a,b clearly show a localized detachment in
the interface of the martensite and the internal core of the pre-corroded material.
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Fig. 22. (a, b). A detachment of the corroded martensitic skin can satisfactorily explain the
formation of the "knee" in the elastic region. Focus on the boundary between the martensite
and the core of the cross section.

In Fig. 22, the crack is located in a distance of approximately 700 um from the external surface
of the steel bar. This distance coincides with the average thickness of the martensitic cortex in
dual-phase steel B500c, with a nominal 10 mm diameter. Taking these results into account, it
can be suggested that the mechanical performance of certain series of steel specimens was not
reliable.

Further tensile tests were conducted as well. Results given from B400c category, ®16
(with a nominal 16 mm diameter), dual phase steel bars also show local irregularities close to
the yield stress point and in the elastoplastic area. It should be noted that for the specific
category, martensite constitutes the 27.50 % of the cross sectional area.

Conclusively, it appears that mechanisms like debonding and decohesion may initiate in
several locations and in some of them lead to local detachment of the two metallurgical phases
(Fig. 22).

These findings constituted the trigger for further investigation and several additional
tensile tests as well. Within one of these tests in a non-corroded (reference) B500c ®10
specimen, ultrasonic examination was performed, so as to detect and evaluate any internal
discontinuities in the structure of the bar (Figs. 17, 18 and 19). The examination results showed
that the areas located closer to the “neck” formation presented more structural defects in the
interface of martensitic and ferritoperlitic cortex.

Similar bilinear behavior was also performed by the @12, B500c dual phase steel bar
specimen series, which was elastoplastically loaded up to a 3 % deformation, during both
loading and unloading (Fig. 23).

700 - Specimen 12
Spaciman 13

g

P

y. 2.0

Stress [MPa]

"
4

8
—

Strain %

Fig. 23. Stress-strain curves for ®12 non-corroded specimens, during tensile tests
and unloading, with the “knee” appearance in both loadings.
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Through the “knees” appearance, which resulted from the loads, a drop in the elasticity
modulus was observed as well. This drop was in respect with the gradually imposed loads. It
can be easily noticed that the strain corresponding to the yield point, appears particularly
increased until the threshold of the yield strength of the material. The “knee” formation is
probably owed to the production mode of the material.

During the tensile tests that were performed on corroded specimens, similar things were
recorded as well. Figure 24 presents the stress-strain test of a corroded specimen, where the
“knee” appearance is obvious. The gradual decline of the recorded stress, under which the “knee”
formation occurs, appears to be associated with the degree of corrosion of the material. This
phenomenon may be attributed to the corrosive agent that is responsible for both the gradual
“softening” of the martensitic zone, due to the ageing that corrosion provokes, and for the
development of pitting corrosion on the surface, which increases with regard to the degree of
corrosion. The synergy of these two functions seems to be acting as a factor for further
degradation of the material, given the fact that damage appears to be constantly spreading.
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Fig. 24. Stress-strain curve for a @12 specimen, after 45 days of corrosion, during
tensile test, with the “knee” appearance.

A worth-referring study, which deals with the “knee” appearance and the local
detachment of the martensitic zone, is [33], from Masafumi Azuma. In that study, an effort was
made to examine the response of each phase (martensite, feritic-perlitic) to the loading imposed.
According to the noticed behavior, martensite particles and ferrite grains present different
strains even though the strain given is the same. To be more precise, strain in the martensite
phase is much lower than the one in ferrite, although martensite particles deform plastically. It
appears that the wide diversification is related to the shape and the distribution of the martensite
particles in the ferrite matrix. A typical example is the low strain expressed by the ferrite grains,
which are surrounded by the particles that comes in contrast with the high deformation of the
isolated ferrite grains. The equiaxed martensite particles record lower deformation. According
to [33], the strains are averaged at each strain.

The four more characteristic types of void formations are presented in Fig. 25:

o void initiated by cracking of a martensite particle,

o void initiation by decohesion at the interface between ferrite and martensite and
coalescence of two voids formed at the end of martensite particles,

o void initiation by decohesion at the interface between ferrite and martensite and growth
of a void formed at the end of a martensite particle and

o void formation by decohesion at the ferrite/ferrite grain boundary.

Through this depiction, it can be easily understood that the interaction among the existing
internal and external defects is not a rare phenomenon, on the contrary, it is usually inevitable.
This interaction is considered to be responsible for many failure scenaria of the material, as it
can also be proved by the laws of Applied Fracture Mechanics.



14 Ch. Apostolopoulos, Arg. Drakakaki, Alk. Apostolopoulos et al.
Void formation by cracking of martensite
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Fig. 25. lllustration of the four more characteristic types of void formation mechanisms
between martensite particles in dual phase steels [33].

Namely, pitting, chloride and sulfide presence on the steel bars is considered to be very
critical, since their interaction and their simultaneous action results in notches or cavities
formation, or even in combined pitting. This interaction increases with corrosion exposure,
leading to the initiation of corrosion paths formation (Fig. 26). Moreover, due to the increasing
imposed deformation, there is a critical point at which crack growth and strain cannot continue.
This is the point at which the hardening capacity is exhausted and final failure takes place.
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Fig. 26. Formation of corrosion paths.

Elaborating the external surface of dual phase steel bar and more specifically the
quantification of the artificial corrosion damage, various measurements needed to be taken
concerning not only the conventional term of mean mass loss, but also the mean and the
maximum pit depth, as well as the mean and the maximum pit area.

For this reason, two specimen series (B500c, ®12, 510 mm length, dual phase steel bar
category) were prepared. In the first specimen group 18 bare specimens were included. In the
second group 12 embedded specimens were included. The latter were constructed in cylindrical
shape, with peripheral concrete cover 10 mm and C16/20 class of cement. Three specimens of
each group were used as reference- non corroded cases. All the rest were inserted in the salt
spray chamber for different exposure periods. For each exposure period, three specimens of
each group were examined. Bare specimens were organized to 6 exposure periods (0, 15, 30,
60, 75, 90 days) and the embedded ones were organized to 4 exposure periods (30, 60, 90 days).
After the completion of each predetermined period, the specimens were exported from the
chamber and they were cleaned according to the pertinent standards. Mass loss was measured
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for each specimen, and all the steel surfaces were meticulously examined, considering pitting
corrosion, before the execution of the tensile tests. The results concerning mass loss and pitting
measurements as well as the mechanical properties, or in other words the quantification of the
artificial damage of both bare and embedded B500c steel bar categories ®12 diameter, are
presented in Tables 2,3.

Mass loss of bare steel bar specimens, constantly increases up to 12.48 % for a corrosion

duration up to 90 days. Maximum pit depths values increase as well. On the contrary, pitting
areas do not vary significantly. It is worth referring that pitting measurements in bare specimens
demonstrate a uniform type of corrosion, in contrast to the corresponding results for the
embedded case, where pitting corrosion is the dominant.
It should also be explained that for pit depth measurements, what was taken into consideration
was the deduction between the initiation and the ending point of each pit, as well as the uniform
reduction of the nominal diameter, which is owed to uniform corrosion. Consequently, a pit
depth measurement in the present study equals to the sum of those two lengths.

Characteristic defects-corrosion damage and mechanical behavior of dual phase rebar

Table 2. Pitting measurements and mechanical properties on embedded specimens, B500¢
category, @12 steel bar diameter, C16/20 type of concrete.

Pitting measurements Mechanical properties
Mean : Mean .
BXPOSUE | Mass | pit '\é:’éti't it | VXL R, | Rm), | Agt | (),
' Loss, % | Depth, ' Area, 2 MPa MPa % MPa
Days pm 5 mm
pwm mm

0 0 - - - - 561,43 | 654,13 9.36 58.63

30 0.48 143 230 0.899 3.244 558.53 | 651.92 9.24 55.82
60 0.50 176 303 0.837 3.274 | 557, 41 | 650,08 8.74 52.50
90 0.65 172 393 0.919 3.448 556.90 | 647,90 8.35 50.12

Table 3. Pitting measurements and mechanical properties of bare steel bars B500c category,
@12 diameter.

Pitting measurements Mechanical properties
Mean Max Mean .
BP0 | mass | opit | et | Pt | NPl @p) | Rm) | AgL | ()
' Loss, % Depth, | Depth, Area, 2 MPa MPa % MPa
Days ) mm
um um mm
0 0 - - - - 561.43 | 654.13 9.36 58.63
15 2.53 213 275 0.924 1.971 537.64 | 635.49 8.23 51.36
30 6.69 283 400 1.155 2.239 506.61 | 595.62 7.14 38.65
60 9.47 285 365 1.278 2.472 490.53 | 572.78 6.08 34.17
75 11.42 321 525 1.3635 3.04 467.80 | 548.11 5.54 29.48
90 12.48 350 548 1.18 2.209 453.29 | 530.99 4.85 25.17

On the contrary, mass loss of embedded steel bars, does not significantly vary between
30 and 60 days of corrosion (0.48 %-0.50 %). Something similar happens to the maximum areas
affected by this factor as well. However, pitting maximum depth is steadily increasing.
Maximum pit depth is equal to 393 um for 0.65 % mass loss of the embedded specimens, while
the same pit depth is reported for more than 10 % mass loss of the bare specimens. This fact
confirms the assessment for pitting corrosion on the embedded specimens.

Moreover, certain further conclusions were made concerning pitting development:
This particular behavior is associated with both the proximal pitting fusion phenomena and their
further development see: Figs. 27a,b. Certain brief conclusions are given below:
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e Itisacommon phenomenon for two close pits to extent to a larger one.

e  Another case is the appearance of a localized damage due to concentrated pits along
with localized corrosion

e  There are different shapes of pits, such as shallow and extended, or deep and narrow
with steep pit walls, or even pits that contain inner pits.

e  Usually, the pit is located on the base of the rib, where a higher stress concentration
will occur during loading.

Fig. 27. (a, b). Various pitting shapes, (shallow, deep, sharp) constitute possible stress
concentration positions.

Figure 28 graphically presents the change of the pitting factor (max pit depth/ mean pit depth)
in reference to the mass loss, in red color for the embedded specimens and in blue color for the
bare specimens, until 90 days of corrosion. It can be concluded that for mass loss about 0.65 %
maximum pit depth value is about 400um for embedded specimens. The same diagram shows
that for mass loss lower than 0.50 %, pitting factor value is about 1.60. The same pitting factor
value corresponds to 12 % mass loss for the bare specimens.

25
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1 ——FEmbedded
Specimens

o 2 4 6 8 10 12 14
Mass Loss (%)

Pitting Factor

05

o

Fig. 28. Change of the pitting factor of theB500¢, @12, bare and embedded specimens in
reference to mass loss (%).

On the other hand, for bare specimens it can be concluded that for mass loss about 2.5 %,
pitting factor values range from 1.20 to 1.30. For mass loss about 10 % a range from 1.30 to
1.40 is recorded, while for mass loss about 12.50 % the values increase to a range from 1.35 to
1.60.

Conclusively, pitting factor values, which were taken from embedded specimens with
low mass loss percentages (about 0.65 %) can depict in a very realistic way the corrosion effect
on steel. Through these results, the importance of the external pitting factor on a critical failure
mechanism is obvious, revealing the urgency of thorough study of its initiation and expansion.

Finally, SEM and EDX analyses, which revealed a gradual reduction of the adhesion
between the two phases due to their imminent separation, strengthened our thoughts: see
Figs. 29a,b.

The multiple responses of the phases of the material are owed to the differences between
the metallurgical structures and the different strain hardening and strain rate sensitivity. The
combined damage on the martensitic phase, due to corrosion factor, which was aided by
external pits and internal defects close to the surface, is depicted in Fig. 30. Finally, in Fig. 31
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is given a dual phase steel bar model, coming from Finite Element Analysis, using ANSYS

Code, in reference conditions (Fig. 31a) and in corrosion conditions after pitting affection
(Fig. 31b).

Fig. 30. Depiction of the internal and the external damage mechanism developed on dual
phase steel bars after corrosion
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Fig. 31. Depiction of a finite element model (a) in reference conditions and
(b) after corrosion affection.

The phases of the steel bar are discrete (martensite, transition zone and the core) and are
presented in different colors. Given the figures, it is also easy to understand that the major
damage on the corroded steel bar is located on the martensite layer and is not only a simple
pitting result, but also the result of the combined action between pits and existing defects and
their deterioration due to the harsh conditions, which quite often results in a coalescence among
them. Last but not least, intense damage can also be noticed on the interface of the phases,
resulting in their separation due to the loss of their adhesion. The source of this kind of damage
is the existence of voids and sulfides and their swelling under corrosion conditions. The finite
element model presented in Fig. 31 constitutes the first procedure of an ongoing study, which
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tends to analyze the mechanical behavior of the dual phase steel bars, under defects and pitting
affection. At this point it should be mentioned that external damage, caused by pitting corrosion,
can be estimated by measuring the number of pits per unit area and by extended study of the
surface, using optical instruments. On the contrary, for the estimation of the internal
imperfections and defects, several intersections should take place in order to collect the data
demanded to approach the real situation.

4. Conclusions

Making an effort to conclude the previously referred findings, what can be pointed out is that
structural problems coming from the production process is a frequent phenomenon for dual
phase steel bars, which is mainly related to microcracks, microvoids and sulfides presence.

e Pitting presence, which is owed to the various aggressive factors that exist in any
corrosive environment, results in the damage deterioration both superficially and deeply

e During stress, sulfide areas and microvoids, may act as stress concentrating factors for
the various dual phase steel bar categories, affecting not only their ductility, but also their
strength, which is a factor that makes them occasionally unreliable.

e Moreover, phenomena like “knee” formation in the elastic region of the specimens, in
combination with the corrosion level, constitute an important diminishing factor of dual
phase steel bars, as far as their strength is concerned.

e The combination of internal and external defects on dual phase steel makes it a material
characterized by an unpredictable mechanical behavior and this is because due to the
coalescence of the defects, mechanical performance is diminished, resulting in the
premature failure of the material.
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Abstract. The influence of the pressure of the argon-oxygen gas mixture on the composition
of Pb(Zr,Ti)Os (PZT) films deposited by RF magnetron sputtering on the silicon substrate with
a platinum layer has been studied. It was demonstrated that the change in the self-polarization
vector is unambiguously associated with the variations of the concentration of lead in PZT films
in relation to stoichiometric composition. It was found that at the high gas pressure (8 Pa) the
entire volume of the thin PZT is crystallized in the perovskite phase, and with decreasing
pressure to 2 Pa (and, consequently, with a decrease in lead content) the fraction of the
perovskite phase in the film volume significantly decreases. For explanation of the reorientation
of the polarization vector we have proposed the model which is based on mechanochemical
phenomenon of the diffusion of lead atoms under the mechanical stresses caused by a
distinction in the thermal expansion coefficients of the film and the substrate.

1. Introduction

The interest for applications of thin ferroelectric films for the development of micro-electro-
mechanical (MEMS) devices is steadily growing up to now [1-6]. The contemporary
advancement of technologies of oxide microelectronics allows one to find out the ways of
combining the technology of the ferroelectric films formation with the silicon microelectronics.
It results in the qualitative leap in the miniaturization and energy consumption of the devices.
In order to reduce labor costs in the manufacture of MEMS devices, it is necessary to exclude
the formation of the macroscopically stable polarized state. The latter is achieved by applying
to a thin film ferroelectric capacitor of an external electric field. This is the time-consuming and
therefore quite expensive process. In a number of studies of lead zirconate titanate Pb(Zr,Ti)Os
and barium titanate BaTiOzthin films, it was shown that the stable polar state could be achieved
even without using of an external electric film [7-33]. This polar state, which is commensurable
with the value of the spontaneous polarization, is commonly referred to as the self-polarization
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© 2017, Institute of Problems of Mechanical Engineering
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or the natural unipolarity. One has to acquire the deep understanding of the nature and
mechanisms of the self-polarization phenomenon for the targeted control of this process, and
especially the developing on its base various devices.

The existing experimental data show that the main reasons responsible for the appearance
of the self-polarization could be:

- the tensile (compressive) or bending mechanical stresses affecting the ferroelectric layer from
the side of the substrate and buffer sublayers [7-13],

- the structural damage, arising from the epitaxial growth of the ferroelectric layer [14-17],

- the difference in the work functions of the charge carriers from the upper and lower electrodes
produced of different materials, that leads to the difference in Schottky barriers on the upper
and low interfaces of the thin-film ferroelectric capacitor [18-19],

- the nonuniform distribution of charged vacancies over the thickness of the ferroelectric layer
[20-22],

- the asymmetric formation of the space charge and, consequently, the formation of the internal
electric field near the upper and (or) the lower interface; the latter can be caused by the
crystallization of the perovskite phase in the ferroelectric in the absence of the upper electrode
[23-27].

Theoretical studies of this problem have shown that the self-polarization may occur under
changes of the composition over the thickness of the ferroelectric layer (graded ferroelectrics).
The latter is especially clearly revealed in the multilayer perovskite films, in which the
composition could change in each layer [28]. In a number of studies [4, 10-12] it is assumed
that the combination of a few factors of the electric and mechanical nature, affecting
simultaneously the PZT layer, is responsible for the appearance of the self-polarization and its
large value.

Depending on different factors the self-polarization value may vary in wide-ranging
limits from zero to the spontaneous polarization value. In particularly, the self-polarization
value essentially depends on the degree of perfection of the structure of the thin ferroelectric
layer, its composition and thickness. In its turn, these parameters depend on the film
precipitation methods, their thermal treatment, the film orientation in the course of the growth
and other factors [9, 11, 13, 27, 29-31].

Up to now, the unambiguous comprehension of mechanisms leading to the appearance of
the self-polarization in the films is unavailable. The following question remains unresolved:
Why in some cases the polarization vector is directed towards the film [8, 16, 19, 20, 32], and
in the others towards the substrate [18-19, 22-25, 27, 29-32]? The authors of the majority of the
experimental studies even do not discuss the reasons of an appearance of one or another
orientation of the self-polarization vector. The analysis of numerous experimental data leads to
the following basic conclusion: the reorientation of the self-polarization vector could be
performed by two independent methods [13, 33]. According the first method the direction of
polarization vector could be changed by preliminary heating the thin film Pt/PZT/Pt capacitor
(with “symmetric’ electrodes) above the Curie temperature followed by cooling below the
Curie temperature. The second way is the creation of conditions at which the change in the
curvature sign of the silicon plate occurs under the action of mechanical bending stresses. With
this aim in mind one have to choose, by a certain way, the thickness of the ferroelectric film
and the composition and the thickness of the buffer layer on the substrate.

In this paper we study the nature of appearance and orientation of the spontaneous
polarization in the thin film Pt/PZT/Pt capacitor that is the important fundamental and applied
problem. To achieve this goal, we have explored the model according to which the orientation
of the spontaneous vector in the thin film Pt/PZT/Pt capacitor is caused by the charge defects
in the ferroelectric film. In Pt/PZT/Pt film capacitor the defects of this kind could be whether
the oxygen or lead vacancies. Existence of the oxygen vacancies lead to the electron conduction
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of the film, and visa versa, the lead vacancies are acceptors and in their presence the film
acquires the hole (p-type) conductivity. The sign of the charge carriers determines the sign of
the space charge, which is formed on the interface (interfaces) of the studied structure, and
consequently, the orientation of the self-polarization vector (see Fig 1).

2. Methods of the preparation and the study of the samples.

Thin layers of the PZT solid solutions were formed using the two-step method. The platinized
silicon wafers with the buffer sublayer of 700-nm-thick silicon dioxide, and the adhesive 20-
30-nm-thick sublayer of titanium dioxide (Pt/TiO2 /SiO2/Si were used as substrate. At the first
stage of film synthesis, using RF magnetron sputtering of the ceramic target, the amorphous
layers of Pb (Zr, Ti) Oz solid solutions have been obtained. The deposition process was carried
out at ~ 150 °C, at which the film is still in the amorphous state. Then the layers formed in this
manner were subjected to the high temperature annealing, which is necessary for the formation
of the PZT perovskite (ferroelectric) structure. The annealing temperature was varied in the
range of 580 — 650 °C. Note that the thickness of a lower platinum electrode was 60-80 nm,
and of the PZT layer 800-1000 nm. On the surface of the produced films a grating was formed
from the upper Pt electrodes of area of about 200 x 200 um. The composition of the thin films
corresponded to the region of the morphotropic phase boundary (the atomic ratio Zr/Ti = 54/46),
where the majority of physical, including the electromechanical, parameters attained the
maximum values [35]. That to compensate the losses of lead during annealing in air, the excess
of lead was added as 10 mol % of the lead oxide.

The microstructure and composition of the PZT layers were investigated using the X-
rays diffractometer DRON-7, the Carl Zeiss EVO-40 scanning electron microscope equipped
with an Oxford INCA energy-dispersive X-ray spectrometer for the measurements of the
element composition of thin films, and also the optical microscopy Nikon Eclipse LVV150. The
self-polarization state of the films was studied by an atomic-force microscope MFP-3D SA,
Asylum Research. The measurements have been carried out in the contact regime applying on
the conducting probe the alternative voltage of amplitude 5V and frequency 50 kHz. The
scanning field area did not exceed 60x60 um. The presence of macroscopic polarization was
determined from the asymmetry of the dielectric hysteresis loops (P-V), which were obtained
using the modified Sawyer-Tower circuit, and also by measuring the capacitance-voltage
characteristics (C-V) with E7-20 immittance meter. The measurements of the pyroelectric
response with the magnitude proportional to the degree of unipolarity of the ferroelectric layer
were performed in the dynamic mode [33] in the frequency range from 10 to 10° Hz.

3. The dependence of the magnitude and direction of the spontaneous polarization of PZT
thin films on the concentration of lead oxide
In a number of studies it was shown that the PZT solid solutions, containing an excessive lead
oxide concentration relative to the stoichiometric value, exhibit the electron-type conductivity
[see for example 36]. This is a clear indication of the presence of the donor oxygen vacancies
in the film. It is assumed that the electrons in the PZT films of a given composition can be
captured by deep traps located in the vicinity of the lower Pt/PZT interface. The capture of
electrons leads to the formation on it negative space charge and to the formation of the internal
electric field E. This field leads to the alignment of the ferroelectric dipoles parallel to its own
direction, i.e., the polarization vector orients toward the bottom electrode (Fig. 1a). Depending
on the thickness of the PZT layer the orienting action of the electric field can capture whether
the entire thickness of the film layer, or only a part of it. Under the influence of the field on the
entire film thickness, the self-polarization can attain the value of the spontaneous polarization
for the PZT solid solutions [11, 23, 29].

It is believed that by reducing the excess of lead oxide in the PZT layer the concentration
of oxygen vacancies therein will decrease. If the concentration of lead oxide, for one reason or
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other, will be less than the concentration of lead oxide corresponding to the stoichiometric
composition, but still be sufficient for the perovskite phase formation [37], one can expect the
formation of acceptor vacancies of the lead in the film. These vacancies provide the formation
of p-type conductivity and positive space charge on a lower Pt / PZT interface, and
consequently, the internal electric field directed towards the film surface. This leads to self-
polarization oriented parallel to the field, i.e., towards the free surface of the layer (Fig. 1b).
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Fig. 1. The change of the orientation of the unipolar state caused by the action of the electric
field of the space charge in the bottom interface area, depending on the electron (a), or the
hole (b) type of conductivity of the PZT thin layer.

The following techniques can be used to change the content of lead in PZT layer:
- Increasing the heat treatment temperature (annealing) of the layer;
- The use of ceramic PZT targets with different content of excessive lead;
- The use of metal targets in the reactive sputtering vacuum apparatus,
- If the layer is deposited by chemical means using a sol-gel process, it is necessary to reduce
the content of lead alcoholates in the gel solution.

In this work we utilized the technique based on the variation of pressure of the working
gas mixture (80 % Ar + 20 % O.). The pressure was changed in the range from 2 to 8 Pa. This
allowed us to change the lead content (in relative atomic units Pb / (Zr + Ti)) in the deposited
PZT film in a wide range of concentrations - from 0.93 at 2 Pato 1.21 at 8 Pa. Curve 1 in Fig. 2
shows the variation of the ratio Pb / (Zr + Ti) in the in the amorphous film versus the working
pressure in the chamber.
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Fig. 2. The ratio of atoms Pb / (Zr + Ti) versus working gas pressure: (1) - in the amorphous
film; (2) - in the annealed film in perovskite phase, (3) — in pyrochlore phase.
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We think that the reason for such significant variations in the lead content may be the

change of the conditions of thermalization of atoms in a gas plasma, when the regime of

directional flow of sputtered atoms (Fig. 3a) is replaced by the diffusion mode (Fig. 3b) [38].

a) b)

Fig. 3. Diagram of the scattering of metal atoms in the plasma of inert gases in accordance
with [38].

Figure 4 shows the optical images of the films formed at different working gas pressures
and then annealed in air at 600 °C. It can be seen that if the films were grown at high gas
pressures, the perovskite phase and crystallization occur throughout the whole volume of the
films (Fig. 4a,b). As pressure decreases, more and more areas remain, which have not
transferred into the perovskite phase. In these areas preserved a low-temperature pyrochlore
phase (Fig. 4c,d). In the films grown at low gas pressures the perovskite phase was formed only
in the form of separate islands (Fig. 4e,f). The volume fraction of this phase was reduced to 20-
25 % with the pressure decreasing up to a value equal to 2 Pa (Fig. 5). The reason for this
decrease, in our opinion, is a reduction of the lead content in the films with a decrease of the
working pressure during the formation of the films. Curve 2 in Fig. 2 shows the average lead
content in the perovskite phase (Pe) (at low pressures - in the islands of perovskite phase), and
the curve 3 shows the lead content in the pyrochlore phase (Py).

Fig. 4. Optical image of phase contrast (Py / Pe) of PZT thin films, deposited at different gas
pressures and annealed in air at 600° C: a) 8 Pa, b) 6 Pa, ¢) 5 Pa, d) 4 Pa, e) 3 Pa, ) 2 Pa.
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Fig. 5. Content of perovskite phase fraction (Pe) in PZT thin films versus working gas
pressure (annealed in air at 600 °C).

The images of the piezoelectric response (piezo-response) of the films (signal Mag xCos),
obtained at different pressures of the gas mixture, are shown in Fig. 6.

Fig. 6. Piezoresponse force microscopy (PFM) images of piezoelectric response in PZT
films at different gas pressure: a) 8 Pa, b) 6 Pa, ¢) 5 Pa, d) 4 Pa, e) 3 Pa, f) 2 Pa.

Figure 7 shows the histograms plotted on the basis of above data, reflecting the distribution
of the self-polarization state of the films over the area within the perovskite phase.
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Fig. 7. Histograms showing the distribution of the self-polarization state over the film area at
different gas pressure; a) 8, 6 and 5 Pa; b) 4, 3 and 2 Pa.
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The piezoelectric response for the films synthesized at high pressures of the gas mixture
(8-6 Pa), i.e. for the films that have a high content of lead, is distributed uniformly over the area
of the samples (see Fig. 6a,b) and Fig. 7a), the curves corresponding to the pressure 8 and 6 Pa).
A shift of the histograms on the abscissa-axis in the positive direction means that the self-
polarization vector was oriented towards the bottom interface of the film. A decrease in pressure
of the gas mixture leads to a decrease of the shift magnitude. Along with that, a decrease in the
value of self-polarization and an increase of heterogeneity of the signal of piezoelectric
response occur (Fig. 7a, the curve corresponding to the pressure of 5 Pa). Further pressure
reduction leads to a further blurring of the signal and appearing a self-polarization signal with
the values significantly higher than for pressure equal to 8 and 6 Pa (Fig. 7a, the curves
corresponding to the pressure of 4 and 3 Pa). As well the splitting of the histogram occurred
with forming two peaks dependences. This means that in the film are formed micro regions in
which self-polarization vectors were directed towards each other (Fig. 7b). For the films, which
were grown at a gas mixture pressure of 2 Pa, a clear bimodal distribution with two well-defined
peaks has been observed. In this case the blurring of the histograms was reduced.

Thus, a decrease of gas pressure results in a decrease in content of lead, which, in its turn,
leads to the gradual reorientation of polar ferroelectric dipoles from orientation towards the
substrate to reorientation towards the free surface of the film. This dynamic is clearly seen in
the histogram representing the dependence of the thin film areas oriented both towards the
substrate and towards the free surface versus the pressure of the gas mixture (see Fig. 8). We
believe that the self-polarization is a consequence of the formation of the space charge on the
lower interface of the film-substrate. As we showed above, the space charge is formed by the
oxygen vacancies. This means that the reduction in the value of self-polarization is uniquely
associated with a reduction of excess lead oxide concentration in the films, and thus the decrease
in concentration of oxygen vacancies.
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Fig. 8. Histogram showing the ratio of the scanned areas in the PZT films with the opposite
orientation of the self-polarization vector.

The formation of micro regions with the self-polarization oriented towards the free film
surface can be explained by occurrence of lead vacancies (at the integral ratio of Pb/(Zr+ Ti)
close to the stoichiometric). The occurrence of lead vacancies may be associated with
mechanisms of nucleation and growth of islands of the perovskite phase in the pyrochlore phase
matrix, which can lead to the nonuniform distribution of lead over the thickness of the
ferroelectric layer. Similar nonuniformity may be caused also by nonuniform mechanical
stresses that develop in a thin layer of a ferroelectric as a result of mechanical interaction with
the silicon substrate. The discussion of these mechanisms is provided at the finale section of
the article.
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From the point of view of electrical neutrality, the occurrence of micro regions in the
ferroelectric layer, in which the self-polarization vector in reference to a normal to the surface
can be directed in one or another side, appears quite reasonable and can be considered as a
partition on a 180-degree or 90-degree quasi-domains, lowering the free energy of the system.

Returning to the vacancy model of the self-polarization formation, we note that in order
to obtain in a thin PZT film, a significant concentration of lead vacancies, which would exceed
the concentration of oxygen vacancies, one have to use additional technological methods. This
will be the subject of a separate report.

4. Influence of the high-temperature annealing on the properties and microstructure of
Pt/ PZT / Pt layers

The second series of PZT thin films was synthesized at a pressure of the working gas mixture
equal to 6 Pa. Then all the films in this series were annealed at temperatures 580-650 °C. After
annealing, the upper Pt electrodes were deposited on the surface of the films and their structural
and electrical characterization was studied. Thereafter, the films were heated somewhat higher
the Curie temperature of 400 °C. Then the films were cooled to a room temperature and again
the characterization of their structure and electrophysical properties was carried out. The
measurements of the film composition showed that with increasing annealing temperature (7ann)
the excessive lead content in the film linearly decreases. At the annealing temperature Tann =
580 °C the lead content, on average, in the film was higher of the stoichiometric content by
11 % and at Tann = 650 °C only by = 3 %.

The initial films exhibit the asymmetry of C-V (and P-V) curves. A small shift of these
curves toward the negative voltage values indicates the presence of the internal electric field
(about 5 kV/cm at Tann = 580 °C) in the film and its weak unipolarity (Fig. 9a). The vector of
this field has been directed towards the lower electrode (Fig. 10a). The typical form of the
hysteresis loop (P-V curve), reflecting the presence of the internal field, is shown in Fig. 11a.
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Fig. 9. The reversible e-V dependences specific to PZT films, the perovskite phase
crystallization of which was carried out at: a) Tann = 580 °C and c), 620 °C; and also
immediately after heating above the Curie temperature of the capacitor PZT structures, b)
films annealed at Tann = 580 °C and, d) films annealed at Tann = 620 °C).

The value of the internal electric field in the films, synthesized at a working gas mixture
pressure of 6 Pa, was not great. With increasing annealing temperature Tann the electric field
becomes even smaller. A decrease of the field takes place in such a way that the C-V
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characteristic in the film, which was initially formed at a temperature of 650° C, became almost
symmetrical (Fig. 9c). A sign of pyroelectric response, defined by us, confirms the data on the
direction of the self-polarization vector. A heating of the samples above the Curie temperature
led to a change in the direction of the shift of the dependencies C-V (and P-V). As a rule, they
were shifted in a positive direction on the X-axis. This means that there is formed the inner field
in the films, which is oriented towards the free surface of the film (Fig. 9d, 10c, and 11c).
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Fig. 10. The change of the unipolar state orientation due to the electric field of the space
charge in the region of bottom interface, depending on the electron (a) or the hole (c)
conductivity type of the thin PZT layer.
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Figure 11 presents three characteristic dielectric hysteresis loops of the capacitor. The data
were obtained by studying the polarization process in the capacitors that were kept for one year.
In the process of aging of the samples the asymmetric shape of the hysteresis loops (Fig. 11a
and 11c), reflecting the orientation of the self-polarization vector, has undergone significant
changes. Statistically, in about 50 % of cases, instead of the asymmetric loops, prevailed the
symmetric, so called, “double” loops or loops with a “waist” (Fig. 11b). A similar shape of the
loops indicates that in the fine ferroelectric layer there were formed the oppositely directed
(facing each other) the internal electric fields (Fig. 10b). Besides the double loops in the films
formed at Tann = 580°C and Tann = 600°C, there were observed the loops shifted, in most cases,
towards negative voltages (Fig. 11a). In the film formed at higher annealing temperatures (Tann
=620 °C and Tam = 650 °C) the shifts of P-V curves, for the most part, were observed in the
opposite side (Fig. 11c). The observed changes, in particular, may be associated with features
of crystallization of sufficiently thick polycrystalline films, which may contain several large
and thick perovskite grains [29]. The changes in the character of the internal fields during aging
reflect the rather complex processes occurring in the samples. These processes appear to be
related to both the migration of charged defects and the relaxation of mechanical stresses [39].

Voltage, V

Palarization, LLCfch

Fig. 11. The dielectric hysteresis loops for the PZT capacitor structures, corresponding to
different versions of the unipolar state shown in Fig. 10. Measurement frequency is 1 kHz.

Note, that in the films with the perovskite structure formed at the annealing temperature of
580 °C, the direction of self-polarization vector usually remained unchanged. These data were
obtained as a result of measurements of film pyroelectric response. The reliability of this
conclusion is confirmed by a large number (about 20) of the measurements.
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Fig. 12. The change of the sign of the pyroelectric response and direction of the self-
polarization vector as a result of high heating of the capacitance structure of Pt/ PZT / Pt
above the Curie temperature in thin films formed at temperatures of 580-650 °C.

Thus, the heating of the capacitance structure Pt/PZT /Pt, in most cases, have led to the
reorientation of the self-polarization vector towards the free surface, i.e. towards the top
electrode, and the probability of the reorientation increasing with increasing the annealing
temperature. The experimental data on the reorientation of the self-polarization vector due to
heating of the thin-film Pt/PZT/Pt capacitor above the Curie temperature and subsequent
cooling to room temperature, allow us to deduce a few conclusions. 1. The change in the
direction of self-polarization vector may be associated with the change of the growth
mechanism of perovskite phase. This leads to a redistribution of the mobile charges between
the upper and lower interfaces of the ferroelectric film and to their subsequent capture at the
upper or at the lower interface. 2. The sign of the space charges formed on the upper and lower
interfaces of the ferroelectric layer may be also changed. But in any case, the observed
phenomena are uniquely associated with the presence of intrinsic point defects which are the
oxygen or lead vacancies.

5. The concentration of lead and the nature of the reorientation of the self-polarization
vector

The experimental data presented in Fig. 2 show the following:

- High temperature annealing results in a reduction of lead content, which may be due to the
fact that lead, at high temperatures, can change its oxidation state in a wide range;

- In a two-phase film occurs the redistribution of lead between the regions occupied by the
perovskite and pyrochlore phases. The effect is most pronounced in films deposited at a
pressure of a gas mixture of 2 Pa.

These data clearly demonstrate that crystallization of the perovskite phase in thin films

with content of lead lower than the stoichiometric composition (i.e., the atomic ratio (Pb / (Zr
+ Ti) <1)), does not practically occur. Note that in [37] also was demonstrated that the
perovskite phase crystallization in the entire volume of the thin film can take place only if the
ratio Pb/(Zr+Ti) does not deviate below the stoichiometric amount on (2-3) %.
We may also assume that a change in the oxidation state of lead (for example, from +2 to +4)
formally results in his deviation from the stoichiometric concentration. Indeed, with increasing
of oxidation state of lead the number of oxygen atoms should also increase in order to preserve
the stoichiometry composition. However, if its concentration is constant the oxygen vacancies
will appear in oxygen sublattice.

Since the formation of the ferroelectric properties of PZT films is associated with the
formation of the perovskite phase, we believe that the most likely the reorientation of the self-
polarization vector with the heating of the Pt/PZT/Pt structures is related with the creation of
perovskite nuclei and their subsequent overgrowth near the free surface, or with the similar
nucleation process near the bottom surface (Fig. 13) [40]. The experiment shows that the
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formation of the perovskite phase is possible only if the film has a stoichiometric lead
composition, or if it contains a lead excess. This means that during the annealing the intensive
redistribution (diffusion) of lead atoms from one edge to the other occur in the film.
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Fig. 13. Schematic representation of the nucleation of the perovskite phase (Pe) in the
pyrochlore phase matrix (Py) on the top (a) and bottom (b) interfaces of the thin PZT layer.
The arrows indicate the direction of growing of Pe-phase and of displacing of lead-oxide
excess either to a lower platinum electrode, or to the free surface.

This raises the reasonable question. Whether this mechanism unique or we can discovery
other phenomena responsible for the diffusion of lead atoms? To answer the question, let us
turn to the phenomenon, which was discovered in 1935 and is well-known to scientists engaged
in research of metal alloys. This phenomenon is called Gorsky effect [40]. A more detailed
description of Gorsky effect and its modern interpretation can be found in [41, 42]. The essence
of the Gorsky effect is as follows. In a solid, which is under the influence of non-uniform
bending elastic stresses, atoms having a larger size will move towards the extended area,
whereas vacancies and the atoms, having a smaller size will move in the direction of the
compressed area in order to compensate the action of the external compressive force in full
compliance with the Le Chatelier's principle. Fig. 14 qualitatively illustrates the physical
essence of the Gorsky effect.

Fig. 14. Schematic representation of the Gorsky effect; 1 - the crystal part curved under the
action of elastic stresses; 2 - elastic stresses; 3 - directions of stretching of the crystal;
4 - atoms and their direction of motion under the action of elastic stresses; 5 - vacancies and
their direction of motion under the action of elastic stresses; 6 - evaporation of atoms from the
surface of the crystal.

During annealing, due to the difference in the coefficients of thermal expansion of the film,
the buffer layers. and the silicon substrate the elastic stresses arise, which lead to a bending of
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the film and substrate, that, in fact, we observed for all samples. If the film is curved convex
upwards, the atoms of larger size will be “collected" at the surface of the film. If we are dealing
with chemical compounds of stoichiometric composition, it is quite possible that the tensile
stresses (see Fig. 14) will lead to the exit of the atoms on the film surface. At the same time, in
the vicinity of the boundary there will be formed the vacancies of atoms which were removed,
in full accordance with the theory of the formation of pores under load [43]. Now, on the basis
of Gorsky effect, we consider what to be happening in our system. In this paper we do not
calculate strictly quantitatively the diffusion flows of atoms of different kinds under the action
of mechanical stresses. Let us make the simplified and qualitative consideration of the basic
processes, which, in our view, correctly explains the physics of the processes leading to the
formation of the internal electric field and try to determine its direction depending on the
composition of the PZT film. Note that, in general, for accurate calculation of the processes
occurring in bending of the PZT layer, it is necessary to investigate Gorsky effect in each of the
PZT crystal sublattices and take into account their impact on each other. Moreover, it is
necessary to calculate the bending stresses, using, for example, the Stoney formula for the
multilayer system, which arise because of the difference in thermal expansion coefficients of
the Si substrate, SiO, buffer layer, platinum electrode and PZT film. These calculations need to
be carried out for different thicknesses of each layer and different annealing temperatures. Thus,
here we consider only qualitatively that will occur in films with different stoichiometry.

PZT Stoichiometric films. Let us consider the case where the film is curved convex
upwards. The largest of the existing PZT atoms, the atoms of lead (Pb covalent radius is equal
to 1.47A) under compressive stress gradient will move to the top surface of the film. Towards
them, in direction to the substrate will move the Pb vacancies. If lead atoms do not evaporate,
their concentration near the top surface will be higher than the concentration of oxygen atoms.
This results in the fact that near the top film surface the oxygen vacancy concentration will be
higher than in the film depth. The oxygen vacancies are donors of electrons and they will be
positively charged with the dissociation. Since electron mobility is higher than an oxygen
vacancy, a positive charge is formed near the top film surface. The electrons formed as a result
of the dissociation of the donor oxygen vacancies, will diffuse to the lower boundary of the
interface, where they can be captured at deep traps. As a result, the internal field will be directed
from the top towards the bottom interface. With increasing of the annealing temperature the
tensile stresses will increase. It can result in the output of a part of lead atoms on the top film
surface and even their evaporation. In this case, near the surface of the film are formed the
vacancies of lead. They are the electron acceptors. Therefore, near the top interface will be
formed the p-type conductivity, which leads to the formation of the positive space charge near
the bottom surface of the film and, as a consequence, the internal field is directed from the
bottom toward the top interface.

Consider the case where the substrate with the film is convex downwards. Since in this
case, the lead atoms could not be removed effectively from the film (in the first case, they could
reach the surface of the film and even evaporate), they will accumulate on the film-substrate
interface, and the oxygen vacancies will collect near the lower interface.

Near the top surface of the film, on the contrary, it will be lack of lead atoms and, as a
consequence, their excess vacancies. The lead vacancies are negatively charged and therefore
the field will be directed from the substrate toward the top film surface. Here various options
may take place. Charge compensation can occur, or conversely, electrons and holes can create
additional internal field (such as p-n junction), which depends on the energy of the traps and as
result the internal field will increase.

PZT films with Pb sub-stoichiometric content. Let the film is convex upward. In this
case, the Gorsky effect will lead to further decrease in the concentration of Pb (if the Pb
evaporate during the annealing) and to an increase of concentration of Pb vacancies. The highest
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concentration of vacancies will be near the top surface of the film. The vacancies of lead are
acceptors. Therefore, near the upper interface will be formed the p-type conductivity, which
leads to the formation of the positive space charge near the surface of the film and, as a
consequence, the internal field is directed from the upper to the lower interface.

If the substrate with film is convex downwards, then, as in the case of stoichiometric
composition, Pb atoms cannot effectively be removed from the film. Their concentration will
increase. This in turn leads to the stoichiometry near the lower interface. The result will be the
compensation of the charges, and the intensity of the internal field will either be small or it will
be completely absent.

PZT films with Pb over- stoichiometric content. If the film is curved convex upwards,
one could observe even greater increase in the concentration of Pb near the top surface (if the
lead does not evaporate). In this case the concentration of oxygen vacancies will also increase
that resulting in that the internal field will be directed from the upper to the lower interface.

If the film is convex downwards, the oxygen vacancies will accumulate near the bottom. The
field will be directed from the top to the bottom interface.

6. Results and conclusions

1. The method of RF magnetron sputtering of the ceramic target has been adapted for
growing thin polycrystalline PZT films with different concentrations of lead. The proposed
technique is based on the variation the pressure of the working gas mixture in the range from 2
to 8 Pa, which allows to obtain PZT films with the lead content from the super stoichiometric
(atomic ratio Pb/(Zr+Ti) = 1.21) to the composition with Pb/ (Zr + Ti) = 0.93 that is below the
stoichiometric ratio.

2. In the films deposited at low pressure of the gas mixture the perovskite phase is formed
only in the part of the film volume, and an increase of the lead content in areas of perovskite
phase (with simultaneous reduction of its content in the pyrochlore phase) occurs due to the
diffusion of lead in the course of annealing.

3. It is shown that with decreasing of the lead concentration, there occurs the reorientation
of the self-polarization vector in some micro-regions of the film. It is expected that these
changes are associated with changes in the nature of the charge defects - from the donor oxygen
vacancies (with a lead large excess) to the acceptor lead vacancies (at an atomic ratio of
Pb/(Zr+Ti) close to the stoichiometric).

4. The peculiarities of the reorientation of the self-polarization vector in the thin-film
Pt/PZT/Pt capacitor, when heated above the Curie temperature, have been studied. It has been
shown that reorientation depend on the temperature at which the perovskite phase was formed.
We have suggested that the competition between the nucleation of perovskite phase near the
bottom or top interface of the thin film is responsible for the observed changes.

5. We have proposed the new model of formation of the space charge, based on the
mechanochemical effect of redistribution of atoms with different sizes under the action of
elastic stresses caused by a difference in the thermal coefficients of the film-substrate
expansion.
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Abstract. A new experimental approach of TiC/a-C coatings critical relative indentation
depth determination is presented. The data comparison of similar coatings obtained by
magnetron sputtering on WC-based and stainless steel substrates shows that TiC/a-C
nanohardness is affected by the substrate at indentation depths larger than 10-13 % of the
coating’s thickness. As for the friction coefficient, the soft substrate influences TiC/a-C
coatings at the depths as small as 1 % of the coatings’ thickness so this mechanical property is
always influenced by the substrate.

1. Introduction

The coating of the surfaces for a wide range of applications is known for a long time. Initially
the coatings were used generally for substrate protection. In this case, the dependence of the
substrate’s mechanical properties from the coating was studied. With the development of
nanotechnologies the role of substrate changed from the main material to the carrier of
nanostructured coating with unique properties. Here the influence of the substrate on the
coating’s properties has to be investigated. Several studies, both experimental and numerical
ones, have analyzed the influence of substrates on the nanoindentation response of thin films
[1-3]. The major objective of these investigations has been the simulation of hardness and
modulus of the films, independent of the substrate, employing continuum analysis [4].

In common practice, it is generally assumed that a maximum indentation depth of one-
tenth of the coating thickness should be sufficient to avoid the indentation curve being
affected by the plastic deformation of the substrate [5, 6]. In case of a soft coating on a hard
substrate the relative indentation depth can even exceed 30 % of the film thickness without
the indentation curve being significantly influenced by the presence of the substrate since
plastic deformation is generally confined within the coating. In contrast, when indenting a
hard coating applied on a soft substrate the maximum indentation depth should be as small as
5 % of the coating thickness [7]. All attempts to evaluate the critical indentation depth by the
numerical analyses refer to some generalized hard or soft coatings on the substrates regardless
to the peculiarities of the specific coating material like chemical bonding, crystalline
lattice, etc.

In present work, the experimental data on the influence of the substrate on the
nanocomposite TiC/a-C coating’s mechanical properties is analyzed. For this type of thin
films the abovementioned experimental data is absent in the literature. For different
amorphous carbon films on silicon substrate the critical indentation depth was found by the
numerical analysis to be around 14 % of film thickness [8]. This value is much larger than
5 % obtained in [7], therefore this fact needs further clarification.
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2. Materials and methods
In order to obtain TiC/a-C coatings the method of high-power pulsed magnetron sputtering
(HPPMS) with titanium and carbon targets was used [9]. The resulting Ti/C ratio was 0.74-
0.76. The targets were sputtered onto two substrates: hard WC-based alloy with the addition
of T15K6-grade Ti (microhardness of ~17 GPa) and AlSI1430 stainless steel (microhardness
of ~3 GPa). The surface of these substrates was polished with diamond pastes down to surface
roughness of 15 and 30 nm respectively. The thickness of the coatings was varied from 150 to
2300 nm.

The surface roughness, Ra, was determined using Zygo NewView 5000 profilometer.
The thickness of the deposited coatings, h, was measured using a Calotest device (CSM
Instruments, Switzerland) by the ball surface abrasion method. The nanohardness of the
coatings was measured by Nanotest 600 device (Micromaterial Ltd.) in the controlled depth
mode with Berkovich diamond pyramid. The indenter penetration depth, d, was 100-1000 nm.
In every measurement series the loading rate was varied to keep the loading time constant at
the value of 20 seconds. The dwell time at the maximum load was 5 s. For analysis of the
stress—strain curves, the Oliver and Pharr method [10] was used. The measurement results
were averaged over a minimum of ten values in a set of 3 identical samples. For coefficient of
friction determination a 55° cone indenter with 30 um tip radius and different loading
schedule were used. The scanning velocity of 5um/s and scratch length of 1000 um with
linear loading up to 250 mN at 2.25 mN/s speed was suitable for friction force determination.

3. Results and discussion

The variation of indentation load allowed obtaining “depth-hardness” curves for both
substrate types (Fig. 1). Here the elevated hardness at small indentation depth is explained by
the indentation size effect [1] (curves 4 on Fig. 1a,b) and in case of AISI430 substrate by the
additional influence of softer substrate on the hardness of the coating tending the resulting
hardness to reach the hardness of the substrate at deep indents (curves 1-3 on Fig. 1b).

At the same time, a dependence of film nanohardness from its thickness is observed: the
thicker the coating is indented the higher nanohardness at the same depths is reached. In case
of hard WC substrate (Fig. 1a) this effect is very slight as almost all data lies in the error
limits. The hardness of thick 900-2300 nm coatings starts from ~38 GPa at 100 nm depth and
decreases down to ~20 GPa at 800 nm depth (curves 1, 2 on Fig. 1a). In case of soft AISI430
substrate this effect is more severe due to larger Hric/Haisis3o ratio. The comparison of the
coatings hardness at small depths around 100 nm (Fig. 1b) shows that the decrease of coating
thickness from 2300 down to 150 nm leads to the decrease of its nanohardness from ~38
down to ~14 GPa. The main reason for that is the change of highly plastic substrate influence
on the coating at different relative indentation depths. At deep indents the hardness of all
samples tends to reach the hardness of pure substrate regardless of the thickness of the
coating.

It can be seen that all the coatings curves on Fig. 1a are almost parallel to that of the
substrate that is why it can be assumed roughly that the substrate does not affect the hardness
of TiC/a-C due to close values of pure and coated substrate hardness. In this case the
indentation curve for the coated WC substrate can be used as a reference one for the
comparison with the data, obtained for other substrates with significantly different mechanical
properties.

The influence of the substrate on the coating hardness can be clearly seen from the
behavior of the indentation curves obtained for TiC/a-C coatings on hard and soft substrates
(Fig. 2). Hard substrate does not influence the nanohardness of the coating here as the loading
indentation curve is well fitted by Oliver and Pharr power equation (dashed part of curve 1).
On the contrary the usage of the soft substrate changes the load-displacement curve
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sufficiently (curve 2) so the fitting by the power law can be applied to the starting section of
the loading curve only (dashed part of curve 2).
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Fig. 1. The dependence of nanohardness from the penetration depth for TiC/a-C coatings on
(@) WC and (b) AISI1430 substrates. The numbers stand for the thickness of the coatings:
1-2300, 2-900, 3-150 nm, 4 — 0 nm (pure substrate). The data approximation of the coatings is
given by solid lines, of the substrates — by dashed lines.
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Fig. 2. The dependence of indentation depth from the applied to 2300 nm thick TiC/a-C
coatings on WC (curve 1) and AlSI1430 (curve 2) substrates load.

For practical use, it is important to determine the critical indentation depth — the depth
at which hardness becomes dependent from the substrate. In present work the critical depth,
dcr, was estimated as the point of divergence of the reference load-displacement curve (TiC/a-
C on WC substrate) from TiC/a-C on steel substrate curve (curves 1 and 2 in Fig. 2) with
determination error around 10 %.

As it is seen from Table 1 the critical relative indentation depth (CRID), given as dc/h,
is depth sensitive with the magnitude of around 10-13 % for the wide range of coating
thickness, h. This value is in good agreement with the general rule of so-called one-tenth of
film thickness.

The same tendency of substrate influence can be observed for the coefficient of friction
(Fig. 3). It is seen that the behavior of the coefficient of friction (CoF) for 2.3 um thick
TiC/a-C coating on AISI430 substrate sufficiently differs from that on hard WC substrate.
The point of divergence for these two curves is located at around 8 mN. At this load the cone
indenter is penetrated into the coating to the depth of 30 nm i.e. 1.3 % of the coating
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thickness. It should be mentioned that such clear influence of the soft substrate can be
observed for the thick coating only. In case of thinner coatings, the influence of the substrate
appears to start at the lowest loads already and the point of divergence cannot be specified due
to measurement error. Therefore, it can be stated that coating’s coefficient of friction is
sufficiently influenced by the substrate at any load applied.

Table 1. Critical indentation depth of TiC/a-C coatings on AlS1430 substrate.

h, um der, nm CRID, %
0.5 63 13
0.9 105 12
2.3 225 10
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Fig. 3. Dependence of CoF from the load applied. 1 — pure WC substrate, 2 — 2.3 um thick
TiC/a-C coating on WC substrate, 3 — pure AISI430 substrate, 4 — 2.3 um thick TiC/a-C
coating on AISI430 substrate.

It is important to note that CRID value can be used here for evaluation purpose only.
According to I1ISO 14577-1:2002 the indentation depth should be at least 20 times larger than
the surface roughness, Ra, to eliminate its influence on the hardness measurements. Therefore,
in terms of present experiment the minimal penetration depth for TiC/a-C coatings on
AISI1430 substrate should be around 300 nm and on WC substrate — 600 nm. Keeping in mind
the value of CRID, derived in this work, the minimal thickness of the coatings should be not
less than 3 and 6 um for AISI430 and WC substrates correspondingly, but it appeared to be
hard to synthesize such thick coatings with high adhesion by the abovementioned method. As
the stable and homogeneous 2.3 um thick TiC/a-C coatings obtained by magnetron sputtering
had the best mechanical properties it was assumed that they can be used for CRID
determination.

4. Conclusions

In present work, a new experimental approach for the critical relative indentation depth
evaluation of the TiC/a-C coatings is proposed. The comparison of the data of the similar
coatings obtained by magnetron sputtering on WC and stainless steel substrates shows that the
indentation depths larger than 10-13 % of the coating’s thickness lead to underestimation of
TiC/a-C nanohardness on soft substrate. As for the friction coefficient it can be stated that the
soft substrate influences TiC/a-C coatings at the depths as small as 1 % of the coating’s
thickness so this mechanical property is always affected by the substrate.
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AnHoTtanus. IIpencraBnen kpaTkuii 0030p TEOPETUUYECKUX MOAENEH, KOTOpPbIE ONUCHIBAIOT
cneurduyeckue MeXaHU3Mbl IUIACTUYEeCKOM JaedopMaluu B  YIbTPaMEIKO3EPHHUCTHIX
Marepualiax ¢ HaHOJABOMHHMKOBOM CTPYKTYypoWl (HAaHOJBOWHMKOBAaHHBIX MaTepuaiax). B
YaCTHOCTH,  PACCMOTPEHbl  MMKPOMEXAHM3Mbl  DACIIMPEHHs  HAHOJBOMHUKOB U
MHUKPOMEXaHU3Mbl COBMECTHOI'O JICMCTBUS PELIETOYHOTO CKOJIBKEHUS M MUIPALMH
JBOMHMKOBBIX TpaHMI] B HAHOABOWHMKOBAHHBIX Marepuanax. [losydeHbl Teopernueckue
3aBUCHUMOCTH HANpSKEHUsI TEYEHUs OT IJIACTHYECKOH aedopmanuy B HAHOABOHUKOBAaHHOMN
meau (Cu). Takxke, IPOU3BEICHO TEOPETUUECKOE OMMCAHUE 3aBUCUMOCTH TPE/ieiia TeKyUeCTH
OT TOJIIWHBI HAHOJBOMHHMKOBBIX TMPOCIOEK B HaHOABOWHHMKOBaHHOW Memu (Cu).
IIpou3sBeieHO CpaBHEHHE TEOPETUYECKUX PE3YJIBTATOB C DKCIIEPUMEHTAIBHBIMU JTaHHBIMU Ha
npuMepe HaHOABOMHMKOBaHHOM Mean (CU).

1. Beeaenue

HanoctpykTypHble MaTepuanbl B OOJBIIMHCTBE CIIy4aeB XapaKTEPU3YIOTCS BBICOKOM
IIPOYHOCTBIO U TBEPAOCTBIO, HO MPOSBISIOT HU3KYIO IUIACTUYHOCTH, CYILIECTBEHHO CYKas
KPYr HMX MpPaKTHYECKOrO ucmoib3oBanus [1-6]. OaHako B mocieqHee BpeMsi aKTUBHO
pa3sBUBAETCsA KJIACC HAHOJBOWHUMKOBAaHHBIX MaTEpUANIOB, KOTOPHIE MPEICTABISAIOT COOOM
yIAbTPAaMEIIKO3EPHUCTBIE  MaTepHaibl,  COJEp)Kallue  BHYTPM  3€peH  aHcamOnu
HAaHOJABOMHUKOBBIX  IIPOCIOCK  BBICOKOW  IUIOTHOCTU.  [lOBBIIEHHBIM  HMHTEpec K
HAaHOJABOMHMKOBAHHBIM  MaTepHajlaM CBs3aH C MX  BBICOKHMH  MEXaHUYECKHMH
XapakTepUCTUKAMM -  YHUKAJIBHBIM  COYETAHMEM  CBEPXBBICOKOM  IPOYHOCTH U
byHKIMOHATBHOM TuIacTUYHOCTH [7-15]. Hampumep, B skcrnepuMeHTabHBIX padoTax [7-9]
ObUIO TOKa3aHO, YTO YJIbTPAMENIKO3EepHHCTass MeOb C 3apaHee CPOpPMHUPOBAHHOU
HAaHOJBOMHUKOBOM CTPYKTYpOM MMEET npenesl TEKy4eCTH, NPEBOCXOMAIIMI Mpenen
TEKY4YeCTH HAHOKPUCTAJUIMYECKOW MEIH, OJHOBPEMEHHO COXPAHsSA BBICOKHE IIJIACTHYECKUE
cBoiictBa. HecMoTpsi Ha 3HAUMTENBHBIN Mporpecc B M3y4€HHWU OCOOEHHOCTEH nedopManuu
HaHOJBOMHUKOBAHHBIX MAaTEPUAIOB MUKPOMEXAHUKA UX IJIACTUYECKOrO MOBEACHUS SBIIACTCS
NpeJIMETOM aKTUBHBIX TUCKyccuil [7-21]. Tlpu 3TOM, MpakTHYECKH BO BCEX MCCICIOBAHUSIX
[16-21] yHuKanbHOE COYETaHWE BBHICOKMX NMPOYHOCTHBIX M IUIACTUYECKUX XapPAKTEPUCTUK
HAHOJIBOMTHMKOBAaHHBIX MaTepUajoB CBSA3bIBAE€TCA € TpaHchopMaluell HaHOABOWHHUKOBOMN
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CTPYKTYPBI, XapaKTE€PU3yeMOW BBICOKOW KOHIIEHTpPAIIMEH IBOMHHUKOBBIX T'PAaHUI] B 3€pHaX.
Hampumep, B JKCHEpPUMEHTANBHBIX M TEOpETHYECKHX paborax [7-21] OCHOBHBIMH
MeXaHM3MaMH  IUIACTHYEeCKOW  JedopManuu  HAHOJBOMHHMKOBAHHBIX  MaTepHaliOB
MPEANONIAratoTCs PEIIETOYHOE CKOJIbKEHHE (I KOTOPOro JBOMHUKOBBIE TI'PaHUIIBI
BBICTYNAIOT B POJIM MPEMSATCTBUI) U MUTPALUs JBOMHUKOBBIX TPAHUIL 3€PEH MO JEHCTBUEM
BHEIIHETO HampspkeHus. Takke, pe3yibTarhl 3KCICPUMEHTAIBHBIX HccieqoBaHuil [7-9]
YKa3bIBAIOT Ha CHenu(UYECKyl0 3aBUCUMOCTh Mpefelia TeKy4eCTH HaHOJIBOMHUKOBAHHBIX
MaTepUaJOB OT PACCTOSHUS MEXIY JABOMHUKOBBIMU rpaHuniamMu. Ha HavanmbHOM 3Tare
YBEJIMUEHUE PACCTOSIHUS MEX]Y JABOWHUKOBBIMH TpaHUIAMH MPUBOAUT K CYIIECTBEHHOMY
pocty mpexaena TekydecTtd. OpHako, HauMHAsE C HEKOTOPOTO KPUTHUYECKOTO PACCTOSHUS
MEXy TpaHUIlaMH HaHOABOMHUKOB (Harpumep, 15 NM B cirydae HAaHOJIBOMHMKOBAHHON MEIN
(Cu) [7, 8]) nabmromaeTcs IJIaBHOE CHIDKEHHE IMpEleiia TEKy4eCTH HaHOJIBOMHHKOBAaHHBIX
MaTepuajoB C POCTOM PACCTOSIHHUS MEXIY JABOWHUKOBBIMHU rpaHullaMu. Takum oOpazom, B
HACTOAIIEM 0030pe OYyAyT pacCMOTPEHBI TEOPETUYECKUE MOJCIN MHUKPOMEXaHU3MOB
MJIACTUYECKOW AeopMaliiil HAHOJIBOMHUKOBAHHBIX MaTEpHaIoB, a HMEHHO MEXaHHU3M
pacuiMpeHue HaHOJBOMHUKOB 3a CYET MUTPAIMH JIBOWHUKOBBIX TpaHUIl MU MEXaHU3M
COBMECTHOTO JIEHWCTBUS PEUICTOYHOI'O CKOJIBKEHHUS C MUTpAleil BOMHHKOBBIX T'PAHUIL.
Taxxke, OyAyT mNpeaCTaBIEHbl TEOPETUUYECKHE 3aBUCUMOCTH IIpefesia TEeKy4eCTH OT
paccTosiHUSL MeXAy ABOMHHMKOBBIMU TPaHUIAMH M TPOU3BEICHO CpPaBHEHUE MOTYyYEHHBIX
TEOPETHUECKUX PE3YyIbTATOB C IKCIIEPUMEHTAIBHBIMU JIAHHBIMHU.

2. MuKpoMexaHu3M paclIMpeHHs] HAHOABOMHUKOB 3a CYeT MHUIPAlUM JABOMHHUKOBBIX
rpaHuL

OKCrnepuMEeHTaJIbHbIE UCCIIE0BAHUS [7-15] ne(pOopMaIIOHHOT O ITOBEJCHUS
HAHOJBOMHUKOBAHHBIX MAaTEpUAIOB YKAa3bIBAIOT HA OINPEAEISIONYI0 POJIb JABOMHHKOBBIX
IpaHUIl B IpOIleccax MIaCTUYECKOH AedopMalii MaTepHUaioB, COASPKAIUX HAHOIBOMHUKA
C MaJbIMHU TOJLIMHAMHU. Murpauuss JBOMHUKOBBIX TI'paHMIl IOJ JEHCTBUEM BHEUIHEH
MEXaHMYECKON Harpy3Kud CUMUTAETCSi OCHOBHBIM MEXaHHU3MOM IUIACTHYECKON AepopMaiun
YJIBTPaMENIKO3EPHUCTBIX HAaHOJABOWHUKOBAHHBIX MaTepHalloB. PaccMOTpUM reomeTpuyeckue
XapaKTepUCTHUKU  PACHUIMPEHUsT HAHOJBOMHHMKOBBIX IPOCIOEK 3a CUET MUIpaluu
JBOMTHMKOBBIX TPaHMII.

(b)

(&)
Puc. 1. Blonem, lacTUYecKoil nedopManuy HaHOJBOWHUKOBAHHOTO MarepHaja 3a CYeT
pacuiMpeHusi HaHOJIBOMHUKOB. (2) YIbTpaMelKO3EpPHUCTBIH 00pa3el] ¢ HaHOJBOHHHUKOBOM
ctpyktypoii. (D) VBenuueHHas BCTaBKa ¢ 36pHOM, COJCPKALIMM MEPHOJAUYECKYIO CTPYKTYPY
u3 N HaHOABOMHMKOB. (C) DIE€MEHTApHBIM aKT yBEJIWYEHHUS TOJNIIMHBI HaHOJBOWHUKOB 3a
CueT MUrpanuu MBOWHHKOBBIX rpanuil. (d) Cucrema u3 N HaHOJBOWHHMKOB MOCie N -Oro
AJIEMEHTAPHOI0 aKTa PAaCIIUPEHUS HAHOABOMHUKOB.

B Teopernueckoit mozenu [16] mpeamonaraercs, 4TO B 3€pPHAX HAHOJABOWHHKOBAHHOTO
Marepuaia Co CpeJHHM pa3MepoM O HENpepbIBHO pAacIpe/eieHbl HAHOJABOWHUKU
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PSIMOYTOJIBHOM (DOPMBI, KOTOpBIE OrpaHWYCHBI JBOMWHHUKOBBIMU rpanuiamu (Puc. 1a).
HaHoBOIHNKY MOJENMPYIOTCS OAMHAKOBBIMH HPSMOYTOJbHUKAMU cO cTopoHamu h, u d .
[Torme HampspKCHMIA, CO3[aBA€MO€ Ka)IbIM HAHOJBOWHUKOM, MOXET ObITh 3((EKTUBHO
OIHUCAHO TOJIEM HAIPSIKEHUS NUCKIMHAIMOHHOTO KBAJPYIOJS ¢ MOIIHOCTBIO JTUCKIMHAIUI
+Q (£ Q-muckmuuamusmu) u mwiedamu hy, u d (Puc. 1b). CormacHo teopun nedexros B
TBEPIBIX Tenax [22-24], momHOCTh () CBsi3aHa ¢ MOJyJieM BekTopa broprepca b nucnokarmm
ok otHomenuem Q = 2arctan(b/25). K o0pasity npuiiokeHo BHEIIHEE pacTITruBaroIiee
HaIpsDKEHUE O, KOTOPOE BBI3BIBAET JACWCTBHE CIBUIOBOI'O HAIPSDKEHUS 7 BJOJb I'PAHUI
HAaHOABOWHUKOB. JIBOWHWKM OpMEHTHPOBAaHBI TakKUM OOpa3OM, 4YTO BAOJb WX TPaAHMIL
JICUCTBYET MaKCHMMAaJIbHOE CIBUIOBOEC HampspkeHne 7 =o/2. JlelicTBue CABUIOBOTO
HAIpSDKEHUS 7 AKTUBHUPYET CKOJIBKEHUE YAaCTUYHBIX Juciokauui (aucnoxkauuit Ilokim)
BJIOJb JBOMHUKOBBIX rpaHull. [ucnokamuu Ioknu nBuratorcss B matepuanax ¢ ['IK
pemeTKon BIoJb IIocKocTel ckonbxkenus {111}, dopmupys nozamu ceds nedexT ynakoBKu
C ylenbHOW sHepruii y. TakuM 00pa3oM, 3JIEMEHTApHBIM aKT CKOJIbKEHUS JUCIOKAlUU
[loknu BmOMH TpaHWIBl ABOMHUKA NPHUBOJUT K YBEIWYEHHIO TONIIMHBI JABOWHHMKA h, Ha
BEJIMYMHY O, PaBHOE PACCTOSIHHIO MEXIY COCEAHHUMH IUIOCKOCTAMU CKOJbxeHus {111}
(Puc. 1c). Ilpeamonaraercsi, YTO CKOJIBKEHHE YACTHYHBIX JUCIOKAUN MPOUCXOIUT
OJIHOBPEMEHHO BJIOJIb TpaHMI] BCEX JABOWHUKOB, MMEIOIIMXCS B TelE€ 3€pHAa, NPHUBOISA K
OZIHOBPEMEHHOMY YBEJIMYCHUIO UX TOJLMHBI N, Ha BeaM4ynHy O M OOpa30BAaHUIO HOBBIX

HBOﬁHHKOB TOJILMHOMN h1 = hO + 5, a pacCTOSAHUA MCXKAY HUMU YMCHBINACTCA HA TAKYHO KC

BENMYMHY O U craHoBuTcs paBHbIM |, =1 —0 (Puc. 1c). PaccrosiHne & Mexny coceHUMHU
IUVIOCKOCTSMHU  CKOJbxeHuss {111} cBsi3aHO C mapamMeTpoM pEUIeTKH @ CIEAYIOLUINM
oTHOweHHeM: d=a/~/3 . B pamkax mMozenn auciokamuu HIOKIH IPEeCTaBIIOT COG0l YHCTO

KpaeBble juciokamuy tnna (a/6)<112>, ¢ moxynem Bextopa Broprepca b pasnbiv b=a/ J6.

DJleMEHTapHBIA aKT YBEJIMUYCHHsS TOJIIMHBI HAHOJBOWHUKOB HA BEIHUYUHY O MOXKET
HOBTOPSITECSL MHOTOKpaTHO. B pe3ynbrare mMOCIEZOBaTENbHOTO OCYIIECTBICHHUS N
3JIEMEHTAPHBIX aKTOB POCTA TOJIIMHBI HAHOJBOMHUKOB B TeJe 3epHa oOpasyercs N HOBBIX
naBoiHUK TonmmuHoi h =hy,+nd (Puc. 1d). [TIpu sToM paccTostHUS MeXIy HaHOBOIHUKAMU

yMeHbIIaeTcs:i u craHoButcs paBHBIM |, =1-nd (Puc. 1d). Kaxnaplii akt yBennueHHs
TOJIIMHBI HAHOJBOMHUKOB TpeOyeT yBEIMYCHUS BEJIMYUHBI BHEIIHETO CJBUTOBOTO

't ompenensemoii  Kak

HAIllpsSKCHUA 7 10 HCKOTOpOﬁ KpHTquCKOﬁ BCJIWYHMHBI 7, ,

MUHHMAaJIbHOE CIBUTOBOE HANpPSHKEHHE, TMPH KOTOPOM TIPOILECC pOCTa HAHOJBOWHHUKOB
PHEpPreTUYecKu  BbIrojieH. Jlamee  paccMOTpUM — DHEPreTHUECKHE  XapaKTePUCTUKU
MIOCJIEZIOBATEIEHOTO POCTa TOIIIMHBI N HAHOIBOWHHKOB.

PaccmoTpuM sHepreTHdeckne XapaKTepHCTHUKU TMepexofa Ae()eKTHOW CHUCTeMBI W3
(n-1)-oro cocrosHus, KOTOpoe Xapakrepusyercss oHeprumed W, , cucrempr u3z N
HaHO/BOMHUKOB TommHoi N ,=h+(Nn—1)5 (Bo3HuKIIEil B pe3ynbTaTe Mocie0BaTeIbHON
peanmzanu  (N-1)-oro  3JeMeHTapHOrO  aKTa  yBEAHYEHHS  TOJIIMHBI  HMCXOIHBIX
HaHOJBOWHHUKOB), B N-0€ COCTOsHUE, XapakTepuzyemoe sHeprued W, cucremsr u3 N
HAHOJIBOWHUKOB  TOJIIIMHOMN h=h,+nd (Puc. 1d)  (Bo3HmKmIei B  pe3yibTare
MOCJIEI0BATEIbHOM peanu3anud N 3JIEMEHTAPHBIX aKTOB YBEIMYEHMS TOJIIUHBI MUCXOIHBIX
HaHOABOWHUKOB). PasHocTh monHbIx sHeprud AW, =W —W._ | xapakTepusyromas nepexosn
nedextHol cuctembl X (N-1)-0oro cocrosiHus B N-0€ COCTOSHHE MOXET OBITh 3alHcaHa
CJIEAYIOIIUM 00pa3oM:
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— Ea q(n-1) q-q(n) q-q(n-1) 4
AW, = EAM _ g0 | paam _peaed) | o 1)
rme EX™ u EI™ — coorBercTBenno cobGcTBenmble sHepruu N KBanpymoneit + Q-
muckauHammii B N-oM u (N—1)-om coctosmmax; ETYW u ETYCY — coorsercTBenHO

SHEpPrus YIpyrux B3auMoOACHCTBHN Mexay BceMu N kBaapynoisamu + () -IUCKIMHAIUNA B
n-om u (n—1)-om cocrosHmax; E; — pabora coBepmacmas BHEIIHHM CIBUTOBBIM
HANpPSOKEHUEM 7 T10 YBEJIMYEHUIO TONMUHB N HAaHOJIBOWHUKOB HA PACCTOSHHUE O .
CobctBennast sneprust Ey maercs u3BecTHbIM BbipaxeHueMm [23]:
£q = NOQ” [y My +d? oy 0" g | @)
4z(l-v) hZ d?
rne D=G/2z(l-v), G —monyab casura, v — koaddurment [lyaccona.
DHeprusi ynpyroro B3aMMOJCHCTBHSI MEXKIY [-bBIM H | -bIM KBaapymosisiMu + Q-
JMCKIIMHAIIMNA PACCYMTBIBACTCS IIyTEM 3apOXKACHHS | -Oro KBAJIPYIOJSIAMIIONS B TIOJE
CIBUTOBBIX HANpPSHKCHUH 1-0ro Keaapymois. Oueprusi EJ  mpexcraBuser  cooi

CYMMapHyI0 JHEPrUI0 BCEX TAKUX MAPHBIX B3aUMOJCHCTBHM MEXIY IMCKIMHAUMOHHBIMU
KBaJIPYIOJISIMUA M MOXET OBITh 3allMCaHa B BUJC ABOMHON CyMMBI 110 MHACKCAM | U | :

2 N-1 d? d? +(h, —v.)?
1= PSS g © Py o)
i=1 j=i (h0+yi]) (ho_Yij)
d®+(h, +V,)? d*+(h, +,)? d’+y?2 )
02— o Tl g2 T T gy 2 T |
d +yij d +yij ij

rae y; = (J _i)(ho +1).
Oneprus Ey naercs cranmapTHOH (HopMyIIoii:
Ef, =-Nz&. (4)
C nomomsto Gopmyn (1-4) cocraBuM BbIpakeHUE U1 pa3HOCTH MONHOM 3Heprun AW,
CUCTEMBI, XapaKTepU3yIolIel N -bIii JIeMEHTapHBIN aKT pOCTa TOJIIMHBI HAHOJBOWHHKOBBIX
npocioek. Bemonnenne ycnosuss AW, <0 o3navaer, uro mepexox cuctemsl u3 (N —1)-oro

COCTOSIHHS B N-0€ COIPOBOXKAACTCI MNOHMKCHUEM ITOJTHOU OHEPTUHU CUCTEMBI, TO CCTb
ABJIACTCA SHCPTCTUYCCKU BBII'OJIHBIM. Peanmaunﬂ N-0ro 3JIEMEHTApPHOTO aKTa CTAHOBUTCS

BO3MO>KHOM npu AOOCTHXKCHUC BHCIIHHUM CABUTOBBIM HANPSIKCHUCM T HeKOTOPOﬁ

KPUTHUECKON BETHMUMHBI 7., KOTOpAs MOKET OBITh ompesesena u3 ycnosus AW, =0

L . . . . . 4 0. N . L A

@0 5 1 1 2 2 0 5 1 1 2 2
gn’ % 8”1

Puc. 2. 3aBucUMOCTb npeaciia TeKy4eCtu o,, OT CTCIICHH ILTIACTHYECKOM IIC(I)OpMaI_[I/II/I &n

IPH PA3IMYHBIX 3HAUCHUSX UCXOTHBIX ToammH hy =15nm (kpuBas 1), 10nm (xpusas 2), 8nm
(xpuBas 3) u 4nm (xpuBas 4) s paccrostaui (a) | =50nm u (b) | =25nm.
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PocTt TonmuuHbl HAaHOBOWHHUKOB COMPOBOXKIACTCS TUIACTUUYECKOU nedopmarmen &£, BKIAL

n?

KOTOpOfI, mocJICc pcain3alnnuun Nn-oro 9JICMCHTApHOTO aKTa, B OGH.[yIO IIaCTUYCCKYTO

nedopMaIio MOXeT OBITh OIICHEH C TIOMOIIIBIO CIASAYIOIICH GOpMYIIHI:
nNo

g (5)

Hcnonb3ys oneHky (5) ais CTENEHU IUIaCTHYeCKOW nedopMalvu &, U BbIpaKEHHE

&

o, =2r." MOCTPOUM KPUBYIO 3aBHCHMOCTH TIPEJIEa TEKYYECTH OT CTENEHH ILIACTHYECKOM

negopManuu Ha mpuMepe Menko3epHucToi CU ¢ UCIIOIb30BaHUEM CIIEAYIONIUX apaMeTPOB:
G =44GPa, v=0.38, a=352 um [24], y =45 mJ m2 [25]. B kadecTBe cpeaHero pazmepa

3epHa BbiOepeM 3HaueHue d =500nm. 3aBucumocts o, (g,) mpencrasineHa Ha Puc. 2 mpu
Pa3INYHBIX 3HAUYCHUSX MCXOAHBIX TONIMH h, HaHOABOHHMKOB i ciaydas | =50nm (Puc.

28) u 1 =25nm (Puc. 2b). KonmuuectBo N HaHOJBOMHHMKOB B 3€pHE ONPEACISUIOCH U3
BeipakeHuss N = d/(hy +1), oxpyrmss moiyueHHoe 4HMCIO MO MpaBWJIaM OKPYIJIEHHS J0

nenoro 3HadeHus. M3 3aBucumocTed Ha Puc. 2 BUJHO, YTO YBCJIMYCHUC TOJIIUHBI hO

UCXOJIHBIX HAHOJBOMHUKOB M YMEHBIICHUEC HAYAIBHBIX PACCTOSHUNA | MeXIy TBOWHHKAMHU
IPUBOJIUT K POCTY mpenena Tekydectu. Cienyer OTMETUTh, YTO MaKCUMaJbHbIE 3HAYCHUS
npejena TeKy4ecTd, MoJyuYeHHbIe B 9KCIIEpUMEHTANbHBIX paboTax [7,8] B 1.5+2 pa3a Huke,
MOJyYCHHBIX M3 HAIIUX TEOPETHUYECKUX pacdeToB. TakuMm oOpa3oMm, JaHHAs TeOpeTHUecKas
Mojienb [ 16] maet kayecTBEHHOE ONMMCaHUE MUKPOMEXaHU3Ma IIAaCTHUeCKO nedopMaluu 3a
CYET MUTpPALMH JIBOMHUKOBBIX I'PaHMI] B HAHOJIBOMHMKOBAaHHBIX Marepuaiax. B cienyromem
pasnene Oyzaer paccMoTpeHa Oosee oOmmas TeopeTHdeckas MOJAENb MHKpOMEXaHH3Ma
paciMpeHusl HAHOJBOMHHUKOB ITyTEM MUTPAIMH IBOMHUKOBBIX I'PAaHUL, COIIPOBOXK/IAIOLIErOCs
PELIETOYHBIM CKOJIb)KEHUEM.

3. MukpoMexaHu3M COBMECTHOIr0 [eHCTBHS PelIeTOYHOI0 CKOJbKEHUSI M MHUIPALUH
JABOMHUKOBBIX I'PAHHLL

PaccMoTpuM MOZAETBHYIO CUCTEMY — 3€pHO, cojieprkamiee N HaHOJBOWHUKOB TOJNIMHON A U
paccrosiHreM | mexny cocennumu nBoiiHukamu (Puc. 3). JleficTBUEe BHEIICHIO HANPSKCHUSI
O AaKTHBUPYET CKOJBXEHHME 4YaCTHUHBIX Auciokanuil (aucinokauuit loxnu) Brosb
JIBOMHUKOBBIX TPaHULL, YTO IPUBOAUT K X MUTPALUH.

Puc. 3. Mogenps miIacTUYECKOM ,ILC(I)OpMaI_II/II/I HAHOJABOMHHUKOBAHHOI'O Marcepurajia 3a CYCT
pocCTa TOJIIMWHBL HaHO)IBOI\/'IHI/IKOB.

CornacHo JaHHBIM TeopeTHIeckux mojenei [17,18] mpoucxoauT oTHOBPEeMEHHAsT MUTPAITHs
BCEX JBOMHUKOBBIX TPaHUIl, MPUBOJISA K YBEIUUCHUIO TONIINHBI JBOWHUKOB A Ha BEIHYUHY

20, rtne o=al \/5 DJIEMEHTapHbIA aKT YBEJIMYEHUS TOJIIMIMHBI HAHOABOMHHUKOB Ha
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BEIMYMHY 20 MOXET IMOBTOPATHCS MHOTOKpaTHO. B pesynbrare mocienoBaTelbHOTO
OCYIIECTBIICHUSI N D3JIEMEHTAPHBIX aKTOB pPOCTa TOJIIMHBI HAHOJABOWHUKOB B Telle 3€pHA
nmeercst N HaHOABOWHMKOB ToammHON A, = A+2n6 (Puc. 3). Ucnons3ys hopmyny (1) mus

pasHoctu snepruii AW, [16] onpenenum yciioBue peann3amuy N-0ro 3JIEMEHTAPHOIO aKTa

pacuMpeHusi JBOMHUKOBBIX IIPOCIIOEK. B peanbHbIX MaTepuanax pacnpeaeiaeHue TONUH A
HAHOJIBOTHUKOB HOCUT CTaTUCTUYECKUI XapakTep. COIIaCHO 3KCIEPHUMEHTAIbHBIM JaHHBIM
[7, 8] rtommmHa A HaHOJBOWHUKOB B YIbTPAMEIKO3EPHUCTOH MEIM MOAYHHSICTCS
JIOTHOPMaJIbHOMY pacrpeaeacHuo [25]:

1, (IN[A/ Agyq]+5%12)?
As 27 P 2s?

THC Aguq — CPEIHCE 3HAUCHHC TONIIMHBI A HAaHOJABOWHHKOB, S — aucrepcus. B atom ciydae

f(4)= ! (6)

CpelHee 3Ha4YCHHE AWnan W3MEHEHUS TIOJHOM SHEPIHMM CHCTEMbl  PAcCUYHMTBIBACT I10
crenymolen hopmye:

1 [°¢)
AW = = [AW,(4) 2 T (4)22. @)
avg 0
PeaJ'H/I3a]_II/I$I n-oro QJICMCHTAPHOI'O0 aKTa CTAHOBHTCA BO3MOXHOU npu JOCTHIKCHUU

o ri
BHCIIHUM CABUTOBBIM HAIIPSAKCHUCM 7 HCKOTOPOU BCIIMYUHBI Trc] it , KOTOpasa MOXKCT OBITH

onpenenena u3 ycnopus AW =0,

[TockoJIbKY MBI paccMaTpuUBaeM YJIbTPAMEIKO3EPHUCTBIE MATEPHANIbI, TO JIOTUYHO
OPEANoNoXKUTh, 4YTO MNOMHUMO JAedopManuu JABOMHMKOBAHMEM B HHUX JeHCTBYyeT
TPaAUIMOHHOE PEIIETOYHOE CKOJbKeHHe. B 3ToM ciydae, mmactuyeckas aedopmanus 1o
IIPEUIOKEHHOMY MEXaHU3My DACIIMPEHHUs HAHOJBOMHHMKOB OXBAaTBIBAET HE BCE 3€pHAa B
MaTepuaie (BCIeICTBUE pa3IMyHON OpHEHTall HAaHOJIBOMHUKOB B 3epHax). Jledopmarius mo
MEXaHU3My pOCTa TOJIUHBI HAHOJABOMHUKOBBIX MPOCIOEK MPOUCXOIUT TOJIBKO B 3€pHAX, B
KOTOPBIX OpHCHTALUA HBOﬁHHKOBBIX TpaHull COBIAAACT HIIN OJM3Ka K HaITpaBJICHUIO
JIEHCTBHS MAaKCUMAaJbHOIO CIBUIOBOIO HampspbkeHus. Ilpeamomaraercs, 4To B OCTaIbHOMR
JaCTu 3C€pCH (C HGBI:IFOI[HOP'I [0 OTHOWICHWIO K BHCIIHEMY CABUIOBOMY HAIIPAKCHHUIO
OpHUEHTalMe TBOMHUKOBBIX IPAHUL]) NEHCTBYET Opyroil MexaHusM JedopMaluu, a UMEHHO
pEIIETOYHOM CKOJIbKeHue. Hampsokenune opyp, NpU KOTOPOM HAYMHAET JEHCTBOBATH
PEIIETOYHOE CKOJIBKEHHE MOXKET OBITh OLIEHEHO C MOMOILBI0 COOTHOIEeHHs Xosuta-Ilerua:
Opp ZO‘0+KHPdn_11/2, rie o, U Kyp — UHIUBUAYyallbHBIE I8 KaXAOr0 Marepuaa
KOHCTaHTHI, 0., — CpeIHHIA pa3Mep CTPYKTYpPHI, Ha KOTOPOM OCYIIECTBISIETCS CKOJIbKeHNe. B

Halieil MOJENH MPEIIoNaraeTcs, YTO CKOJIbXEHUE PEIIETOYHBIX JMCIOKAUA B OCHOBHOM
OCYIIECTBIISIETCA B MIPOMEXKYTKAaX MEX]y HAHOJBOWHHUKAMH, MIOSTOMY B KayeCTBE CPEIIHETO
pasmepa 3epHa d,, B cooTHomeHue Xoiuia-Iletua BeiOepem 3nauenme d, =l. Takum

00pa3oM, pe/es TeKy4eCTH MOXKET OBbITh OLIEHEH C IIOMOIIBIO CIIEIYIONIEr0 BBIPAKSHHS:
On =aoy, + foyp, (8)
rae oh =2t a @ u f — oGbEeMHbBIE TOMH MaTepHana, COOTBETCTBEHHO Ae(opMHUpyeMbIe
10 MEXaHU3MY PACIIMPEHHs] HAHOJBOMHHUKOB M 32 CUET PELICTOYHOTO CKOJIbKEHHUSI.

PoCT TONMIIMHBI HAHOIBOHHUKOB M PEIICTOYHOE CKOJIBKEHHE BBI3BIBAIOT MIACTHIECKYIO
nehopMaImio &, , BKJIaJ KOTOPOH, MOCIIe peaiu3alii N -0ro 3JeMEHTApHOro aKTa, B OOIIYI0

MJIAaCTUYCCKYIO ILC(I)OpMaI_II/IIO MOKET OBITh OICHCH C ITIOMOIIIBIO cnenyromeﬁ (bOpMy.HBIZ

2nNo ~ nb
rag———+f—, 9
e, rRa g + B q (9)



46 H.B. Ckuba, U1.A. Osudbko, A.I". LLledHepmaH, 51.B. KoHakoe

rae b=a/+/2 - BenmumHa mmacTHUECKOro CABHra, BOSHHKAIOLIETO B pe3ynbTare IeHCTBUS
PEIIETOYHOTO CKOJIBLKCHHUS.
Hcnonb3ys oneHky (9) [uisi CTENeHU TUIaCTHYECKOH edopMmanun &, U BbipaxeHue (8)

JUIsl ¢, TIOCTPOUM KPHBYIO 3aBUCUMOCTH O, (&£,) Ha NpuUMepe HaHOABOWHUKOBAHHOM MeH, C

UCIIOJIb30BaHUEM ee¢ cieayronmx mnapamerpoB: G =44T1Tla, v=0.38, a=0.352um [24],
0, =200MlIla, K,p=1750MIla [25]. Ilapamerpsl JOrHOpMaIbHOTO pacupenencHus (6)

s=1/3 u A

avg OPAIMCh M3 OKCIEPUMEHTAIbHBIX JaHHbIX [7,8]. Kommuecrso N

HAaHOJIBOMHHUKOB B 3epHE omnpenensuiocs u3 Belpaxkenus N =d/(4,,,+1) ¢ okpyrnenunem no

vg
OeJIoro 3Ha4uycHus.

O T
0 5 10 15 20 25 30
&, Y%

Puc. 4. 3aBUCUMOCTb HampsOKEHUs O, OT CTENEHHU IUIaCTUYEeCKOM nedopmaunuu &, HpU

Pa3IMYHBIX 3HAYEHUSAX CPE/IHEH TOJIIMHBI HAHOJBOHHUKOB A, =4 uM (kpuBas 1, 1'), 10nm
(xpuBas 2, 2'), 15 nm (xpuBas 3,3") (1, 2, 3 — Teopernueckue kpuBbic;, 1', 2', 3’
OKCIIEPUMEHTAIbHBIE KPUBBIE).

3aBUCUMOCTD (O (En) MMpeacCTaBJICHA Ha Puc. 4 IIpU pa3IMYHBIX 3HAUCHUAX CPCAHUX TOJIIIUH
ﬂavg

| =40um. Ha Puc. 4 mnpencraBieHO CpaBHEHHE TEOPETHYECKHX 3aBUCHMOCTEl o, (&)

HAHOJBOMHUKOB IS ClIydas, Koraa Cpe€aHeC pPACCTOSIHHUEC MCKIAY HaHOJABOMHHUKAMH

(crutomHble KpuBble 1, 2 U 3) ¢ AKCHEpUMEHTANbHBIMUA AaHHBIMU (kpuBble 1', 2" u 3') u3
pabot [7,8]. IlomydyeHHble HaAMH TEOPETUYECKHE 3aBHCHUMOCTH JAEMOHCTPUPYIOT XOpOIlee
KOJIMYECTBEHHOE COBIIAJICHUE C HKCIEPUMEHTAIBHBIMU JaHHBIMH. Taxke, U3 3aBUCUMOCTEU

Ha Puc. 4 BUIHO, YTO yBENMYEHHE TOJNUMHBL A, HAHOJABOWHUKOB NPUBOAMT K POCTY

HAIMpsKCHUA TCUCHUS.

4. Onpenesnenue npejesa TeKy4ecTd B HAHOJABOWHNKOBAHHBIX MaTepUaJiax

Wcnonb3yss pe3ynbTaThl TeopeTwdeckoi wmonenu [18], paccMoTpuMm OTHENbHOE 3€pHO,
conepkaniee N JBOMHUKOBBIX I'DAaHUL], PACCTOSHUSI MEKIY KOTOPHIMH OJUHAKOBO M PaBHO
A (Puc. 5). [leficTBue BHEIIHEH PaCTATUBAMONICH HATPY3KH O MPHBOAUT K BOSHUKHOBEHHIO
CABUTOBOTO HAaIpsDKEHUS 7 BAOJb JBOMHHMKOBBIX I'paHUI. B pamkax Monenu, CKOJbXKEHHE
YaCTHYHBIX D -AMCIIOKanMi  TPUBOJUT K TMEPEMEIICHUI0 BOWHHKOBBIX TPAHUI] B
HAIpPaBJIEHUH, TEPIEHINKYIIPHOM IJIOCKOCTH I'PAaHUIIBI, HA PACCTOSTHUE MEX]Y COCETHUMH
IUIOCKOCTSIMU NIapaJUIEIbHBIMUA IIOCKOCTU JBOMHMKOBOW rpaHulel. [Ipeamomnaraercs, 4Tto
OJIHOBPEMEHHO MPOUCXOIUT MUTpALUs BCEX IBOMHMKOBBIX T'PaHUI], UMEIOIIUXCS B Tele
3epHa. [lIporecc 3apoXaeHHsT U CKOJBKCHHS YaCTUYHOW b -maucrnokanuu mopenupyercs
BO3HHMKHOBEHUEM JIMCIIOKAIMOHHOTO JHIONs ¢ Bekropamu broprepca +b (Puc. 5). Takum
obOpazom, mporiecc ogHOBpeMeHHOM Murpariun N JTBOWHUKOBBIX TPAHUIl MOXKET OBITH OTTCaH
obpazoBannem N  gumonedt wactuyabix +b-mucnokamuit  (Puc. 5). B pesynbrate,
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3JIEeMEHTapHBIM aKTOM IJIACTHYECKOH Aedopmanriv HaHOABOMHUKOBAHHOTO 00pasiia SIBJIIeTCS
OJIHOBPEMEHHAsI MUTpallds JBOWHHUKOBBIX T'PAHMI] HA OJHO MEXIUIOCKOCTHOE PACCTOSHUE

5=al+3 (Puc. 5).

Puc. 5. Moxens MUKpoOMeXaHW3Ma IUIACTHYECKON nedopmanuu 3a CcYeT MHUTpaIuu
JIBOWHUKOBBIX TPAaHUI] B HAHOJBOMHUKOBAHHBIX MaTepHalax.

DNeMEHTApHBIA aKT MUTPALMU IBOMHUKOBBIX TPAHUIl HA PACCTOSIHUE O MOXKET MOBTOPSATHCS
MHOTOKpAaTHO. B pe3ynbrare mociaeIoBaTeIbHOTO OCYIIECTBICHHUS N 3JIEMEHTAPHBIX aKTOB
IIACTUYECKON AedopManvyu MPOUCXOIUT MHUTPALUs TBOMHHKOBBIX T'PAaHUI[ HA PACCTOSHUE
no (Puc. 5).

Peanuzamuss N-oro 5SIeMEHTapHOTO aKTa MUTPALUU  JBOMHHUKOBBIX  T'PaHMII

xapakrepusyercs pasHocTbio sHeprui AW, =W, -W, ,, rne W, - sHeprus nedextHoii
cucTeMbl B N -oM cocTtosiuud, a W, _; - sHeprus aedextHoi cucteMbl (N —1)-0ro coCcTOSHUM.
OcymecTBiIeHHEe N-0T0 3JEMEHTAPHOTO aKTa TUIACTUYECKOW JeopMaIuu 3HEPTeTUYCCKU
BBITOJTHO B cilydae BbImosiHeHus ycinoBus AW, < 0. 3anumieM BbpakeHHE IS Pa3HOCTU
sHepruii AW, :
AW, =EP +EPP —EPP L E] (10)
rae E,'E\’l — cobctBennbie sHeprud N gumoneit +b -gucnokanuii [lokwm; E,?_b u E,?:lb —
COOTBETCTBEHHO JSHEPrHsl YIPYIMX B3aUMOJICHCTBUH MEXIy BCEMH JMIOISAMH T D -
muciokarmid [lokam B N-om u (N —1)-om cocrosiausix; E° — pabota coBepiiraemas BHEITHHM
CIABUTOBBIM HANpsDKCHUEM 7 Tpu murpanud N JTBOWHUKOBBIX TPAHUI] HA PACCTOSHUE O .

CoOcTBeHHas YHEPrus E,?, JaeTCsl U3BECTHBIM BhIpaxkeHueM [23]:
Ep = NDbz(Ind—b_b+1} (11)

rne D=G/2z(1-v), G —moaynb casura, v — kodddunuent [lyaccona.
OHeprus Er?_b YIIPYroro B3aUMOJICHCTBUSA MEXIy BCEMHU TUIOIAMH + D -aucnokanmii

JUISL N -0TO COCTOSTHUS PACCYUTHIBACTCS IO CIEAYOIIeH dhopmyrie:
EPP = A+B+C+E+F, (12)
S d? 2d?

— 2 -
ve AT M @ her | e a-nor )

L n ~ d? ~ 2d*
P=b = E,—zﬂ(m A" 1+[/1(2k—1)+5(j+i)]2 d? +[A2k -1 +3(j+D)]* |
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,N/2-1 0 d2 2d2
C=Db S (N/2—-k)| In|1+ — |- — — |
b ] U [AEK-D-S(j+D? | d*+[AQ2k -1) - 5(j +1)]
N/2-1 n n [ g2 i 2d?
E = Db? N/2-K) In|1+ -~ :
Eﬁ%ﬁéﬂ ) | [2k+83(- I | d®+[2ak+ 8@ - I
N/2-1 n n i d2 ] 2d2
F = Db? N/2—K)|In|1+ - .
kZ::l E,zl( ) 24k +S8(-DF ] d*+[22k+8(j DT

OHeprus Er?:lb VIIPYroro B3aMMOJCHCTBHSI MEXIYy BCEMH IUTOISAMH * D -Iuciiokarmii
s N —1-oro cocrostHus mony4yaercs u3 ¢popmyinsl (12) mpocroii 3amMeHoi N Ha N—1.
Dueprusi Ey ympyroro B3auMoJeHCTBHs ¢ BHEIIHMM CIBHIOBBIM HampspkeHHEeM E
JaeTCsl CTaHIApPTHOU (hOpMYJIOi:
v =—Nzbd. (13)
C nomormnipio Gpopmyin (10)-(13) moaydum BbIpaKEHHS /IS TOJTHON Pa3HOCTH SHEPIHA
AW, . Peanuszauus N-0ro 3J1eMEHTApHOIO aKTa IUIACTUYECKOM nedopMaluu CTaHOBUTCS

BO3MOKHOU IIpu JOCTUXKCHHUHW BHCIIHWM CABUI'OBBIM HAIIPSPKCHUCEM T HGKOTOpOﬁ BCIINYHNHBI
crit

7., KOTOpas MoxeT ObIThb ompeneneHa u3 ycioBus AW, =0 paercs craenyronmm
BBIPAXKCHUCM:
NDbZ(Indb_b+1J+A+ B+C+E+F
z_crit — . 14
n NDd (14)

crit

HCHOHB?)YGM 3HA4YCHUC KPUTHYUCCKOI'O CABHUI'OBOI'O HAIIPSDKCHUA 7T

th
y

JJIs1 OLICHKH

th

npeaciia TEKYUCCTU Gy . HpeI[l'IOJ'IO)KI/IM, 4TOo HOpeacili TEKYUCCTHU O

COOTBCTCTBYCT

crit
BCIIMUHNHEC KpI/ITI/I‘IeCKOFO HaHpﬂ}KeHI/Ifl T y=0.02 > KOTOpOC Tp€6y€TC$I I JOCTUXKCHUA

TIacTHyeckoil jedopmammn ¥, = 2% . KpuTiueckoe HOpMaIbHOE HANPSUKEHHE o' CBA3aHO

crit

C KPpUTHYCCKUM CIABUT'OBBIM HAIIPsSIP>KCHUEC 7T,

CIICAYIOIUM BBIPAKCHUCM!

o™ =272"/sin20, rae @ - cpenHmii yrom, YuMTHIBAIOIIME pA3IHUMe B OPHEHTAIUH

IIJIOCKOCTEN CKOJIBKEHHUS YaCTUYHBIX JUCIOKAIMI IO OTHOLIEHHUIO K HAPABICHUIO JCHCTBUSA
BHEIIHEr0 CABUTOBOTO HAIIPSIKCHUS.

[Tnactuyeckas nedopmaivs 3a CYET MUIPALMK JIBOMHUKOBBIX TI'PAaHUIl MPOUCXOIUT
TOJIbKO B 3€pHAX, B KOTOPBIX OpPHEHTAIMs JABOMHHMKOBBIX I'paHUI] OJM3Ka K HAIpPaBICHUIO
JIEMCTBHUSI MAaKCUMAJIbHOTO CIBUTOBOIO HampspkeHusa. Kak oTmedanocs BO BBEJICHHME,
pe3ynbTaThl SKCIEPUMEHTAIBHBIX HCCIEIOBAHUN YKA3bIBAlOT HA HM3MEHEHHE 3aBUCHMOCTHU

npejesa TEeKy4ecTH O, OT pPacCTOAHMA A MEKIy JABOWHHKOBBIMH TIDaHULAMH Ha

IMPOTHUBOIIOJIOXKHYIO IIPU NJOCTUIKCHUU PACCTOAHUCM A HCKOTOPOI'0 3HAUCHUA ﬂ,*, KOTOpPOC

omnpezensercs U3 HKCIEpUMEHTaIbHBIX TaHHBIX. B MoJenu npeamnonaraercs, 4To 3TO BbI3BAHO
BKJIIOYEHHEM JPyroro MeXaHH3Ma IUIaCTHYeCKOW aedopMaii, a MMEHHO pEIIETOYHOTrO
CKOJIbKEHHUS, KOTOPOE pealu3yercs 3a CUeT CKOJIbKEHHUS PELIETOYHBIX JUCIOKAlUi C
BekTopamu broprepca B B mpomexyTkax MexIy JBOWHHMKOBBIMHU TpaHuLaMH. HanpsokeHue
Op » IPH KOTOPOM HAUMHAET €HCTBOBATh PEILIETOUHOE CKOIbKEHUE MOXKET ObITh OLEHEHO C

moMomibpl0  cooTHomtenns Xomna-Iletua: o, =0, +Kpnd "%, tme o, u Kgp
VHIMBUIyaIbHBIE Ul KOKIOr0 Marepuaia KOHCTaHThI, d., — cpemHuil pa3Mep CTPYKTYpHI,
Ha KOTOPOM OCYHIECTBIIICTCS CKOJIbKEHHE. B Hamel Mozxenu MNpeAnoaaraercs, 4ro
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CKOJIb)KEHUE PEUICTOYHBIX AUCIOKAIUA B OCHOBHOM OCYILIECTBIISETCS B MPOMEXKYTKAX MEKIY
JIBOMHUKOBBIMH TpaHUIIAMH, II03TOMY B KadecTBE CpeaHero pasmepa 3epHa d, B

cooTHomeHnue Xomna-Iletua BbiOepem 3HaueHue d,, =A. B atom cmydae mns ouneHkn

npezena TEeKy4ecTH BOCIOIb3yeMCs IPaBUIOM CMECH, BBEAsS OOBEMHBbIE IOJIM Marepuala
ne(OopMHUPYEMOro 1O MEXaHW3MY MUTPAIMU JBOMHHMKOBBIX TPAaHUI] ¢ W 3a CYET JCHCTBHS
pELIETOYHOr0 CKOJbXeHUd L. Takum oOpa3zom, Ipenen TEKy4ecTH MOYKET ObITh OLIEHEH C

MMOMOIIBIO CJICAYIOUICTO BBIPAKCHUA:

ol = oot , A < A,

y 7=0.02 (15)
th crit 1>
Oy =00, 50 + POyp, 2 ey

Bennunna mimacTrudeckon ,I[e(bOpMaI_[I/II/I Vn > KOTOpaAsA AOCTUTACTCA IOCIIC pealn3alliu

N-0ro 3JEMECHTAPHOI'0 aKTa MUI'PALlMH I'pPaHHUI] 3€PCH W PEIICTOYHOT'O CKOJBLXCHUS HACTCs
CJICAYIOIUM BBIPDAKCHUCM!

7n=a%b, A< Awy

(16)

nNb nB
=q—+ fF—, 1> A,
=@ ﬂd

rae B=a/+/2 - BenuumMHa MIACTHYECKOro CBUTa, BOBHHMKAIOWICTO B pe3ysbrate AeiCcTBUS

PEICTOYHOI'O0 CKOJIBbKCHUA.

th
y

paccTossHUs A MEXIy JBOMHMKOBBIMU TIpPAaHUIAMHM HA NpPUMEpE YIbTPAMEIKO3EpHUCTOM
HaHoaBoWHUKOBaHHOW Menu (Cu). B kauecTBe MaTepUaNbHBIX ITOCTOSIHHBIX BBIOEpEeM

cnenyromme 3HaueHus: G =44GPa, v=038, a=0.352nm [24], o,=200MPa,
K. =1750 MPa [25]. TlapameTps! nedexTHON CTPYKTYpHI MONOKUM paBHbMU: d =500nm,
a=04, =06 u 6=30°.

Hcnonb3ys Beipaxkenus (15) u (16) moctpoum 3aBHCHMOCTH TIpezienia TEKY4eCcTH o, OT

107

20 40 60 80 100
A, nm

0.00 —7

exp
y

(IITpUXOBaHHAA JIMHHUA) Tpejaena TEKyu4eCTH OT pacCTOSIHMS A MeXAy JBOMHMKOBBIMU
rpaHUIlaMd  Ha TpuUMepe yiapTpamenkozepHucrtor Meau (CU) ¢ HaHOABONHMKOBOM

CTPYKTYpOIl.

Puc. 6. 3aBUCHMOCTD TEOPETUYECKOTO O';h (crimomiHas IMHUSA) U AKCIIEPUMEHTAIBHOTO O

Ha Puc. 6 npuBeneHsl TeopeTnyeckas O';h (4) (crormHas MUHUS) U AKCHEPHUMEHTATbHAS

UeXp A) (IITpUXOBaHHAS JUHUS, U3 KCIIEPUMEHTAIbHBIX padoT 7,8 3aBUCUMOCTH IIpCAcia
y 3

TCKYYCCTU OT pPaCCTOAHHUA MCKIAY JBOMHHUKOBBIMHU rpaHunamMmu. BI/IILHO, 49TO IIpHU MaJlbIX
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PacCCTOSIHUSIX MEXAYy JABOMHUKOBBIMU Tpanunamu (A < A. =15nm) BenuuumHa mpexaena

TEKYy4YeCTH HAHOJBOMHHMKOBAHHOTO MaTrepuana BO3pAaCTAaET C YBEJIMYEHHUEM PACCTOSHUS
Mexay 3TuMu rpanuramu (Puc. 6). B ciaydae GoibmuX paccTOSHUN MEXKIAY JTBOHHUKOBBIMU
rpaaunamMu (A > A. =15nm) naGmomaercsi oOpaTHas TEHIEHIMS, a MMEHHO CHHXXEHHUE

BEJIMYMHBI TpEJesia TEKYYECTH C POCTOM PACCTOSIHUS MEXAY JABOMHUKOBBIMU TpaHUILIAMU
(Puc. 2). U3 Puc. 6 BugHO, 4TO TE€OpeTUYECKask 3aBUCUMOCTh O';h (1) mpenena Teky4ecTd OT
PACCTOSIHUSL MEX]y JIBOMHUKOBBIMM TPAaHULIAMH JEMOHCTPUPYET XOpOIIEE COBMAJCHHUE C

9KCTIEPUMEHTATBHBIMH JaHHBIMI Ty F (4) .

3akiaoueHue

TakuM 00pa3oM, MPeACTaBICHBI TEOPETUUECKUE MOJICIIN, KOTOPHIE OMHUCHIBAIOT OCOOCHHOCTH
IJIACTHYECKON JnedopManuu  yIbTpaMeIKO3epHUCTBIX MaTepUajioB C HAHOJIBOWHUKOBOM
CTpyKTypoii. B wMomensx mmactmueckas aedopMarids OCYIISCTBISCTCS 3a  CUYET
MOCJE0BATEIbHOM MUTpalldd JABOMHUKOBBIX TPAHUI] MU PEHICTOYHOrO CKOJIBKCHUS B
MPOMEKYTKaX MEXKIy JBOMHHKOBBIMH TpaHuniamu. OrnucaHue MHUKPOMEXaHU3MOB
MJIACTUYHOCTH OCHOBBIBAJIOCh HA TEOPETUUYECKOM IIOJXOJIE, 3aKJIIOYaoIIEMC B pacyeTe
DHEPreTHUECKUX XAPaKTePUCTHK IMPOILECCOB TpaHchopmanuu e(HEeKTHOH CTPYKTYPHI,
BBI3BIBAIOIICH MJIACTHYECKYIO AeQOopMalliio HAaHOJBOMHUKOBAHHBIX MaTepHasoB. Mcrnonb3ys
MPEIJI0KEHHBIN TEOPETUUYECKUN MOIXO0/, MOTYyYECHbl 3aBUCUMOCTH HAIPSHKEHHUS TEYEHUS OT
IUIACTUYECKOW JaedopManuu METKO3epHUCTONH MeAM C HAHOABOMHUKOBAHHON CTPYKTYpOM
MIPY OJJTHOOCHOM PAaCTSHKEHUHU, KOTOPhIE MOKA3aJIM XOpOLIee KAYECTBEHHOE U KOJIMYECTBEHHOE
COBIIQJICHUE C SKCIEPUMEHTAJIbHBIMU JaHHbIMU. Takke, ompeaesieHbl 3HA4YEHUs Ipejena
TEKy4eCTH HAHOJABOMHUKOBOM MEAW B TNPEANOJIOKECHHE OJHOBPEMEHHOIO JEHUCTBUSA
nedopManuu JBOMHUKOBAHUEM U PEIIETOYHOTO CKOJIBKEHHSI, KOTOPBIE XOPOIIIO COTIACYIOTCS
C OKCIIEPUMEHTAIBHBIMU JAHHBIMH. XOpOIIEe COBNAJCHUE C SKCIIEPUMEHTAIIbHBIMU TaHHBIMHU
HalllUX TEOPETHYECKUX PACUETOB ITO3BOJISIET YTBEPKAATh, YTO HAMHU BBISBICHBI OCHOBHBIE
MHUKPOMEXaHU3MBI ITACTUYECKOH AedopManiu (pacIupeHrne HaHOIBOMHUKOB U PEIIETOYHOE
CKOJIb)KEHHE), KOTOpble OTBETCTBEHHBI 3a YHHUKaIbHOE JehOpMAIMOHHOE TIOBEJICHUE
HAaHOJBOMHUKOBON Mequ. Pe3ynbTaThl JaHHOTO TEOPETUUECKOTO MCCIIEIOBAHUS MOTYT OBIThH
UCIIONIb30BaHbl HA TMpaKkTUKe TMpH (HOPMHPOBAHMH B MEJIKO3EPHUCTBIX MaTepHaliax
HAHOJIBOMHUKOBBIX MPOCIOEK, JaBasg PEKOMEHAAUWHW MO ONTUMH3ALMH HUX CTPYKTYpBHI,
MO3BOJISIIOIIME  JOCTUYb  OJHOBPEMEHHOI'O  COYETAaHUsS  BBICOKOM  NPOYHOCTU U
(GYHKIMOHATBHOM MIIACTUYHOCTH 3TUX MaTEPHAJIOB.

Jaunas paboma ewinonnena npu nodoepxcke (0na H.B.C.) Poccuiickoeo @oHnoa
@ynoamenmanvrvix Hccneoosanuii (epanm 16-32-60110) u Munucmepcmea Obpaszosanus u
Hayxu Poccutickoii @eoepayuu (epanm Ilpezudoenma P® M/[-9152.2016.1), u (onsa A1 u
A.B.K.) Poccuiickoeo ®@onoa @ynoamenmanvhvix Hccreoosanuti (epanm 15-31-20095).
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Abstract. A brief review of the theoretical models which describe specific plastic
deformation mechanisms in ultrafine-grained materials with nanotwinned structure
(nanotwinned materials) is presented. In particular, micromechanism of nanotwin widening
and micromechanism of combined action of lattice dislocation slip and twin boundary
migration in nanotwinned materials are considered. Dependence of the flow stress on the
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plastic strain in nanotwinned cooper (Cu) is calculated. Also, dependence of the yield stress
on twin thickness in nanotwinned copper (Cu) is theoretically described. Our theoretical
results and their comparison with corresponding experimental data in the exemplary case of
nanotwinned cooper (Cu) are discussed.
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SMOKCUIHOM MATPUIIENA
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AHHoTauusl. B pabore mpencraBieHbl pe3ynbTaThl UCHBITAHHA HAa pACTSHXKEHHE O0Opa3loB
KOMIIO3UTHOTO MaTepHualla Ha OCHOBE 3IIOKCHJHOW CMOJIBI C HAIlOJIHEHUEM U3 YIJIETKaHW, B
TOM 4YMCJIE€ MPU LUUKIMYECKOM HM3MEHEHHM HaNpsyKEHHUsS BIUIOTH A0 pas3pyLIeHHs] oOpasla.
Onpenensuinck npenen MNpOYHOCTH, YCIOBHBIM MOJIYJb YINPYTOCTH, IOTEPH HA TMCTEPE3HUC.
Iloka3aHo, dYTO XapakTep 3aBUCUMOCTH MOXAYJISl OT MEXaHHYECKOrO0 HANPSKECHUS
OINpEeEIIAETC MaTpULIEH, TOrAAd KaK YHMCIECHHBbIE 3HAYEHUS IPOYHOCTHBIX XapaKTEPUCTUK
3aBUCST B OCHOBHOM OT HAIOJHUTENS. 3aBUCUMOCTb IIOTEPb HA TUCTEPE3UC MpU
MEXAHUYECKOM LHKJIMPOBAHWM KOMIIO3MTAa OT YHUCJIA LMKJIOB KAa4eCTBEHHO OJMHAKOBA C
AQHAJOTUYHOM 3aBUCUMOCTBIO JUJI1 YUCTOU CMOJIBI.

1. Beenenue

KoMno3umuonssle Marepuanbl, COCTOSIIME U3 YIVIEPOJHBIX BOJIOKOH M IOJMMEPHOMN
MaTpulbl (YIJIeIIacTUKK) ObLIM MOJy4deHbl Oojiee MOJyBEKa Ha3aJ M HaIUIM 4Ype3BblYaiiHO
HIMPOKOe NpuMeHeHue. VX cBOWCTBa M3y4daluCh Pa3HBIMM METOJAMM M C Pa3HbIX NMO3ULIHAN
[1-4], omnako MHOrooOpaswe caMHX MAaTepHajoB, IIUPOTA OOJIACTEH HCIONB30BaHHS H
CJIOKHOCTh CIEKTpa UX CBOWCTB IO-IIPEKHEMY BBI3BIBAIOT AKTHBHBIM HMHTEPEC K HHUM CO
CTOpOHBI HccnenoBatenedl. K coxaneHnto, OCOOEHHOCTH MPEUMYLIECTBEHHOW 00JacTu
MCIIOJIb30BaHUsl YIJICIUIACTUKOB JENano MH(QOpPMAalMI0 O pe3yibTaTax 3TUX HCCIEeI0BaHUI
MaJIoIOCTYNHOM. OJHAKO M3ydyeHHEe M aHauu3 (U3NYECKUX MPOLECCOB B YIIIEIUIACTHKAaX
NPEJICTaBIsIET UHTEPEeC HE TOJIbKO YHCTO MNMPAKTUYECKUH, HO W B OOILIEHAYYHOM IUJIaHE,
0COOEHHO B COMOCTaBJIEHUH C KOMIIO3UIIMOHHBIMU MaTepHajJaMU APYTUX BUIOB U KJIACCOB.

B npousBoacTBe wM3AENMIl pa3iaMYHOTO HAa3HAYEHHs, OT OBITOBBIX IO CIIOXHBIX
KOHCTPYKLMOHHBIX, UCIIOJIb3YIOTCS YIVICIIJIACTUKU HAa OCHOBE YMOKCUIHBIX CMOJI. AKTUBHOMY
INPUMEHEHHUIO 3TUX CMOJI CIIOCOOCTBYET BO3MOXHOCTh MX MOAM(DUKAIMK B IIUPOKUX
npejenax 3a C4eT pa3lW4HbIX 100aBOK. Bo MHOrMX ciydasx W3Jenust U3 YIIerIacTUKOB
paboTaroT B yCIOBUSAX OOJBIIMX MEXAHUYECKUX HANPSIKEHUH, B TOM YUCIIE IPU HUKINYECKH
MEHSIOIIMXCA HANpsDKeHUsIX. B CBA3M C 3TUM Lenblo HacTosmied paboThl sBIsETCS
HCCJIEIOBAHNE MEXAHWYECKHX CBOMCTB YIVICIJIACTUKA C MATPULIEW W3 SMOKCUAHOW CMOJIBI
O/1-20, ogHoit U3 Hauboee MONYJISPHBIX B HACTOSAIIEE BPEMS.

2. MaTepuaJibl 1 METOMKA HCCJIE0BAHUS
Jis monydeHusl MOJTUMEPHOr0 KOMITO3UIIMOHHOIO MaTepuasia B KayecTBE MaTpHIbl OblLia
HCIIOJIb30BaHa 3nokcuHas cMona 3/1-20 u orBepautens nonaudtuinennoauamud (I1911A). B
KadyecTBe HAMOJIHUTENs Obliia BeIOpaHa yrierkanb Mmapku CT-3K.

Cwmomna ¢ otBepauteneM B cooTHoueHuu 10:1 3amemmBanach HeOOIbIIMMU TOPIUSIMH,
npu koMHaTHOM Temmeparype 20 °C B Ttewenun 20 wmuHyT. 3ateMm Opaics 3apaHee
packpoeHHBI Martepuan YB u ykiaapBaics B MOATOTOBIEHHYIO ¢opMy. CMoly HaHOCHUIIU
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Ha TKaHb C MOMOIIBIO IIMPHUIA MOPUUSIMH ~ 1,5 MJI Ha CJIOW W MPUKATHIBAIN CHEIUATBHBIM
BainkoM. OTBepaeBaHHe OOpa3IOB MPOXOAUIO B TeueHHWE 24 YacoB MpPU KOMHATHOU
temriepatype. [lomydanucek oOpasibl pazmepom 5*18*100 mm ¢ 18 crosiMu yrieTkaHu.

CrpykTypy o0Opa3loB HCCIEIOBald METOJOM ONTHYECKOW MHKPOCKOIIUM Ha
mukpockore Olimpus GX — 71 u CKaHHPYIOMICH 3JIEKTPOHHON MHKPOCKOIIUK Ha PaCTPOBOM
mukpockorie Phenom Pro X.

PeHTreHOCTpyKTYpHBIM aHaiu3 TMOoKa3ald, 4TO 3aTBEpAEBIIAs CMOJa B KOMIIO3HUTE
SIBIISIETCSL aMOP(HOA.

Meronom JICK na npuGope DSC823€ cucrembr STAR® kommanuu Mettler-Toledo
OIpEeICIISUTH BEJIMYMHY TEII0BOro 3ddekra npu 3aTBepAeBaHUHN TOJYYSHHOTO KOMIIO3UTA.

HccnenoBanne MEXaHMYECKHX CBOWCTB OOpas3loB MaTepuaia IPOBOIMIM Ha
YHHUBEpCAIbHON HcIbITaTeapbHON Mammue Shimadzu Autograph AG-X Series [5]. s
KpeIUIeHus] o0pas3iia B pa3pbIBHOM MAIMHE HCIOJIb30BaHbl YHUBEPCAJIbHBIC KIMHOBHUIHBIC
3axBathl. Jlehopmanus 0Opas3ioB BO BCEX JKCHEPUMEHTAX MPOBOIAMIOCH C IMOCTOSHHON
CKOPOCTBIO 2 MM/MUH. Y ITTHHEHHE ONPEACISUIOCH 110 XOAY TPaBEPCHI.

VipasjieHne TPOIECCOM HWCIbITaHUH u 00pabOTKa MaHHBIX, IMOJy4aeMbIX Ha 3TOM
MallliHe, TPOM3BOIATCS C TOMOIIBIO MporpaMmHoro obecrneueHuss TRAPEZIUM X [6].
W3mepeHusi MPOBOJWIMCH C IMOCTOSHHON CKOPOCTBIO HArpy)KEHHsl aKTHBHOTO 3axBara 6
MM/MUH. OnpeAessiii MOy/Ib YIIPYTOCTH NMPU YBEJIMYCHUU M YMEHBIICHUN PACTATHBAIOLICTO
YCHIIMSL 10 pa3pylieHuss o0Opasiia, a Takke paboTy aedopMaliii U THCTEPE3MCHBIC MOTEPU
IpU MEXaHMYSCKOM LHMKIMPOBAHMM B PAa3HBIX [Hala3oHaX HampsbkeHuil. B mporpamme
TRAPEZIUM X *1 Bpruncnsiercss GakKTUYECKU HEKOTOPBIH (POPMaAIbHBIN MOYNb YIPYTOCTH,
OlpeJie/sieMblli  KaK TAaHICHC YIjla HAaKJIOHA KacaTelbHOW K KPHBOH Jedopmariuu:
do/ de =E . B nanpHeiinieM 3Ty BelUYHHY Oy/IeM Ha3bIBaTh MPOCTO MOJIYJICM.

3. Pe3yibTaThl HCIILITAHUI M UX 00CYKIeHUE
Ha Puc. 1 mokaszanbl muarpaMMbl HanpspKeHHE — AeopMaliusi, MoJIydYeHHbIE IPH PACTSHKEHUH
00pa310B KOMIIO3UTa U YUCTON CMOJIBI.
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Puc. 1. [luarpammsl HanpsipkeHue — aedopMariyst pHu pacTsKeHUH KOMITO3UTa (cieBa) u
CMOJIBI (CIIpaBa).

Bo-nepBbIX, €CTECTBEHHBIM CIEACTBUEM BBEICHHS VYIJIETKAaHU B CMOJY SIBISIETCS
MOBBIIICHUE MPOYHOCTH MPAKTUYECKH HA MOPSAOK. BO-BTOPBIX, €cii cMojia pa3pyliaeTcs
XPYIKO TIpU JOCTHXKEHUH HEKOTOPOro (DUKCHPOBAHHOTO 3HAYEHUS MEXaHHYECKOTO
HanpspKeHus (Mpenei MPOYHOCTH), KOMIIO3UT pa3pyllaeTcs MOCTENeHHO, TaK YTO BEIMYMHA
rpeesna TPOYHOCTH CTAHOBUTCS HE BIIOJIHE ONPEIEIEHHOM.

O xapakTepe pa3pylIeHHsT KOMIIO3MUTa MOXHO CyAuTh 1o Puc. 2, Ha KOTOpOoMm
MPEJICTaBICHBl (PPAKTOTpaMMbl MECTa pa3pyIlIeHUs, MOTYYCHHBIE METOJOM CKaHUPYIOIICH
ANIEKTpOHHOM Mukpockonuu. Ha ¢otorpadum BuaHBI pa3opBaHHbIE HUTU YIJIETKAaHU U
TPELLHHBI B CMOJIE.
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Puc. 2. ®pakrorpaMMsl pa3pymeHusi KOMIO3HUTa IPU UCIIBITAHUU HA PACTSHKEHUE.

Paspymienne marepuana mpoUCXOANT KaK IIyTeM pa3pbiBa BOJIOKOH, TaK U 4epe3 00pa3oBaHHe
IPOJIOJIBHBIX TPEIIUH B CMOJIE U MEX/Y BOJIOKHAMHU.

B-TpeTpux, HENMMHEHHBIN XapakTep KPUBBIX TOBOPUT O TOM, YTO Aedopmarus o0pas3noB
KOMIIO3UTa, KaK U Je(opMaius YUCTOH CMOJIbI, HE SIBJISETCS 4UCTO ynpyroil. Mcmbltanus
MCXOJHOTO YTJICBOJIOKHA MO AHAJIOTMYHONH METOAMKE M B TOH XK€ 00JacCTH MEXaHHYECKHX
HaNpsDKEHUH [OKa3ald, 4TO 3aBUCUMOCTh MEX]y HalpsDKeHUEeM U Jedopmaiueil ains Hero
UMeeT JIMHEHHBbIA XapakTep MpaKTHYeCKU BILIOTH 10 paspyuenus (Puc. 3), T. e. BosokHO
nedopMUpyeTcs yIpyro.
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Puc. 3. /lmarpamMma pacTspKeHUs yTIICBOJIOKHA.

W3 Puc. 1 BuaHO, Ha KPUBOW 3aBUCHUMOCTH MEXIY HaIpsDKeHHEM M Jaedopmanueit
KOMIIO3UTA MOJXKHO  BBIJCIUTH HECKOIBKO XapaKTEPHBIX y4acTKoOB. IIpakTtmdecku
npsMonuHeiHpli  yuactok ab (Puc. la) coorBercTByeT umcTO ympyroi aedopmaruu,
omnuceiBaeMoii 3akonom I'yka. B 1. b mpoucxoaut pe3koe ymeHbIlleHnEe HAKIIOHA KPUBO, T. €.
ymenblieane moayiast E (Puc. 4), d9to CBHIETENBCTBYeT 00 HM3MEHEHHHM MEXaHU3Ma
nedopMaIum.
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Puc. 4. 3aBUcHUMOCTb MOJYJISl OT HAIIPSKEHUS.

CooTBeTCTBYIOIIEE 3TOM TOUKE MEXAHMYECKOE HANPSKEHHUE UTPAET POJIb «CIIyCKOBOTO
MEXaHU3Ma» — TMPEOJIOJIEBACTCI HEKOTOPBI IMOTEHIHAIbHBIA Oapbep M TMPOUCXOAUT
JIOCTAaTOYHO OBICTpast IepecTpoilka CTPYKTypbl. MoJleKynbl MepecTpauBarOTCd TaKUM
00pa3oM, 4YTO HCYE3alOT «CTONOPBI», CYIIECTBOBABIIME B HCXOJHOM MaTepuaie, U He
JlaBaBILIME Pa3BUBATHCSA IIpolieccaM, OOYCIOBIMBAIOUIMM Je(pOPMALMI0 Ha CIEIYIOLIeM
HEeJTMHEHHOM yvacTke DC. Bo3MokHO, 4TO mpH JEHCTBUU MEXaHWYECKUX HANPSHKCHHH Ha
HOJMMEpP CETrMEHTbl €ro MAaKpOMOJIEKYJ MPHOOPETaroT OIpPEAeICHHYI0 IOJBUXHOCTD,
CIIC/ICTBHEM YETO SIBJISICTCS] OPUCHTAIIMS MaKPOMOJICKYJT BIOJIb HAIIPABJICHUS BBITSDKKH [7].

Ha yuactke DC Hak/IOH 3aBUCHMOCTH G(€) YBEIMYUBACTCS [0 MEpE PACTSDKCHUS, T. €.
s exTHBHBIN MOayb E pacter, 4To He XapakTepHO AJIsi MPOCTHIX BemecTB. Hamo monaraTs,
3TO CBSI3aHO C NPOTEKAIOIMMHU B IOJMMEPHOH MaTpulle HpoleccaMH IepecTpoilku ee
BHYTPUMOJIEKYJISIPHOM ~ CTPYKTYpbl U  IIOCJEIOBATEIbHBIM  BBIKIIOYEHHEM HEKOTOPBIX
MexaHu3MoB Jedopmanuu. HemocpeAacTBeHHO Iepel pa3pylLleHHEM MOJyJdb CHOBA
ymenbinaercst (Puc. 4). Ckopee Bcero 310 OOYCIIOBICHO TOSBIICHHEM Je(EKTOB THIIA
MUKPOTPELINH.

Ha Puc. 5 nokazana nuarpamma negopmannu oOpasia yrienjaacTuka, MoTydeHHas Npu
[UKJINYECKOM M3MeHeHMM Harpy3ku (10 IMKIOB HarpykeHue — pasrpyska). MakcumaibHas
Harpy3ka Ipu LUKIUPOBAaHUM BBIOMpallach TaKuM 00pa3oM, YTOObI HE Ha4YMHAJICA MPOLEeCcC
paspylleHHs, MMO3TOMY HAa KpPUBBIX HAarpy)kKeHUs B 3TOM Cily4dae OTCYTCTBYET Y4YacTOK C
YMEHBLIEHHEM MOYJIsl, IPEIIECTBYIOLINI pa3pylIeHuIo 00pa3sLa.
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Puc. 5. I[I/Ial“paMMa HaIIPSPKCHU A ,[Ie(l)OpMaLII/II/I IIpU NUKINYCCKOM UCHBITAHUU KOMITIO3UTA.
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OTMeueHHbIC BbIIIe 0COOCHHOCTH KPHBOIl 0(€) BUIHBI JIHIIIb MPH TIEPBOM HATPYKCHUH.
B uacTtHOCTH, HayaNbHBIA TPSIMOIMHEHHBIA Y4acTOK ab KpuBoii HarpyxeHus ¢ OOJIbIIUMHU
3HAUYEHUSIMU MOAYJS YIPYTOCTH HPUCYTCTBYET TOJIBKO B IEPBOM LMKJIE IPHU YBEIHYEHUU
Harpys3Ku.

3aBUCHMMOCTh MOAYJS OT BEJIMYMHBI HanpsokeHuss E(o) npu  UKIMpOBaHUH
npencrarieHa Ha Puc. 6. OOpamaror Ha ceOs BHUMaHHE CIEIYIOIINE OCOOCHHOCTH ITHUX
3aBUCUMOCTEH.

KpuBble HarpyxeHHs BO BTOPOM U HOCIEAYIOUMX LUKIAX HMMEIOT OJMHAKOBBIN
XapakTep, HO CyHIECTBEHHO OTJIMYAIOTCA OT KPUBOU MpU NEPBUYHOM HarpyxeHuu. [lortomy
Ha Puc. 6 npuBeneHbl JaHHBIE TOJIBKO AJI MEPBOTO HAarpy>KEHUs M CPEIHUE 3HAUYCHUS IS
nociueAyomux IUKIoB. [Ipu MOBTOpHBIX HarpyXeHUsX >3(PQPEeKTUBHBIA MOIYIL caabo
3aBUCHUT OT HAINPSKEHMSI, IPUHUMAsi MAKCUMaJIbHOE 3HAYEHUE IIPU HArpy3Ke, COCTaBIISAIOLIEH
MPUMEPHO TMOJIOBUHY OT pa3pyllarolleil Harpy3Ku, Jajiee CHOBa yMeHbIaeTcs (KpuBas 2 Ha
Puc. 6).
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Puc. 6. 3aBucuMOCTb MOYJISI OT HAPSDKEHUS: | — MepBBIN LUK HArpYKEHUS;
2 — cpemHee 3HAYCHUS IS TIOCIIEAYIONINX IIUKIIOB Harpy>KEHHUS,
3 — pa3rpy3ka obOpasna.
CrIomIHbIe JTMHUN — TIOJTMHOMHAIBHAS allIPOKCUMAIINS DKCTIEPUMEHTAIBHBIX TaHHBIX.

KpuBsble paszrpy3ku BcexX HUKIIAX MPAKTUYECKU OJNHAKOBBI M, COOTBETCTBEHHO, MOYIIb,
OTpe/IeNIEHHBI MPU YMEHbIIEHUN Harpy3Ku, IPaKTUUECKHU HE 3aBUCHUT OT YMCJa IUKIOB BO
BceM auanasone (Puc. 5). [Tostomy Ha Puc. 6 mpuBeneHb! ycpeAHEHHBIE JaHHbIe (KpuBas 3).

3naueHuss S(Q(PEKTUBHOTO MOJIYJSA, TMOJY4YEHHbIE T@PH YMEHBIIEHUH HArpy3Ku
(pa3rpy3ke), B J11000M IMKIIE OOJIblIIE, YeM IPU yBEIWYEHUU Harpy3ku. CienoBarenbHO, IpU
Harpy>keHUU BCErja ecTh IUIacTHYecKas cocTaBisitomas nedopmanuu. B To xe Bpems
pasianune MeXIy 3THUMH 3HAYCHMSIMM, HalICHHOE IIPU MaJIbIX Harpys3kax, HEBEJIMKO, TOI/a
KaK P BBICOKMX Harpy3Kkax oHO 3HauuTenbHO (Puc. 6). OTcrona ciaeayer, 4To Ha Ha4aabHbBIX
CTaJuAX Pa3Tpy3Ku B MaTepuaje MPOMCXOANUT 3HAYMTENbHAs penakcanus HanpsokeHui. [Ipu
HaIpsSDKEHUAX, MeHbIMX npuMmepHo 20 MIla, cTaHOBHTCS NpeBANMPYIOIIEH peIakcamus
negopmanuu (HUKHUN y4acTOK KPUBBIX pa3rpy3ku Ha Puc. 5.

PucyHok 7 neMOHCTpupyeT U3MEHEHUE MOTEPh Ha THCTEPE3UC ¢ POCTOM YHCIA IIUKIIOB.
Pabora nedopmupoBaHus Ipu NepBOM HArPYKEHUU U MOTEPU HA THUCTEPE3UC B IIEPBOM IIHKIIE
MakcuMaibHbl. CrenoBaTeNbHO, Y€ TIpU IMEepPBOM HArpyKeHUH B 00paslie MPOUCXOJIAT
CYIIECTBEHHbIE HEOOpaTUMble H3MEHEHHs. 3aTeM TIOTepd Ha THCTEPE3UC IOCTENEeHHO
YMEHBILAIOTCA C YBEJIMYEHUEM 4YHciia HUKIOB. OTCI0/la MOXKET OBbITh CAENIaH BBIBOJA O TOM,
YTO B XOJI€ IJIACTHYECKOH Aeopmanuu B Marepuaie MPOUCXOAT MPOLECCHl MepecTPOKU
CTPYKTYpPBbI, IPUBOJAIINE K CHI)KEHHUIO MJIaCTUYHOCTH.
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Puc. 7. Ilorepu 3HEprun Ha TUCTEPE3UC IIPU LUKIMPOBAHNUM: CJIEBA — KOMIIO3MT, CIIpaBa —
cMoJIa.

XapakTep M3MEHEHMs] THCTEPE3UCHBIX IIOTEPh C YBEJIWYEHUEM YHCIa IMKIOB B
KOMIIO3UTE COIIOCTaBUM C MOTEPSMHU B YUCTON CMOJI€, HO UX BEJIMUYUHA B KOMIIO3UTE 3aMETHO
6onpme (Puc. 7), 94TO, €CTECTBEHHO, CBSA3aHO C HATMYHUEM MEX(a3HBIX TPAHUIl U TPAHHMIL
BOJIOKOH TKaHH.

Xopomio H3BECTHO, YTO TAKUE CBOICTBA, KaK NPOYHOCTb M BEJIUYMHA MOJIYJS
yIPYyrocTH IpU HUCHBITAHWM Ha PACTSDKEHUE ONpENessioTcs, B IEPBYIO O4epenb,
HarosHuTeneM. B pabore [8] ObuM mpHBENCHBI PE3YNbTaThl MPOBEICHHOTO HAaMHU
UCCIICIOBAaHMSI MEXAaHUYECKUX CBOWCTB (B TOM YHCIIE M NMPU MEXAaHUYECKOM IUKIMPOBAHUM)
KOMIIO3UTHOT'O MaTepuasa Ha OCHOBE SIIOKCUHON CMOJIbI C HAIIOJIHEHUEM U3 CTEKJIOBOJIOKHA.
KayecTBeHHOE CXOJICTBO pE3yJibTaTOB MCCIECJOBAHUN YIIIEKOMIIO3UTa C JAHHBIMHU IS
CTEKJIOKOMIIO3MTa, a TaK)Ke C COOTBETCTBYIOLIMMHU JaHHBIMU Il TBepAod cmoibl [9],
CBUJIETEJILCTBYET O TOM, YTO 3HAUUTENIbHYIO POJb B MeXaHu3Me naedopmanuu oOpas3loB
KOMITO3UIIMOHHBIX MAaTe€pHajJOB C BOJOKHHUCTBIMH HAlOJHUTENSAMH HUIPAlOT TMPOLECCH B
smoKcuaHOM Martpuile. [IpenMyriecTBeHHOE BIMSIHHE CMOJIbI Ha HEKOTOPbIE MEXaHUYECKUE
CBOWCTBA YIJIEKOMIIO3UTOB (IIPOYHOCTH NPHU CIBUTE, U3TMOE U IONEPEUHOM pACTSKEHUH,
npenenbHas AegopMmarys MpU IOMNEPEeUYHOM pPACTSHXKEHUU U CXKAaTHM) OTMEYalloch €Ile B
coopuuke [1].

B npenpinymieit nHameir padore [10] ObUT0 MOKa3aHO, YTO Pe3yJabTATHI MCCIETOBAHUS
MOJ3y4yeCcTH B TBEPAOH SIOKCHUIHOW CMOJE€ MOTYT OBbITh WHTEPHPETHUPOBAHBI B paMKax
MOJIEH JIOTapU(PMUUECKON MOJI3YUECTH, pa3padOTaHHOMN /ISl KPUCTAJUIMYECKUX TBEP/BIX Tell,
U OCHOBAHHOM Ha NpPEJCTaBICHHUU O CYIIECTBOBAHUH <BIIEMEHTAPHOIO 00bEMay, KOTOPBIH
MOJKET MOJIBEPraThCs HEMpPEpbIBHOW NedopMaluyd HE3aBUCUMO OT JedOopMaluu COCETHETO
aneMeHTapHoro obbema [11]. Pomb, KOTOpyro wurparoT B IUIaCTHUECKOW Jedopmanuu
METAJIJIOB AUCIIOKAINH, B TOJIMMEpaxX MOTYT UTpaTh OOKOBBIE BETBU MOJIMMEPHOIN MOJIEKYIIbI,
TOYHEe, OTCYTCTBUE KaKOH-TMOO BeTBM Ha MNpHuuTaromemcs e mecte. Torna Havamy
IIacTUYeCKO Aegopmanuu moyivMepa (TpOSBISIOUIEMYCS B YMEHBIIEHUU 3PPEKTUBHOTO
MOJTyJIsl Ha TOCJIEIYKOBCKOM Y4YacTKe Je(opMaliui) MOXKET COOTBETCTBOBATh OOPBIB CBS3EH
OOKOBBIX BETBEH MOJIEKYJIbI C €€ OCTOBOM, a MOCIEAYIOLIEe YBETUUEHHE MOAYIISI MOXKET ObITh
00yCJIOBJICHO TOPMOXKEHUEM BETBEH-«IMCIOKALUI» BOIM3H MPENATCTBUH, Halpumep, y3J0B
MPOCTPAHCTBEHHOM CETKH.

B 3axmouenne ormeruM, uro mposeneHHoe metogoM [ICK uccnenoBanue mokasano,
YTO BEJIMYMHA TEIUIOBOTO 3(QeKTa mpu 3aTBepAEBaHUM MOTYYEHHOTO KOMIIO3UTa OKa3ajlach
IIPAKTUYECKH PaBHOW COOTBETCTBYIOLIEN BEIMYMHE Ul YMCTON CMOJIBI (C yUYETOM €€ JOJIU B
KOMIIO3UTE). DTOT (PaKT MOXKHO HMHTEPHPETUPOBATH B IMOJIb3Y OTCYTCTBUS XHMHUYECKOTO
B3aMMOJEHCTBYS YITIETKAHU C SIIOKCHUOM.
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4. BeIBOABI

1. Inarpammbl HanpsokeHue — aedopmarnusi 00pa3IoB yrIIeKOMIIO3UTA MPU UCIIBITAHUNA HA
pacTsHKEHHE KAa4eCTBEHHO CXOXKH ¢ COOTBETCTBYIOIIMMH JHArpaMMaMH YUCTOW CMOJIBI TIPU
CYIIECTBEHHOM  KOJHMYECTBEHHOM  pacxoxaeHuu.  CreaoBarenbHO,  IUIACTHYECKAs
cocrapisitonias JgedopManud 00yCIOBIIeHA B OCHOBHOM MAaTpHICH (CMOJIOW), TOoraa Kak
MPOYHOCTHBIC XaPaKTEPUCTHKU OIPEICIISIOTCS HATIOJHUTENEM (TKaHbBIO).

2. Tlotepu Ha THCTEpE3UC NPH HU3KOYACTOTHOM MEXaHHYECKOM IIMKIMPOBAHHH
YIJCTUIACTUKA, KaK M MPH [UKIUPOBAHUU YUCTOW CMOJIBI, YMCHBINAIOTCS C YBEIHMUYCHUEM
YHUCJIa [HUKJIOB, YTO CBHJICTCIIBCTBYET O MPOTEKAHUHU IPOIECCOB MEPECTPOHKH CTPYKTYPHI,
MPUBOJIANINX K CHUKCHHIO TUTACTUIHOCTH.

3. [Ipu aHamu3e MpOIECCOB, MPOUCXOJANIMX B SMOKCHIHON CMOJIE M KOMITO3UIIHOHHBIX
MaTepuaiax Ha €e OCHOBE B XoJe JehopMallii, MOKHO HCIIOIB30BaTh (C OMPEISICHHBIMU
OTpaHHYCHUSAMH ) MOJICIIH, pa3pabOTaHHbIC IS KPUCTALTHICCKUX MAaTECPHAJIOB.
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Abstract. The results of tensile test samples of composite material based on epoxy resin
content of carbon fabric, including the cyclic change of stress until the destruction of the
sample. Defines the limits of strength, the effective elastic modulus, hysteresis loss. It was
shown that the dependence of the module against mechanical stresses determined by the
matrix, whereas the numerical value of the strength characteristics mostly depend on the
filler. Mechanical cycling leads to a stabilization of the deformation characteristics of the
material.
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IMOJI3YUECTH TBEPJIOU NOJIUIPUPHOM CMO.JIbI
B.U. UBaes”, A.®. Curaues, H.E. ®omun, B.A. IOnun

Mopnogckwuii roc. yausepcuter nmenu H. I1. Orapesa, bonbieBucrckas, 68, Capanck, 430005, Poccust

*e-mail: ivlevvi2010@mail.ru

AnHoTtanus. [IpoBefeHbI UCIIBITAHUS HA TMOJI3YYECTh OTBEPKACHHON MOMMAI(OUPHON CMOJIBI
ITH-1 B 3aBucuMocTH OT Hanpsukenus (2,6 + 24 MIla) u temneparypsi (15 + 45 °C). Bo Bcex
CIy4asiX HaOJIOJaeTCs 3aBUCHUMOCTh JedopMallil OT BpPEMEHHW, XapakTepHas s
HU3KOTEeMIIepaTypHo#l (Jorapudmuueckoit) nmomsyyectu. [lokazano, 4to Ans HHTEpHIpETALUU
OKCIIEPUMCHTAIBHBIX JaHHBIX BO3MOXKHO WCIOJIh30BAHUE MOJEIH, pa3pabOTaHHOW IS
KPUCTAINIMYECKUX TBepAbIX Tenl. [IpoBeneHa oreHKa pa3MepoB «3AJIEMEHTApHOr0 00beMay,
KOTOPBIA MOXET IOJBEPraThCsl HEMPEPHIBHOW ehOopMallid HE3aBHUCHMO OT JehopMaIiuu
COCEITHETO JIEMEHTAPHOT0 00beMa.

1. BBeaenue

[TonusdupHbIe CMOJBI — YHUBEPCAIBLHOE CEMEHCTBO CMOJI, HA OCHOBE KOTOPBIX MOJIYYarOT
KOMITIO3UIIMOHHEBIC MaTepI/IaJII)I, IIII/IpOKO chonbayeMme B pa3m/1qulx 0Tpacn;1x COBpeMeHHOfI
TEXHUKU: CTPOUTENIBCTBE, CYAO- W aBTOMOOWIECTPOEHUH, XHMHUYECKOW, paauo- u
E)JIGKTpOTeXHI/ILIeCI(Oﬁ HpOMI)IIH.HeHHOCTI/I. 3TI/I MaTCpI/IaJII)I 06JIaIIaIOT HII/IpOKI/IM aarra3oHoOM
TEXHOJOTUYECKUX, (PU3HKO-MEXaHUYECKUX, TEIIOPU3NYECKHX U  (DU3HKO-XUMHUYECKUX
CBOMCTB.

Opna u3 Hambosee U3BECTHBIX Mapok monuddupHoi cmoisl — [TH-1. HecmoTps Ha To,
YTO OTO TiepBas cepuiiHas moiauddUpHAsT CMOJIAa, OCBOEHHAs  OTEYECTBEHHOM
MPOMBILIUIEHHOCTBIO €lIe B MATHAECATHIX rojgax 20 Beka, B HAIlM JHU OHAa MPOAOTIKAET
MOJIb30BAaThCA HEU3MEHHBIM CIIPOCOM Yy TOTpeOUTENeH, 3aHUMas MEPBOE MECTO MO O00BEMY
notpebaeHus [1]. OCHOBHBIMH TPHYHHAMH CTOJb BBICOKOW MoOmyssipHocTH Mapku I[TH-1
SABJIAKOTCA HpOCTOTa 158 y,[[O6CTBO HpI/IMeHeHI/ISI, xopoume 3KCHJ’IyaTaIII/IOHHI>Ie IIoKa3aTeiin u
HHU3Kast CTOUMOCTb.

B psapge nyOnukanuii oTmMedaercs, 4YTO JUIsl CMOJI, B TOM YHCJIE MOIUI(PHUPHBIX,
XapaKTepHa HECTAOMILHOCTH CBOMCTB Jake B Mpejelax OJHOTO0 M TOro e CocTaBa U
MOJYYECHHBIX MO OJHOW M TOM K€ TEXHOJIOTMH, YTO 3aTPYIHSAET YHPAaBICHHUE MOJIYYEHHEM
Marepuana ¢ 3aJaHHbIMU CBOMCTBaMH. OJHA M3 NPUYMH 3TOTO 3aKIIOYAETCd B TOM, UTO
HeCMOTpfl Ha meOKoe HpI/IMeHeHI/Ie JTAaHHOTI'O MaTepI/Iana, I/ICCJ'IGJIOBaHI/Iﬁ (1)I/ISI/ILIeCKI/IX
MPOLIECCOB B HEM, B YaCTHOCTH MPU BHEIIHEM BO3JECUCTBHUH, SIBHO HEIOCTATOYHO. B CBs3M C
9TUM B HACTOSAIIEH paboTe MPOBEACHO OJKCIEPUMEHTAIIBHOE HCCIEIOBAaHUE TOI3YYECTH
orBepxkaeHHON cmonbl [IH-1 B 3aBuCMMOCTH OT MEXaHHMYECKOTO HANpPSDKEHUS U
TeMIIEPATyPHL.

2. MaTepuaibl H METOIMKA MCCIET0BAHUSA

Marepuan: mnonuddupHas cmona IIH-1 mpousBonctBa mpenmpusitus «KomOuHat
«Kamenckuit» ('OCT 27952-88). Cmosna ITH-1 - 3T0 pacTBOp HEHACHIMIEHHOTO MOIMA(Upa
HA OCHOBE JIMATHJICHTJIMKOJS, MaJeMHOBOTO aHTUAPUIA U (PTAIEeBOTO aHTUIPUJA B CTHPOIIE.
st oTBEepIKIAEHUST CMOJTBI OBLITH MCIOJIB30BAaHBI OTBEPAUTENb OyTaHOKC M-60 U ycKOpUTEh
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OK (1,5 % aktusnoro Co). Otepxaenue nposoauiu mpu 20 u 50 °C. BpemenHo# uHTepBai
MEXy MOJy4eHHEeM O0Opa3lloB U UX HCIBITAHHEM Ha Pa3pbIB U MOJI3Yy4eCTh COCTABIISLT HE
MEHEE HEJIENH.

HccnenoBanne mMexaHWdeckux cBOMCTB cMmoibl ITH-1 mpoBogmnm Ha yHHMBEpcalbHON
ucneiTaTeNabHOM Mamuae Shimadzu Autograph AG-X Series [2]. Hcnonbs3oBaHbl 00pa3ibl
NPSIMOYTOJIBHOTO CEUEHHUS € pa3MepamMu paboyeil yactu (MEXAy 3axBaTaMH MAaIIMHbI)
4*10*100 MM. YnpaBieHHe IpOLIECCOM HMCIBITAHUA M MpeaBapUTenbHas 00padoTKa JaHHBIX,
MOJy4aeMbIX Ha 3TOW MaIlIWHE, MPOU3BOAATCS C MOMOUIbIO MPOTrPaMMHOIO OOecreyeHus
TRAPEZIUM X *1 [3].
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Puc. 1. [Ton3zydyecTs TBEpAOH CMOJIBI IPH CTYIIEHYATOM HArpy>KCHUHU
Harpyska: 1 —6,4;2-9; 3—-12; 4 - 18; 5 — 24 MIla).

BnusHue HanpsokeHHS Ha [OJN3Yy4eCTh CMOJIBI  MCCIEAOBAIM NP KOMHATHOM
temneparype. O0paser cTyneHdaTo Harpyxaics ot 2,6 10 24 MIla ¢ mocTOsITHHOI CKOPOCTBIO
U TpU KaXI0M Harpy3ke 3amuchbiBajlach KpHMBas IIOJ3y4eCTHM B TEUYEHHME IoJydaca.
Ilonmy4yeHHBIE B HAIIMX YKCIIEPUMEHTAX KPUBBIE IIOJI3y4ECTH UMEIOT BUJ, IOKa3aHHbIN Ha Puc.
1, 1. e. HabmIO@ETCS XapaKTepHasi JUIsl HU3KUX TeMIIEpaTyp MOI3y4ecTh ¢ YMEHbIIAIOMIEHCS C
TE€YEHUEM BPEMEHHU CKOPOCTHIO AedopmMaru.

3. Pe3yabTaThl HCNIBITAHUI U UX 00CY:KIeHUE

Ha Puc. 2 moka3zana kpuBasi pacTsHKeHHS (3aBUCHMOCTh MEXAy nedopmanuend & W
HaIpsDKEHUEM o) OAHOTO U3 00pa3IoB 3Toro Matepuaia. Kak BUiHO, 3Ta 3aBUCUMOCTh UMEET
JIOCTaTOYHO CJIOKHBIM XapakTep, Ha HEH MOXKHO BBIIEIMTh HECKOJIBKO XapaKTEPHBIX
y4yacTkoB. [lepBbiii yyacTok ab — MOHOTOHHOE BO3pacTaHHWE HANPSDKEHUS C YBEIMYCHHEM
JneGopMaluu ¢ MOCTENEHHO YMEHbBIIAIOIINUMCS HAKIIOHOM, T. €. yMEHbIIeHueM 3(h(peKTHBHOro
moxayns E = dolde (Puc. 3). MunumansHoe 3HaYeHUe 3()(HEKTHBHOTO MOIYJIST HAOJI0IaeTCs
npu HanpsbkeHuu okoisio 7 Mlla. Jlanee kpuBas o(€) XapakTepu3yeTcsl IOCTENEHHBIM POCTOM
yrila HaKJIOHA KacaTelIbHOM, T. €. pocToM Moayis E. Paspymenuto oOpasma mpeamecTByeT
Y4YacCTOK C YMEHbIICHHEM MOy £ py yBeTHUeHUH JeQOopMaLiu.

Henunelnpiil xapakTep KpuBbIX Ha Puc. 2 U 3 CBUIETENBCTBYET O CIOKHOM XapakTepe
nporecca 1ehOpMUPOBAHHS C HEOJHOKPATHBIM HM3MEHEHHEM MEXaHU3MOB JehopMallyH.
OTMmeTHM, 4TO MpH MEPBUYHOM HArpy:KEHHH Ha KPUBOM DPACTSIKEHHUS MPAKTUYECKH HET
JUHEHHOTO y4acTKa, COOTBETCTBYIolIero 3akoHy I'yka. Jlepopmarus Bcero numb B 0,5 %
YK€ COIEPKUT IIACTUYECKYIO cocTaBisomyto. CleqoBaTenbHo, Aa)ke MPUH OYEHb MallbIX
negopmanusax B MaTepualie MpoUCXOAsT IPOLECChl CTPYKTYPHOI IepecTpoiiku.

Jns onucaHus M aHalu3a MOJN3YYECTH B PA3IMYHBIX MaTepuaiax, B TOM YHUCIE U
MOJINMEPAX, UCIIONB3YIOTCA PAa3HbIE MOJENN U MOJIyYaroliecs B HUX ypaBHEHUS BPEMEHHOMN
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3aBUCUMOCTH cTeneHu nedopmaruu. Kak mpaBuio, Bce OHM COEpKaT KaKue-TO KOHCTAHTHI,
(U3HYECKUI CMBICT KOTOPHIX HE BCET/IA SICCH.
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Puc. 3. 3aBucuMOCTb 3(1)(1)6KTI/IBHOI"O MOAYJA OT MEXaHUYCCKOI'O HAIIPSKCHUS.

Amnanus OKCIICPUMCHTAJIBHBIX OAaHHBIX ITIOKa3ajl, 4TO 3aBUCUMOCTH I[e(l)OpMaHI/II/I OoT
BPEMCHH IJI BCEX HaHpﬂ)I(eHHﬁ, MOET OBITh MMpeacTaBJICHa HpﬂMOfI JIMHUEH B KOOpJAuHaTax

e~aln(l +w), 1)

rae v — koncranta (Puc. 4). O0paboTka qaHHBIX poBoaMiIack B mporpamme Excel. Bo Bcex
clyJasx 3aBHCUMOCTh aedopmartin € ot IN(1 + vf) nHTepnonupoBantach TMHEWHON QyHKIHEH
C KpUTEpHUEM JIOCTOBEPHOCTH anmnpokcuManuu He Huxke 0,99.

Taxoro poja 3aBUCUMOCTb SIBJISIETCS XapaKTEPHOM /sl JTorapu(pMUUYEcKoi MOI3y4ecTH,
KOTOpasi OMUCHIBAETCSI COOTHOLICHUSMU

& =aln (1+ ar), (2
IJ€ d, 0. — IOCTOSTHHbBIC [4], naun
=g+ g+ aln(l + ), 3

riae & — ynpyras aegopmaius, & — MTHOBEHHas IlacTuyeckas nedopmanus, & U v —
MOCTOSIHHBIE [5].

Teopernueckuii BBIBOJ COOTHOIICHHUS (3) UIsI KPUCTAIIJIOB OCHOBAH Ha MPECTaBICHUHN
0 TOM, YTO MaTepual MOXXHO pa3JeIUTh Ha JJIEMEHTapHbIE OOBEMBI C XapaKTEPHBIM
pasmepom L [5]. Tlpeamomaraercsi, 94To 3TOT 00BEM MOXET IMOJABEPraThCs HEMPEPHIBHON
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nedopmanuu  HE3aBUCUMO OT JAedOopMalMi COCEAHETO JJIeMEeHTapHoro oobema. Ecmm
nedopMarusi B TAHHOM DJIEMEHTapHOM O0bEeMe MPOU30IIa, TO HANMPSDKEHUS B COCEIHUX
3JIEMEHTapPHBIX 00bEMax HE MOTYT YMEHBIIIUTH 3Ty JeopMaIuio.
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x=In{1+vt)

Puc. 4. 3aBucumocts aedopmaiiuu ot Beauuuusl X = IN(1 + ve) npu o= 12 MIla.

B paMKax I[I/ICJ'IOKaI_[I/IOHHOI‘/'I MOACIN I[e(bOpMaI_II/II/I 6LIJ'II/I IMOJIy4CHBbI COOTHOLLICHUA:
& = KT/hbL?, (4)
v = v/(hb2L/KT)exp(~U/KT), (5)

rae K — mocrosinHas bonbimMana, 7 — temmepatypa, h = dolde, o — nanpsbkenue, b — BexTop
broprepca aucnokaruu, v/ — HEKOTOpasi 4yacToTa KoJIeOaHU, COMOCTaBiIsieMas C 4acTOTOM
KoneOaHuil nuHUM Auciokanuu, U — comocraBisieTrcs ¢ JHEprueld, HeoOXOoauMou st
MIPEOIOJICHUST COINPOTHUBIICHHUS, OOYCIIOBJIEHHOTO MEXAaHW3MaMH YIPOUYHEHHs, CBSI3aHHOTO C
OJIM3KOICHCTBYIOIMMHE CHiTamu [5].

B npunHmmne, HeET NPOTUBOMOKA3aHWM K TNPUMEHEHUIO JAaHHOM MOAEIM H K
HEKPUCTATMYECKUM Marepuanam, TeM Ooliee, 4To, KaKk M3BECTHO, MPU HU3KHX TEMIIepaTypax
MOJIMMEPBI MEXaHWYECKH HEOTJIMYMMBI OT MPOCTHIX YHPYrHX TBepAbIX Tea [6]. B uwactHOCTH,
burypupyromnmii B paccMaTpuBaeMoi MOJIENHN «3IIEMEHTApPHBIN 00HEM» MOYKHO COIIOCTABUTH CO
CTPYKTOHOM — CTPYKTYPHBIM 3JIEMEHTOM CTEKJIO00pa3HOTO MOJIMMEPa, UMEIOIIM BO3MOYKHOCTh
1Iepexo/ia U3 OHOTO COCTOSIHUSI B JIPYTO€ HE3aBUCUMO OT COCEHHUX SIICMEHTOB [6].

B omnom u TOM jke oOpasie moiMMepa JODKEH pEealbHO CYIIECTBOBATH HaOOp
CTPYKTOHOB C pa3HbIMU XapaKTEpUCTUKaMH, B TOM YHCJIE€ C pa3HbIMHM BpPEMEHAMHU
penakcanuu, 9To O0OYCIOBJIMBAET HEBO3MOXXHOCTH OMHCAHUS PEJIAKCAI[MOHHBIX IPOIECCOB
OJIHOM MPOCTON JKCHOHEHIMATbHONW (YHKIMEH WIM OTHOCUTEIBHO MPOCTOH MOJEIBIO
KensBuna - ®@oiirra.

Otromenne b/L = & dakTuuecku paBHO OTHOCHUTEIBHOM JeOpPMAIHK CBHUTA B OJHOM
akTe A1eOpMHUPOBAHUS «AJEeMEHTapHOro» o0bema. B aTom ciyuae

& = kT/he'L 3, (6)

KoHcTaHTBI & 1 v MOTYT OBITh OINIpeNIeNIeHbl U3 SKCIIEPUMEHTAIbHBIX TaHHBIX. Toraa u3
(4) MosxeT ObITh HaiieHo mpoussenenue &L — mapameTp, XapaKTepu3yIOIIHii dIeMeHTapHbIH
akT aedopmanuu. BennunHa 3TOro mapameTrpa yMEHbIIAeTCS C YBEIHMUEHHEM Harpys3Ku IO
3aKOHY, ONM3KOMY K S3KcroHeHuuanbHoMmy (puc. 4). Ilomaras 3HaueHue &' OIM3KUM K
nepopmarmy onsydects (= 1072 + 10%), monyunm BenmunHy «31€MEHTapHOTO 06beMa» L3 ~
(102° + 102%) M wmu L =~ (3 + 40)-10® m, uto coorBercTByer mmmHe mpumepro 10 + 100
MOHOMEDPHBIX 3BEHBEB JIMHEHHON MOIMMEPHON MOJIeKynbl. OTMETUM, YTO JUIsl STOKCHIHON
CMOJIbI HaMHU OBLIHM TIONYy4YCHBbI aHAJOTH4HbIe pe3ynbTatsl [8]. Jlist cpaBHeHus: aBTOpHI [7]
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MPUBOJAT JIUIsl YMCIIa 3BEHBEB, BXOSIINX B KHHETUYCCKHIA CTPYKTYPHBINA 3JIEMEHT (CETMEHT)
MOJIMATUJICHA, 3HaueHue B unrepsaie ot 20 no 30.

B 3acTekiioBaHHOM TMOJIMMEpPE COXPAHSIOTCSA, KakK IPaBWIO, Pa3JIMYHbIC (HOPMBI
JIOKaJIbHOM MOABMKHOCTH, CBS3aHHBIE C IBUKEHUEM OOKOBBIX I'PYIII WM MaJIbIX ()parMeHTOB
OCHOBHBIX 1enei [6, 7]. MoXHO moJsiarath, 4T0 KIMEHHO 3TH TPYIIIbI WK (ParMEeHThl UTPAIOT
MIPH MOJI3YYECTH TY JKE POJIb, UYTO U IUCIOKAIIMH B KPUCTAIIAX.
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Puc. 5. 3aBucumocts napamerpa &'L® ot nanpsokenns: 1 — momdup, 2 — SMOKCHI.

TemreparypHasi 3aBUCUMOCTB TIOJI3Yy4E€CTH HCCIIEIOBaIach B MHTEpBAJE TEMIIEpaTyp
15 + 45 °C npu nocrossuHoMm HampsbkeHuun 12 Mlla. Ilpu Gonee BBICOKHMX TemmepaTypax
HaOJroIeHNe TON3y4YecTH ObLI0O HEBO3MOXKHBIM HM3-32 OBICTPOTO paspylieHus oOpasioB. Bo
BCEX TEMIIEPATYPHBIX SKCIIEPUMEHTAX 3aBUCMOCTbh CTETICHH Jie(hOpMaIiK OT BPEMEHHU TaKKe
UHTEPIONUpYyeTcsl JuHeHoW ¢(yHkiuedn B koopmuHatax & ~ In(l + vf) ¢ kpurepuem
nocToBepHOCTH anmpokcumaruu R? me menee 0,99. Iomyuennas B pesynbTaTe 0OpabOTKM
SKCIIEPUMEHTANBHBIX JaHHBIX 3aBUCHMOCTh Mapamerpa L3 oT TemmepaTyphl mpecTaBlieHa Ha
Puc. 5. ITlpakTuyecku IHMHEWHOE YMEHBIIEHHWE OSTOTO IMapaMeTpa CBHJIETEIBCTBYET 00
YMEHBIIEHUH «3JIEMEHTApHOTO 00BbEMa» € POCTOM TEeMIEepaTyphl, YTO MpPEICTaBIsAETCS
BITOJTHE €CTECTBEHHBIM.
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Puc. 6. 3aBucumocts mapametpa &'L3 ot Temmeparypsr: 1 — momusdup, 2 — AMOKCH.

OTMeTHM, YTO YMEHBIIEHHE TaHHOIO MapaMeTpa MpH YBEIWYEHUH KAK MEXaHUYECKON
Harpy3Ky, TaKk U TEMIIEpaTyphl SBJISETCSA IPOSBICHUEM TEPMOMEXAHUYECKOW aHAJOTUU —
YBEJIMYEHUE MEXAHUUYECKOIO HAIPSIKEHUs IPUBOJNAT KAYECTBEHHO K TAKUM )K€ pe3yibTaTam,
YTO U MOBBIIICHUE TEMIIEPATYPBI.
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[To TemmepaTypHOil 3aBUCHMOCTH (DUKCHPOBHHOM cTeneHH nedopmaruu  Oblia
ofpeeNieHa SHeprus akTuBaluy mnoyizydectd. OHa okasanack paBHoit (100+20) kJk/MOJIb.

B pa6ote [9] (mpu uccienoBaHuK COMOIUMEPOB CTHPOJIA ¢ KAPOOHOBBIMU KHCIOTAMH)
nosiydeHo 3HaueHue oSHepruu aktuBanuu (110+20) kJDx/Moms ansi  pernakcariOHHOTO
nporecca, COMOCTABISIEMOTO C TIEPECTPOUKON MOJICKYJIIPHOTO OKPY)KEHHUS KOMILIEKCa,
HEOO0XOIMMOM I OCYIIECTBJICHHUS MEpexo/a MPOTOHA 10 BOJOPOIHON cBs3u. DakTuyecku
Te ke mporecchl B [10] Ha3BaHBI [Ly-TIPOLIECCAMU B TIOJMMEPAX, ONPEEIIIEMbIMU KaK pacraj
cnenupuiecknx ¢Gu3MUecKuX y310B. [lomydeHHble HamMu OJM3KHE 3HAYCHHS DSHEPTUU
AKTUBAIMH TTO3BOJISIOT MPEIIOI0KHUTh, YTO MPOIECCHl MOJI3YYECTH B OTBEPXKICHHON CMOJIe
TaKk)Ke€ MOTYT OBITh CBSI3aHBI C AHAJOTUYHBIMHU TEPECTPOHKAMU OJMKHErO MOJICKYISIPHOTO
OKpy>KeHHs. boIbIIoit pa30poc MoydeHHBIX B AKCIICPUMEHTE 3HAUCHHI SHEPTHUH aKTHBAIIUU
€CTECTBEHHO OTHECTH Ha C4YeT OOJIBIIOr0 pPa3HOOOpa3us JIOKaIbHBIX KOHQUTYpalHu B
OJIMDKHEM OKPY)KCHHH MOJICKYJISIPHBIX KOMILIEKCOB (OJIMOKHHM OeCIIOpsIIoK).

Panee HaMu ObUTIO MPOBENCHO UCCIENIOBAHHUE MOJ3YYECTH OTBEPKACHHOW STOKCHUIHON
cModtbl [8]. Pe3ynmbTathl 3TOTO HCCIen0BaHus ObUIM TakXke npezacTaBieHbl Ha Puc. 5 u 6. Kak
BUJTHO, JaHHBIE IS 00erX cMOJ o4ueHb Onmm3ku. OTCIOa MOKHO C/IeTaTh BBIBOJA O TOM, 4TO
CTPYKTYpPHBIC 3JIEMEHTBI, OTBETCTBEHHBIC 32 TI0JI3y4eCTh B 00EUX CMOJIaX, II0 MEHBIIICH Mepe
CXOXKH.

4. BeIBOABI

1. 3aBUcUMOCTH JedopMaIii OT BPEMEHH MPH MOJI3YUYECTH OTBEPKICHHON MOMUIPUPHOI
cvmonel [TH-1 B mccnemoBaHHBIX MHTEpBAjIaX MEXaHUYECCKHX HANPSDKCHUH W TEMITepaTyphbl
XapakTepHa JJs1 HU3KoTeMIrepaTypHoi (JiorapuMudeckoii) Hoa3y4ecT: TBEPIbIX TEll.

2. Uutepmperanus TMOJMYYCHHBIX  OKCIEPUMEHTAIBHBIX  JAaHHBIX  BO3MOXKHAa C
UCIIONIb30BAaHUEM MOJIENH, Pa3pabOTaHHOM Ui KPUCTAUNIMYECKUX TBEPAbIX TN, U
OCHOBaHHOW Ha TPEJCTABICHUU O CYIIECTBOBAHHH «3JIEMEHTAPHOTO 00BEMay, KOTOPBIHA
MOJKET MOJIBEPraThCs HEMpephIBHON edopMallid HE3aBUCHUMO OT JedOopMaluu COCETHETO
AJIEMEHTapHOT0 00beMa.

3. XapakTepuCTUKHU TMON3Y4YeCTH MOMUIGUPHON CMOJBI ONM3KKM K TAKOBBIM IS
STMOKCHIHOM CMOJIBI, YTO HMHTEPIPETUPYETCS B TIOJB3Y MPEANOIOKEHUS O CXOJICTBE
CTPYKTYPHBIX 3JIEMEHTOB, OTBETCTBEHHBIX 32 IMOI3yYECTh B 3TUX BEIIECTBAX.
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Abstract. Were tested for creep of the cured polyester resin PN-1, depending on the
mechanical stress (2,6 ~ 24 MPa) and temperature (15 + 45 °C). In all cases, the dependence
of the strain on the time was characteristic of the low temperature (logarithmic) creep. It is
shown that for the interpretation of experimental data is possible using the model developed
for crystalline solids. The estimation of the size of "elementary volume"”, which can be
subjected to continuous deformation regardless of the deformation of the neighboring
elementary volume.
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Abstract. In the present study it was evaluated the diffusion radius of triple junctions of
<111> and <100> tilt boundaries in Ni, obtained by crystallization, depending on the content
of free volume. It is shown that diffusion in the area of triple junctions containing excess free
volume proceeds much more intense than in the case when the additional vacancies were not
introduced in the calculation block. In the <100> boundaries and junctions formed by them
during crystallization the free volume dissipated much more efficiently than in the junctions
formed by the <111> boundaries. For this reason the diffusion radius of the triple junction of
<100> boundaries at the introduction of 2 % conditional vacancies (about 3.5 A) less than the
radius of the junction of <111> boundaries (4-5 A).

1. Introduction

The triple junction of grains is a linear defect, along which three variously oriented grains or
three grain boundary surfaces are conjugated. According to numerous experimental data, the
diffusion along the triple junction proceeds more intensively than along the grain boundaries
[1, 2], and the triple junction is often characterized by relatively "loose™ structure [3] (even
with inclusion of the amorphous phase [4]) with a higher content of free volume compared
with the grain boundaries forming the junction.

In [5] with the help of computer simulation we have analyzed various causes of the
formation of free volume in the triple junctions and concluded that the excess free volume
forms in the junctions mainly during crystallization process in the result of "locking" of the
liquid phase density at a meeting of the three crystallization fronts and, as a consequence, of
the concentration of excess free volume in the triple junction after solidification.
Accumulation of Burgers vector at the grain boundary sliding and the formation of dislocation
or disclination complex in the junction we seem secondary cause.

The present work is devoted to the study by the method of molecular dynamics of self-
diffusion and determination of the diffusion radius, i.e. the effective radius of the diffusion
channel, of triple junctions containing excess free volume of <111> and <100> tilt boundaries
in Ni. Nickel is selected as the well-studied typical fcc metal. The radius of the triple junction
can be determined by the distribution in space of a local property (the potential energy
distribution, diffusion permeability etc.) that allocated defect area on a background of pure
crystal. Earlier, in [6], we carried out a similar study of the effective radius of triple junctions
by the distribution of potential energy. It was shown that in the <100> boundaries and
junctions formed by them during crystallization the free volume dissipated much more
efficiently than in the junctions formed by the <111> boundaries. For the same reason
effective energy radius of the triple junction of <100> boundaries with the growth of
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introduced free volume changes little: from 5 to 6 A, when the radius of the junction of <111>
boundaries at a content 2 % of conditional vacancies may reach 14 A.

2. Description of the model

The simulation was held using the method of molecular dynamics. The triple junctions of tilt
boundaries with misorientation axes <111> and <100> were considered. The triple junction
was formed in a center of the computational block by means of conjugation of three grains
misoriented relative to each other using the rotation around the axis parallel to the line of the
triple junction. In this study, the angles between the boundaries in the junction were specified
to be equal to 120°. After cutting the segments, the conjugation of the grains was performed,
during which the atoms situating at a distance shorter than 0.5 A from the neighboring atom
were removed. The final stage was cutting the final cylinder-shaped computational block. The
example of the computational block with 60 A radius formed as a result of the above
described procedures is depicted in Fig. 1. The periodic boundary conditions were specified at
the cylinder ends (infinite repetition of the cylindrical computational block along axis Z was
specified). The rigid conditions were specified at the side cylinder surface, and the atoms near
the side surface were not allowed to move during the computer experiment (in Fig. 1, the
rigidly fastened atoms are shown dark gray). In this paper we considered the triple junction of
<111> tilt boundaries with misorientation angles between the three grains of 15°, 15°, 30° and
<100> tilt boundaries with misorientation angles of 18°, 18°, 36°.

Fig. 1. Example of computational block with 60 A radius containing the triple junction of
<111> tilt boundaries with 15°, 15°, 30° misorientation angles. The atoms that are shown dark
gray remained immobile during the computer experiment (the rigid boundary conditions). The

periodic boundary conditions were specified at the cylinder ends. The grain boundaries are
denoted by the bright dashed lines. The area of radius R to calculate the diffusion coefficient
along the triple junction is allocated in the figure.

The interactions of nickel atoms with each other were described by the Cleri-Rosato
potential [7]. The potential developed by Cleri and Rosato within the tight-binding model
have proven themselves in the molecular dynamics simulation of metallic systems and have
been more successful test in many parameters [7-10]. The time integration step in the
molecular dynamics method was equal 5 fs. Temperature in the model was set by changing
the velocity of atoms in accordance with the Maxwell-Boltzmann distribution.

The next stage of preparation of the computational block was its melting, the
introduction of free volume and subsequent crystallization. The computational block is heated
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to a temperature well above the melting point (3000 K). After the simulated polycrystal
became liquid, the thermostat was switched in the model and maintaining at a constant
temperature below the melting temperature was conducted. Rigid boundaries (i.e. atoms
rigidly fixed on the side surface of the cylindrical calculation block) simulated in this case
crystallization fronts from three centers of crystallization (crystal clusters — fetuses of the
solid phase). In [5] we showed that an important circumstance at the meeting of three
crystallization fronts is the "locking” of the density in the area of the triple junction - the
density of liquid phase remaining in the junction area, which has not yet crystallized, is lower
than the density of the crystal phase. This lack of atoms to form an “ideal” triple junction
leads to the appearance of excess free volume which is concentrated at the crystallization
process preferably in the triple junction.

The free volume formed in the junction was calculated. It was shown that the
concentration of conditional vacancies (i.e. the proportion of missing atoms compared with
equilibrium triple junctions) can reach 2 % in the junction area. The junctions obtained as a
result of crystallization of calculation blocks containing different amounts of conditional
vacancies, from 0 % to 2 % (600 conditional vacancies per 30000 atoms), were considered in
the present work.

The computational blocks obtained by above-described method were the starting in
computer experiments on modeling of self-diffusion in area of the triple junctions.

3. Results and discussion

Figures 2 and 3 show the pictures of atomic displacements in the projection on XY plane
(perpendicular to the junction line) in the area of junction of <100> 18°/18°/36° (Fig. 2) and
<111> 15°/15°/30° (Fig. 3) tilt boundaries during the computer simulation for 150 ps at
temperature of 1500 K in cases when the vacancies were not introduced into the
computational block (Fig. 2a and 3a) and when it was introduced 2 % of conditional
vacancies (Fig. 2b and 3b).

Fig. 2. Atomic displacements in projection on XY plane (depicted by segments) near the
triple junction of <100> tilt boundaries with 18°, 18°, 36° misorientation angles during
computer simulation for 150 ps at temperature of 1500 K: a) the vacancies were not
introduced into the starting computational block; b) 2 % of conditional vacancies was
introduced. Displacements less than 0.7 A are not shown.

In cases when additional free volume was not introduced (Fig. 2a and 3a) the diffusion
displacements of atoms in spite of the high temperature occurred in relatively narrow
channels along the grain boundaries having (according to the received pictures) visual
diffusion width of the order 5 A. This is in accordance with the conventional width of grain
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boundaries [11, 12]. For <100> 18° (Fig. 2a) and <111> 15° (Fig. 3a) tilt boundaries it can
clearly be seen "pipe" diffusion (diffusion along grain boundary dislocations) typical for low-
angle tilt boundaries [13], which has significantly lower intensity than along the high-angle
boundaries: <100> 36° and <111> 30°.

Fig. 3. Atomic displacements in projection on XY plane (depicted by segments) near
the triple junction of <111> tilt boundaries with 15°, 15°, 30° misorientation angles during
computer simulation for 150 ps at temperature of 1500 K: a) the vacancies were not
introduced into the starting computational block; b) 2 % of conditional vacancies was
introduced. Displacements less than 0.7 A are not shown.

It can be seen on the above pictures of atomic displacements that in the triple junctions
containing excess free volume the diffusion is considerably more intense than in the case
when additional vacancies is not introduced into the computational block. The radius of the
triple junction, as can be seen from Fig. 2 and 3, is the conventional concept — free volume is
not concentrated locally in the center of the junction, but also distributed in the grain
boundaries adjacent to the junction.

In addition to the displacements of atoms along the grain boundaries and triple junctions
there are displacements in the grains in Fig. 2b and 3b. This is due to the fact that some
amount of vacancies formed in the grains during crystallization.

To study the diffusion radius of triple junctions the self-diffusion coefficient values
along the junctions were obtained depending on the radius of the calculation area R (Fig. 1).
For triple junctions, taking into account the fact that the diffusion flux occurred along the axis
of the cylindrical computational block, evaluation was performed by the coefficient of self-
diffusion along the axis Z:

N
D, L (2, —zi)2 .

2Nt 4=
Here zoi and z; — starting and ending Z axis coordinates of the i-th atom; N — number of atoms
in the calculation area; t - time of the computer experiment.

Calculation area at determining of the coefficient of diffusion along the triple junction
had the shape of a cylinder of radius R and length of the computational block (Fig. 1). In the
computer program, it was possible to combine the center of the calculation area (the axis of
cylinder) with a line of the triple junction based on the obtained in the simulation picture of
atomic displacements.

Figure 4 shows the dependences of self-diffusion coefficient D, along the considered
triple junctions on radius R of the calculation area at temperature of 1500 K. Obtained
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dependences D,(R) have common features. Firstly, in all cases the self-diffusion coefficient
increases with decreasing of radius R. This indicates that the diffusion flux is concentrated in
a relatively narrow area located along the junction line. At that, than the higher values the
diffusion coefficient D, reaches with decreasing of radius R, the narrower is the diffusion
channel.

With the introduction of 2 % of vacancies before the crystallization, as can be seen on
the pictures of the atomic displacements above, the triple junction area more blurred and the
junction has a larger radius. The diffusion coefficient along the junction of <111> tilt
boundaries takes smaller values in the area of the junction which is due to the relatively more
"blurriness™ of the junction.
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Fig. 4. Dependences of the self-diffusion coefficient along triple junctions of <100>
18°/18°/36° (a) and <111> 15°/15°/ 30° (b) tilt boundaries on radius R of the calculation area
at temperature of 1500 K. 1 — additional vacancies were not introduced; 2 — 2% of conditional

vacancies were introduced. Dashed line - approximation of c1/(R+cz2)+c3 type.

Second, the values of the diffusion coefficient along the triple junctions containing
excess free volume (dependences 2 in Fig. 4) in all cases were higher than the values obtained



Diffusion radius of triple junctions of tilt boundaries in Ni 73

in the case when additional vacancies were not introduced except values obtained at small
radiuses of calculation area for the junctions of <111> boundaries. This is explained, as
already mentioned above, the relatively more "blurriness” of the junction of <111>
boundaries and diffusion channel.

The diffusion channel has no clear border, so to determine the size of it the obtained
curves were complemented by theoretical curves at an assumption that the entire diffusion
occurs only along the infinitely narrow grain boundaries and triple junction. In this case, the
discrepancy of curves — the approximation and obtained in the model — will provide an
opportunity to evaluate the effective radius of the triple junctions.

As an approximation curves the curves of ci/(R+c2)+c3 form were used, where c1, c2,
c3 — constants. According to the search method of the diffusion radius of the triple junction,
described in [10], the dependence D.(R) should theoretically take the form of ca/R or cs/R?,
where ¢4 and ¢s — some constants. The first dependence is obtained if triple junction
represented as a simple connection of grain boundaries without any structural features, the
second — if the triple junction has a substantially higher diffusive permeability compared with
the grain boundaries. In our case neither the first nor the second formulas do not correctly
described the main part of the received dependences. Therefore the form of approximation
curves was little changed: ci/(R+c2)+c3, where constants ¢> and ¢z were relatively small
values. Such curves are well described the received in the computer model results. With the
help of these curves is also easily can be identified the discrepancy model and theoretical
results to determine the effective radius of triple junctions.

According to the dependences shown in Fig. 4 the diffusion radius of the considered
junctions of <100> and <111> tilt boundaries did not contain specially introduced free
volume is relatively small and equal 2-2,5 A. This radius, however, corresponds to half of
width of grain boundaries, which once again confirms the conclusions drawn in respect of
such junctions, that they do not stand out against the background of their constituent grain
boundaries [10]. The junctions obtained at introduction of 2% additional vacancies have a
higher diffusion radius: the junctions of <100> boundaries — about 3.5 A, the junctions of
<111> boundaries — 4-5 A. It should be noted that these results do not depend on the
temperature at which the dependences D,(R) were received.

4. Conclusion

In the present study it was evaluated the diffusion radius of triple junctions of <111> and
<100> tilt boundaries in Ni, obtained by crystallization, depending on the content of free
volume. It is shown that diffusion in the area of triple junctions containing excess free volume
proceeds much more intense than in the case when the additional vacancies were not
introduced in the calculation block.

In the <100> boundaries and junctions formed by them during crystallization the free
volume dissipated much more efficiently than in the junctions formed by the <111>
boundaries. For this reason the diffusion radius of the triple junction of <100> boundaries at
the introduction of 2 % conditional vacancies (about 3.5 A) less than the radius of the junction
of <111> boundaries (4-5 A). In comparison with the obtained earlier in [6] energy radiuses
the diffusion radiuses are substantially less: for junctions of <100> tilt boundaries
approximately two times, for junctions of <111> boundaries approximately three times. The
intensity of diffusion in a triple junction as a rule unevenly distributed and is higher in center
of the channel.
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AHHoTanusi. B Hacrosmieir paboTe ¢ TMOMOIIBIO METOJOB IOPOIIKOBOW METaTyprun
BIICPBBIC CHHTE3MPOBAH HAHOKOMITO3HUT «TaM-MeTaul-Tpad)eH» C MaTpUIled W3 ram-MeTrasia
(crutaBa Ti-Nb-Ta-Zr-O), coneprkaieii HaHOBKIFOueHHs rpadeHa. Co3mana HOBass METOIUKA
CHHTE3a 00pa3loB «TraM-MeTalD» U «raM-metami-rpaden». B cmyudae cuHTe3a 00pas3ioB
«ram-MeTaiul-rpadeH», JOMOJHUTEIBHON CTaJneil mporecca SBISETCS MHUKPOMEXaHHUECKOE
pacuieruieHie Tepmopacipertoro rpagena (TPIY), obecneuunBaromiee kousepcuio TPI' B
rpagen. I[lo pesynbraTam HCCIEIOBAaHHS METOJOM PEHTTCHOCTPYKTYPHOTO —aHajm3a
MOKAa3aHo, 4To (ha30BBIN cOCTaB 00PA3IOB «TaM-METAJUD» U MATPHUIILI HAHOKOMIIO3HTA «TaM-
MeTaul-TpaeH» COOTBETCTBYET pe3yjibTaTraM, IPHBOAMMBIM B JIMTEpaType Ui TaM-
METAaJUIOB.

1. BBenenune
['am-MeTasuiel (0COObIE THTAHOBBIC CIUIABBI C YHHKAJIbHBIMA MEXaHWYECKUMH CBOHCTBAMH)
COCTaBJISIIOT HOBBIM KJlacC MaTepUaJIOB, YTO OOYCIIOBJIEHO COYETAaHMEM BBICOKOM ympyroctu
MaTepUalioB C MX BBICOKOM MPOYHOCTHIO M Xopolueil miactuyHocThio [1-5]. Kak mpasuiio,
TaKHe CIUIaBbl CHHTE3MPYIOTCS HA OCHOBE TPOWHOI THTaH-HHOOMIi-TaHTanoBoi (Ti-Nb-Ta)
CUCTEMBI, cojepxkallel Taxke no6aBku nupkonus (Zr) u Banaaus (V). Kak ormeuanock B
pabote [5], coueTaHMe BBICOKHX MEXaHHYECKHX XapaKTEPUCTHK TaM-METaUIOB U X
XUMHUYECKHH COCTaB JIENal0T TaKKe METaJlIbl IEPCIEKTUBHBIMU MaTeprallaMu JJIs1 UMIUIAHTOB
B CTOMATOJIOTHH, YETIOCTHO-TTULIEBON XUPYPIUH U OpTONeANH. Tak, HU3KHE 3HaYEHUS MOy
Onra ram-meramioB (okoso 50 I'Tla) 3HaunTensHO GoJiee OIM3KH K TAKOBBIM JJISI KOCTHOM
TKaHU, YEM 3HA4YEHUs, THUMHUYHBIE JJI COBPEMEHHBIX METAJUIMYECKHX MaTepHalloB,
NPUMEHSIEMbIX JJI H3rOTOBJIEHUS HUMIUIaHTOB. CylllecTBEHHAass YIPYrocTh, CBONMCTBEHHAas
raM-MeTajulaM U OOyCIIOBJICHHAs HaJMYUEM OOpaTUMOIO MapTEHCHUTHOTO MpPEBPALICHHUs
B0 Takxke mpUOTMKAET CBOMCTBA HM3TOTOBIICHHBIX M3 HUX HMMIUIAHTOB K CBOWMCTBaM
KOCTHOM TKaHM. HemanoBaXHO M TO OOCTOSTEIHCTBO, YTO METAJLJIbl, UCHOJIb3yEeMbIE MHpHU
cuHTe3€ cru1aBoB ¢ mamsaTeio hopmer (Ti, Nb, Ta, Zr, V), sinsiorcs 6HOCOBMECTUMBIMHU.
OtmeTuM, 4TO TpaJMLHUOHHBIE MOAXOABI K CHUHTE3y I'aM-METaJUIOB, MO3BOJIAIOIINE B
MOJIHOM Mepe HCMOJb30BaTh BBIIIEPACCMOTPEHHbIE MEXaHWYECKHE CBOWCTBA MaTepHalioB,
BKJIIOYAIOT B ce0sl B KauecTBe (MHAJIBHBIX ITAlOB Pa3JIMYHbIE BHIbl TEPMOMEXaHUYECKON
00paboTKK: KOBKM WJIM XOJOAHOW MPOKATKU c mocT-aedopMannoHHbsiM oTxurom (I110),
oOecrieunBaroIeil TpedyeMyto CTpYKTypy Marepuana U pa3Mepbl ee 31eMeHTOB. [Ipu 3Tom,
cornacHo [1-4], CHHTE3UPOBAINCH TaM-METAIbl ¢ PA3TMYHBIMH XUMHUYSCKHMMH COCTaBaMH,
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Hanpumep,  T1-23Nb-0.7Ta-2Zr-O,  Ti-12Ta-9Nb-3V-6Zr-O,  Ti-20Nb-3.5Ta-3.4Zr—
1.20 (mon1.%). (Ilocnmemuuit cocrtaB ObUT BBEIOpAaH B KadyeCTBE OCHOBHOTO B HACTOSIICH
pabore.) Crnenyer oOpaTuTh BHMUMaHHE, 4TO (UHAIBHAs oOpaboTka ram-meramio c¢ 110
MPUBOAUT K BXOXKJEHHUIO B COCTAaB MaTepHalia HEKOTOPOIo KOJIMYECTBa Kuciaopoxaa (1o 2.5-
3 Mon.%), mpU STOM KpHUCTAUIMYECKassh CTPYKTypa JdaHHBIX MaTepHalioB MPOJOJIKAET
0CTaBaTbCs 00OBEMHOLIEHTPUPOBAHHON KyOMUECKOH.

B nocnegnue roael oco0oe BHHUMaHUE yaenserca MOAU(DUKAIMHN/yTyUIICHUIO
MEXaHUYECKUX CBOMCTB METAJUIMYECKUX MATEpUAJIOB IOCPEACTBOM BHEAPECHHUS B HUX
rpad)eHOBBIX HAHOBKJIIOUEHUN U CO3/aHUS TaKUM O0pa3oM HAHOKOMIIO3UTOB «METasll-
rpagen» [6-15]. B gaHHOM KOHTEKCTE, C YYETOM YHHMKAJIbHBIX CBOWCTB TaM-METaJlIOB,
0COOBIi MHTEpeCc MPEeACTaBIsSeT CO3JaHHe HAHOKOMIIO3UTOB «TraM-MeTaul-rpadeny».
OcHoBHasl 11eNTb HacTOSIIEH paboThl — MoNydyeHUe (BIEPBBIE B HAYKE O METAUIOMATPUYHBIX
KOMITO3MTaX) HAHOKOMIIO3UTA «TraM-metaui-rpadeny. s AOCTHKEHUS yKa3aHHOW IeNd
HaMU ObUTM pa3pabOTaHBl METOAMKMA CHHTE3a raM-MeTallla M KOMIIO3UTa «TraM-MeTajll-
rpaden» ¢ UCIOIb30BaHUEM MOAU(PUIIMPOBAHHBIX METOAUK MOPOIIKOBONW METAIITYPrUH, YTO
MO3BOJIMJIO YIPOCTUTH MPOIEAYPY CHUHTE3a, MCKIIOYMB U3 HErO TPYJOEMKHE (PUHAIBHBIC
onepanyu KOBKU Uiu XojoaHo# npokatku ¢ I1/10.

2. MeToauKa cMHTE3a

B kadecTBe HCXOIHBIX MaTEepHAIIOB I CHHTE3a OOpasloB «raM-Metaiuiay (oOpasia
CpaBHEHMs) M oOpasla «ram-MeTaui-rpadeH» HCHOJIb30BATUCH IOPOIIKH METaIOB
npousBoacTBa kKommanun HIIO «Pycpenmer»: tutan (mapku I[ITOM-1, conepkanue
Ti>99,3 Bec.%, xapakTepHblii pasmep dactul <45 wkm), Huobust (mapku HGOII-206,
comepkanne Nb>99,6 Bec.%, xapakrepHslii pasmep dactui 40-65 Mxwm), TaHTana (MapkKu
TallM, comepxanue Ta>98,6 Bec.%, xapakTepHbI pa3mep 4YacTHI] <5 MKM) U LIMPKOHUS
(mapku ITpK-1, conepxanue Zr>99,6 Bec.%, xapakrepHblii pazmep yactuil <10 MKM).

B kauectBe rpadeHOBOI COCTaBISIONICH MCIIONB30BAM TEPMOPACUIUPEHHBIN TpaduT
(TPT, mapka ADT501, mocraBka kommanmu TJ[ "JDxerr On Dc Kemwmkan") ¢ HachImHOM
moTHocTEIO 0.6 £0.05 F/CM3, OTHOCHUTEIBHON IIOTHOCTERIO 2.2—2.3 r/CM3, cozEep)KaHuE BOJIBI
meree 0,5 % u comepskanuem cepsl MeHee 300 ppm. Kak Obuto mokasano B pabore [16] u
npeapiayiiei pabore aBTopos [17], MUKpOMEXaHUYECKOE PACIICIICHUE TEPMOPACITUPEHHOTO
rpaguTa myreM TOMOJIa C MEXaHOAKTUBAIlMEH B IUIAHETAPHOW MeENbHUIIE O00ECIeurnBacT
JIOCTaTOYHO BBICOKHH ypoBeHb koHBepcuu TPI" B rpadeH, ABissch, TeM caMbIM, TOCTATOYHO
HAJCKHBIM U 3(PPEKTUBHBIM CIIOCOOOM BBEACHMS TpadeHa B MaTPULy METAJUIMYECKUX
KOMITIO3HUTOB.

CrnenyeT OTMETHUTbH, YTO HCIOJb3yEeMbI€ B KA4€CTBE MCXOAHBIX MaTepUaroOB MOPOIIKH
METaJIJIOB  00JIaJalOT BBICOKOH PEaKIUOHHOM CHOCOOHOCTBIO (B MEPBYIO OYEpElb,
CKJIOHHOCTBIO K OKHCIIEHHUIO), B CBS3M C YeM K MPOIECCY CHHTE3a MPEAbIBISIUCH 0COObIE
TpeOOBaHMS MO MPEAOTBPAIICHUIO KOHTAKTa MOPOIIKOB METajllIa C aTMOC(EPHBIM BO3TyXOM.
B cBs3u ¢ 9TUM, BCe omepari ¢ MOPOIIKaMU MPOBOJIWINCHE B OOKCE C KOHTPOIHPYEMOM
atMocdepoit (60KC W3 OprcTekiia, 3amoJHeHHBI a3oToM Mapku «OCUy, mpenBapuTenbHO
JOTIOTHUTETIFHO OCYIICHHBIM JKUAKUM a30ToM). OTMEeTHM, 4YTO Ha TPOTSHKEHHUU BCETO
mporiecca paboThl ¢ MaTepuajiaMu, B OOKCEe MOMIEPKUBAIOCH HEOOBINIOE H3OBITOYHOE
JaBJICHUE I MTPEIOTBPAICHUS TOMAJaHus BO31yXa B OOKC.

Ha mepBom 3Tame paboThl B3BEUIMBAIN M MPEABAPUTEIHLHO MEPEMENTUBAIN OCHOBHBIE
KOMITOHEHTBI CHHTE3UPYEMbIX 00pa3iioB — mopoiuku 11 u Nb, mpurotosieHHas B TpeOyeMbIX
MPOTOPIUSAX CMECh TMOMENANach B IUIACTUKOBYIO Tapy W TIHIATEIBHO TEPEeMEIINBAIACh
BPYYHYIO. 3aTeM MMPOU3BOAMIOCH B3BEIIMBaHUE TPeOyeMoro kKoauuecTBa nobasok (Ta u Zr),
JAaHHBIE TOPOINKH JOOABISUTM K THUTAaH-HUOOMEBOW CMECH, TIOCIIE Yero TOBTOPHO
MepeMEIINBAIN UTOTOBYIO CMECh BPYUHYIO.
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Crnenyrommm 3TanioM CHUHTE3a SABIISJIOCH OKOHYATENbHOE CMEIICHHE MOPOIIKOB ITyTeM
MIOMOJIa C MEXaHMYECKOW aKTUBAIMen. J{s 3Toro B ToM ke OOKCe OCYIIECTBIISIIN 3arpy3Ky
CMECH IOPOIIKOB B araToBbIM CTakaH IUIAHETAPHON MEJIbHUIII, B KOTOPBINA TaKKe MOMEIIau
aratoBble Menomue Tena. [locie 3Toro crakan 3akpblBaid IITATHOM KPBIIKOW U ITOMEIIAIN
B T€pPMETHYHO 3aKPhIBAEMbIH TIACTUKOBBIM KOHTEHHED /U1 IEPEHOCKU HA MEJIbHUILY.

CMelieHne ¢ MEXaHOAKTHBAIMEW OCYILECTBISUIOCh C UCIOJIb30BaHUEM IIJIaHETAPHOU
MmenbHHIBI Pulverizette 6, xoropas B JaHHOM ciyd4ae Takke OblUla MOMEIICHA B 00bEM C
M30BITOYHBIM JaBiieHHEM a3oTa Mapku «OCU». Otmerum, 4To 10 Hayajia paboThl cama
MeJbHHIIA U ee OOKC ObLIM MPOAYTHI OCYIIEHHBIM a30ToM. [IpogomkurenbHOCTh mporecca
OKOHYATEJIbHOIO CMEILIEHUS C MeXaHoakTuBauued coctaBisiia 30 MUHYT IpPH CKOPOCTH
BparmieHus 150 00./MuH.

Brlmeonucannas npouenypa HOATOTOBKM M CMELIEHUS MOPOLIKOB MPUMEHSIACh MPU
U3TOTOBJICHUHM O0pa3loB «TraM-MeTajjia», CHHTE3 00paslloB «TraM-MeTai-rpageHy» HMem
HEKOTOpble oTinHuus. Tak, Ha MepBOM 3Tame paboThl MPUTOTABIUBAIACH CMECHh IOPOIIKA
tutana ¢ TPI. [JInsg storo B Gokce c¢ uHepTHOHl aTtMocdepoil (azor Mapku «OCU») k
IpeIBapUTEIbHO B3BEIICHHOMY KOJIMYECTBY MOpomIKa TuTaHa nobasimsuin TP B konndecTse
0,1 Bec.% ot paccunTaHHOro Beca KoHeuHou cmecu moporikoB (Ti, Nb, Ta, Zr). Cmech
nopomka turaHa ¥ TPl mpeaBapuTenbHO NepeMemmBanach, IOCIE YEro, MO IPOLEaype
OMKMCAHHOM BBINIE, 3arpykajach B aratoBblil CTakaH IUTAHETAPHOH MENbHHUIIBI U
nepemerianace B MenpHuUIy Pulverizette 6 gns  mpenBapuTenbHOTO  1OMONIA
MeXaHOaKTUBalued. B maHHOM ciydae MOMON OCYHIECTBIAIM B TeueHue 480 MUHYT cO
ckopocthio Bpaiienus 400 06./mMun. Kak nokasano B pabore [17], maHHBIA PEKUM MOMOJIA
o0OecreunBaeT JOCTATOUYHO BBICOKYIO (B OOJIBIIMHCTBE CIIy4aeB — MPAKTUYECKH IOJHYIO)
KOHBEPCHIO TepMopacimupenHoro rpadura B rpaden. Takum oOpa3oM, B OTIHYHE OT
BBIIICONIMCAHHON  TMPOLEAYyphl CHHTE3a OOpa3lOB «raM-METall», MEPBBIM  3TallOM
U3TOTOBIICHUST O0pa3loOB «raM-metai-rpadgen» Obula TMOATOTOBKAa OCHOBHI  00pasia
(mopo1IKa TUTaHa) C paBHOMEPHO pacmpeielieHHON B HeM IpadeHOBOM J0OaBKOM.

[To OxOHYaHMM TOMOJA araTOBBIM CTaKaH IUIAHETAPHOM MEJbHMIBI TOMENIAJICS B
IrepMETUYHBIN TJIACTUKOBBIH KOHTEHHEp M TNEepeHOCHWICSs B OOKC € KOHTPOJIMPYEMOMH
atMochepoil i TMPUTOTOBIICHUS KOHEYHOM CMeCH TOpOIKoB. J[lns »Toro TuTaH-
rpa€HOBYIO CMECh MOMEIAIN B IIACTUKOBBIM cOCyll M J00aBIsiIN TpeOyeMble KOJIMYeCcTBa
nopomkoB Nb, Ta u Zr, npoBoawin mpeaBapUTEIbHOE MEPEMEIIMBAaHHE UTOTOBOW CMECH
BPYUYHYIO, IIOCJI€ YEro 3arpy’kajd HTOTOBYI0 CMECh B CTAaKaH IIJJAHETAPHOW MEJIbHMIIBI.
OKOHYaTeIbHOE CMEIIEHHE MOPOIIKOB JIIsl 00pa3loB «TaM-MeTaI-rpag)eH» MPOBOAMIOCH B
peKuMe, aHAJOTMYHOM PEeXHMY Ul 00pa3lioB «raM-meramia»: 30 MUHYT NpU CKOPOCTH
BpaieHus 150 06./MuH.

OkoHYaTeabHBIM 3TAallOM PabOThI C MOPOIIKOBBIMU CMECSIMU SIBJISLIACH 3arpy3Ka cMecen
B IIpecc-QpopMy, AJIs Yero araToBble CTaKaHbI IUIAHETAPHOW MEJIbHHUIIBI ITepeMelIlai B O0KC ¢
KOHTPOJIUpYyeMOU aTMoc(hepoil u 3arpykajid B npecc-hopMbl IBYX THUIIOB, 00€CTICUUBABIITNX
UTOTOBBIA pa3mep obOpasnoB ¢ amamerpom 10 MM mpu BeicoTe 10 MM (0oOpasubl s
0TpabOTKH peXHMa OTKHra, Bec oopasna ~ 4 r) u ¢ nuamerpom 30 MM mpH BeicoTe 15 MM
(oOpa3upsl I uccnenoBaHuid, Bec obpasna ~ 50 r). Ilo mMepe 3arpy3ku HOPOLIKH B Ipecc-
dopMax yIJIOTHAIUCH BPYYHYIO, IO OKOHYAHUH 3arpy3KH U MPEABApPUTEIBHOIO YIUIOTHEHUS,
npecc-popMbl B TepMETHUYHBIX KOHTEHHEpax NepeHOCWIM Ha TMpecc, TJe U MPOBOJIMIN
TpecCcoBaHME B TeueHHe 15 MMHYT TIpH JaBIEHHH MPECCOBAHMS 5 T/CM% TIPECCOBAHHE
OCYIIECTBISUIOCH B CTpye 0CO0O YHCTOTO a30Ta, M0 OKOHYAHMU IPECCOBAHUS 3arOTOBKU
(oTnpeccoBaHHbIE CMECH MOPOIIKOB) NEPEHOCUIIN B BAKYYMHYIO M€Yb.

st oTpaboTKM pexxuMa OTXKHUra o0paslioB MUCIOJB30BaIN 3arOTOBKU TuamMeTpoM 10 Mm
u BbicoTOM 10 MM, KOTOpble OMENaM B alyHA0Bble TUIIH. OOBEM MeYu OTKauyuBaiCs /10
ocrarouHoro nasineHus meHee 0,003 aTM., TECTUPOBAINCH CIELYIOIINE PEKUMBI OTHKUTA:
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(1) temmeparypa meud moBBIIIANTach cO ckopocTbio 10 °C/MuH, 1O IOCTHKCHUH
temriepaTypbl B 1300 °C moabeM TeMIiepaTypbl IMpEeKpaIiaid ¥ BbIICPKUBAIN 00pa3el] mpu
naHHO# Temnepatype B TedeHue 30 MuHyT. [1o OKOHYaHUM BBIIEPKKH 00pa3ell OXJIaXKAaIH
BMECTE C [€YbIO MIPU IMOCTOSHHOM OTKaYKe.

(2) TemmepaTypHBIi PEXUM pa3orpeBa M OXJaXKACHUs Obul aHajormueH pexumy (1),
oAHakKo, BeiJiepxkKa npu Temieparype 1300 °C nmpoBoauiack B Teuenue 1 yaca.

Kak mokazanmu uccrnemoBaHust (a3oBOro cocraBa MOJYYEHHBIX OOpPa3IOB METOAOM
peHTreHocTpykTypHoro  anammza  (XRD,  npuBemensl  Hmwke B pazgene 3
«DKCTIIEPUMEHTAIbHBIE HCCIENIOBAaHUA CTPYKTYPBI»), MOJIyYeHHbIE OOpa3Ibl COAEpKaIN
3HAYUTENIbHOE KOJIMYECTBO OKCUAHON (ha3bl, coliep:kaHue KUCI0po/ia B 00pa3iiax MpeBbIIaio
npenenpHyto BenuuuHy B 1,5 % ar.% O. B cBs3m ¢ 3TuM ObUIa TpPEANpPUHATA TOIMBITKA
yCTpaHEHUs] BO3MOXXKHOCTH KOHTAaKTa 3arOTOBOK C OCTATOYHBIM KHCJIOPOJIOM B IpOLIECCe
00Kura B BAKYyMHOU TIEYH, IS YETO MPUMEHSITH CICAYIONINI PEXKUM 00KHUTa:

(3) 3aroToBKH, NMOMEUICHHbIC, KaK M paHEe, B aTyHJIOBBIH THUIEINb, 3aCHINAIU CBEPXY
nopomkom kapouma kpemuus (SiC, mapka OCY), maHHBIA CJIOH YIUIOTHSUICS BpPYYHYIO,
TOJIIIMHA YIJIOTHEHHOTO cllosi KapOupma kpemHus coctaBmsiia 10-15 mm. Ha moBepxHOCTB
ciost SiC momeriani MopoIIoOK TOHKOJUCIEPCHOro rpaduTa TONIHHON 2-4 MM, KOTOPBIA B
MpoLIecCe HarpeBa M BRICOKOTEMIIEPATYPHOU BBIIEPKKH 00pa3IOB pearupoBall ¢ OCTATOYHBIM
KHCJIOPOOM ¢ 00pa30BaHUEM Ta3000pa3HBIX OKCHIIOB yriiepoaa. Takum oOpa3oM, Halu4ue
HAa TIOBEPXHOCTH CJIOS TOHKOJUCHEPCHOro rpaduTa oOecrneuynBaio CyIIECTBEHHOE
YMEHBIICHHWE KOJIMYECTBA OCTATOYHOTO KHCJIOPOAA TPU OOXKHUTe, B TO BpeMs Kak CIIOH
XUMHUYECKH HHEPTHOTO MPH JaHHBIX TeMIlepaTypax KapOuaa KpeMHUs MPeI0TBpaIlal TOCTYI
OCTaTOYHBIX ra30B K MOBEPXHOCTH CIIEKaeMbIX 3aroTOBOK. COOCTBEHHO pEXHMM HarpeBa B
JAHHOM Cily4ae ObLI aHaJOrMYeH HCIOJIb30BaHHOMY B ciydae No2, a MMEHHO: CKOPOCTh
HarpeBa 10 °C/muH., Temnepatypa Bbiiepkku 1300 °C, mpomonKUTEeTbHOCTD BBIIEPKKU — 1
4ac, OXJIAK/IEHHUE BMECTE C MEYbI0 MPU MOCTOSHHOM OTKAUKe.

Kak mokazamu uccienoanmsi (azoBoro cocraBa obpasna merogqom XRD u anamms
XUMHYECKOTO COCTaBa 00pa3IlOM METOJIOM aTOMHO-a0copOIMoHHON crekTpockonuu (AAS,
pe3yabTaThl IPUBEICHBI HIDKE B pasjiene 3 « DKCIEpUMEHTAIbHBIE UCCIETOBAHMS CTPYKTYPHI
U  MEXaHWYECKUX XapaKTepPUCTHUK»), MaHHBIA pPEKUM OTXKHUra olecnedyus Tpedyemoe
coJiepKaHne KHUCIOPO/Aa B UTOTOBBIX 00pasliax, B CBS3M C YE€M C HCIOJIH30BAHUEM JIAHHOTO
pexkruMa ObUIM  M3TOTOBIIEHBI OOpa3Ibl «TaM-METalll» U «raM-MeTai-rpadeH» s
UCCIIeIOBaHMS (PU3UKO-XUMUYIECKUX CBOMCTB. TWUIWYHBIN BHJ HW3TOTOBJICHHBIX 00pa3IioB
npuBeneH Ha Puc. 1.

a 0 B r

Puc. 1. ®ororpaduu obpasuos: (a) u (6) — ob6pasier auamerpom 10 MM u BeicoTor 10 mwm,
MOJTy4YEHHBIC TIPH UCTILITAHUH PEKUMOB CIIeKaHUs | U 2, COOTBETCTBEHHO. (B) U (T) — 00pasiibl
«raM-MeTaJuI» U «TraM-MeTaul-Tpad)eH», COOTBETCTBEHHO, U3TOTOBJICHBI IIPH PEKUME OTIKHTA
3, pa3Mep oOpa3ioB: AuameTp 35 MM, BbICOTa 15 MM, IPUBEACH BUJ MOCJE OTPe3a MIACTUHBI
st XRD uccienosanuii.

Takum 06pa30M, ObLIa OTpa60TaHa METOJHKA CHHTC3a 06pa3u013 «ramM-mMETaJlll» U «raM-
MeTaﬂn-rpa(beH», BKIIO4Yaroniass B cebs cTaaun IIOATIOTOBKH HaBC€COK, HX CMCIICHUII,
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MpeccoBaHUsl W OTXUTra. B ciaydae cuHTE3a 00pa3loB  «ram-MeTali-rpaden»,
JONIOJTHUTENIbHOM ~ CTaJAMEN Ipouecca SBIAETCS MHUKPOMEXAHMYECKOE  PpaCIICIUICHUE

TepMopaciupeHHoro rpadeHna, odecrneunBaroiiee kousepcuto TPI™ B rpaden.

3. IKCnepruMeHTAIbHbIE HCCJIEI0BAHNS CTPYKTYPHI 00pa31oB

3.1. Pe3yabTaThl HcCIeI0BAHUS METOI0M PEHTIeHOCTPYKTYPHOro aHamau3a. Kak
O0TMEYaJIOCh B paszjelie 2, 00pasiibl «raM-MeTaljiay, MOJy4eHHbIE B X0e OTPaOOTKU PEKUMOB
orxura (pexumsl (1) u (2)) 6bumm uccnenoBanbl MetogoM XRD ¢ wucnonb3oBannem
penTreHosckoro audpakromerpa Shimadzu XRD-6000 (Cu-Ka , A=1.54 A, uccnenopanus
MPOBOAMIIM TIPH KOMHATHON TeMIepaType), MOTYYCHHBIE PEHTICHOTPaMMBI IIPHUBEICHBI HA
Puc. 2. Kak crnenyer u3 Puc. 2a, obpasen B 3HAUUTEIBLHON CTEIIEHU COJECPKHUT OKCHIHBIC
daser Ti2O3 u NDO (HusmmMe CTENmeHW OKHCICHHS), YTO CBHICTCIBCTBYET O BIHSHHU
OCTAaTOYHOTO KHCIIOpOJAa Ha CTPYKTYpy KoHeyHoro oOpasua. Puc. 26 mokasbIBaeT, 4Tto Mpu
VBEJIMYEHUH  TPOJODKUTEIHPHOCTH OTXKUTA OTHOCHTEILHOE COJEpXKAaHUE KHUCIOpoJa
HECKOJIbKO yMEHbIaeTcst — Habmoaarorcst okucibl T10 u Hectexuomerpuueckuid TaOoo, a
takke NDO, TeM He MeHee, UMEET MECTO CYIIECTBEHHOE OKHCIICHHE METALIOB B XOJIE
CUHTE3a.
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B cBs3u ¢ aTHM OblTa mpeanpuHaTa Moau(UKaIys Ipoueaypbl 00kura (cMm. pasaen 2),
B COOTBETCTBHHM C MOJUQPHUIIMPOBAHHON METOIMKOW OBLIM HM3TOTOBIICHBI O0Opa3lbl «ram-
MeTayuiay auaMeTpoM 35 MM HW BBICOTOM 15 MM. PeHTreHorpammbl gaHHOTO 00Opasia
npuBeneHbl Ha Puc. 3, mosmydeHHbIe pe3ynabTaThl (YIIUPEHHBIE W CMEIMIEHHBIE PEQIICKCHI,
orBevaromue cmecu Ti, Nb, u Ta, a Takke ciieoBas MPUMECh OKCHIHBIX (pa3, OTBEYArONIIUX
32 HEOOXOIMMOE KOJIMYECTBO KHCIIOPO/I1a) XOPOIIO KOPPEIHPYIOT KaK ¢ TPeOyeMbIM COCTaBOM
«raM-MeTajuiay, TaK M C MMEIOMUMUCS JUTEPATYPHBIMA JaHHBIMH, IO3BOJISIOMIUMHU
UHTEPIPETHPOBATh JTAHHYIO PEHTTEHOTPaMMy KaK BBICOKOTEMIIEPATYPHYIO (OpMYy Tram-
MeTtauia. JIeHCTBUTENbHO, TMOJIyYeHHAas PEHTIeHOrpaMMa XOpPOIIO COBMAaaeT C JaHHBIMH,
MOJTy4YeHHBIMHU TSI alb(ha-¢daspl raM-meTaia (cM. Puc. 4 — peHTreHorpaMmy ram-meTtasuia 1mo
JAHHBIM paboTHI [5].
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Puc. 3. ludpakrorpamma obpasia «raM-mMeTasiay.
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Puc. 4. -Pentrenorpammsl, nosxydeHubie aas Ti-Nb-Ta ram-meramna nocie
noctaedopmarnnonsoro orkura rnpu 600 °C B reuenue 1 1 (1-6 — HoMepa Todek Ha
MMOBEPXHOCTH 00pasia), AaHHbIe paboTsI [5].
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Takum 00pazoM, ObUTO MOKa3aHO, YTO pa3pabOTaHHBIM BapUaHT CHHTE3a TaM-MeTajia
MO3BOJISICT MOJYyYaTh T'aM-METa/libl B paMKax MOAU(DUIIMPOBAHHOTO METOJa MOPOIIKOBON
MeTauTypruu; (a3oBbIii COCTaB IOJYYEHHBIX OOpPa3llOB COOTBETCTBYET JIMTEPATyPHBIM
JAHHBIM (CM, Hampumep, padoTty [5]).

Judpakrorpamma obOpasima «ram-merami-rpaden» npeacrasiena Ha Puc. 5. Kak BugHO
U3 cpaBHeHHMs Puc. 3 u 5, mpuBeICHHBIC HAa PUCYHKAX PEHTICHOTPAMMBI MPAKTHYCCKU
UJICHTUYHBI, €IMHCTBCHHBIM OTIIUYHEM SIBJISICTCS cl1a00 BBIPAYKEHHBIHN peduiekc B oOmactu 27-
28°, mabmomaembli B cioydae rpadeH-coiepxkamiero obpasma.  OToT  pediekc,
CBUJICTEJILCTBYIOIIUI O HAJTMYUU B 00pasiie yriepoa-conaepikaiiei $hasbl, CBUICTEIBCTBYET O
BXOXKJICHUM TpadeHa B MaTepHrai, 0JHAKO, TOT ()aKT, 4TO KOJMYECTBO YIIEPOI-COJepIKaIICH
da3pl OIM3KO K Mpejeny OOHapy)KEHHUS METOja, He MO3BOJIIET HAONIoAaTh 3TOT pediiekc
Oonee orueTnuBo. TakuM 0Opa3oM, MOKHO KOHCTaTHPOBaTh, 4TO (Da30BBIN cocTaB oOpasia
«ramM-MeTayuT-rpad)eH» MPaKTHYECKU COBIANACT C TAKOBBIM B Ciydae oOpaslia CpaBHEHUS -
«ramM-MeTajliay, CIUHCTBCHHBIM OTJIMYMEM SIBJISICTCS MPHCYTCTBHE B 00Opasiie yriepoj-
conepxamieit asbl.

<Raw Data>
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10 20 30 40 50 60 70 B8O
<Card Data> (deg)

Edeg?j
Puc. 5. Jludpakrorpamma obpasua «ram-metami-rpapen».

3.2 PesynbTaTsl HCCIICIOBAHMA MeTOA0M aTOMHO-a20COpOMOHH O
cnekTpockonuu. VccrmemoBaHuwe, TPOBENEHHOE  METOJOM  aTOMHO-a0COPOIIMOHHON
CIIEKTPOCKOIUK C TOMOIIbi0 crektpomerpa AA-7000 Shimadzu, mo3Bonmuno onpenenuts
XUMHYECKHH COCTaB OO0pasloB «TraM-METalUl» U «raM-MeTawl-rpadeH», pe3yabTaThl
ucclieIoBaHus puBeaeHs! B Tabmuie 1.

Takum 00pa3om, pe3yabTaThl aTOMHO-a0COPOIIMOHHON CTHEKTPOCKOMHH TTOATBEPIUIN
COOTBETCTBHE XMMHUYECKOTO COCTAaBAa HTOTOBBIX OOpA3LOB «TraM-METaul» M «raM-MeTal-
rpadeH» 3a7aBaeMbIM ITPH CUHTE3€ COOTHOIICHHUSM.

3.3. Ycaaka CHHTe3MPOBaHHBIX o00pa3uoB. CHHTE3MpPOBaHHBIE O0pa3Lbl «ram-
METaJUI» U «raM-MeTaJuT-rpadeH» MPOIEMOHCTPUPOBAIN CHIIbHYIO U HEPAaBHOMEPHYIO YCAIIKY
npu TepMooOpabdoTKe, CBA3aHHYIO ¢ (pakToM 00pazoBaHus o-(pa3sl. OTMETHM, YTO ycaJKa Ipu
TepMooOpabOTKe HAIpaBiIeHa BOJIb OCH MPECCOBaHMS, HanOoIbIui dhPexT HabI01aeTCs B
[IEHTpaxX BEepXHEH M HIKHEW MmiockocTed mummHApa. TunuuHelid BUI o0pasia npencTaBiieH
Ha Puc. 6. Cnenyer oOpaTuTh BHMMaHUE Ha TOT (DaKkT, 4TO ycajka MpH TepMOooOpadoTKe
HaOmrofanach Kak Jjsi oOpas3lioB, CHHTE3MPOBAHHBIX Ha 3Tane OTPadOTKH MPOLETyphI
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cuHTe3a (pexxumbl okura (1) u (2)), cm. Puc. la. Takum 06pa3om, MOXKHO clieJaTh BBIBOJ O
TOM, HECMOTpsi Ha M30BITOYHOE COJIEpXKaHHME KHCIOpoAa, 3aduKcHpoBaHHOE B oOpasIax,
MOJIyUEHHBIX MpPU OTPabOTKE CHHTE3a, TeM HE MEHee, XapakTepHas «IaMsITh (POpMbI»
MPHUCYTCTBYET M B JaHHOM ciiydae. /st 0OpasioB «ramM-MeTamumn U «raM-MeTaluI-rpadeHy,
CHHTE3MPOBAHHBIX B paMKax pa3pa0OTaHHOW METOIWKH, YCaJKa IpH TepMooOpaboTke
MPAKTUYECKH WACHTUYHA, IPUMEP TaKOW ycaJku MpuBeAeH Ha Puc. 60 mns oOpasma «ram-
Metaui-rpadgen». Kak ciaegyer u3 tumoBoil cxembl ycanku (Puc. 6B), TunuuHas riyOuHa
yCaJKH MPAKTUYECKH OJMHAKOBA KAK IS BEPXHEW, TaK U JUI HUKHEW IpaHd LWIMHApPA, €€
JUHEHHBIN pa3Mep B LIeHTpe noBepxHocTH pocturaeT 20 % OT BBICOTHI 00pa3ia.

Tabmna 1. Xwumudeckuid coctaB o0Opa3loOB «raM-META» W «raM-MeTai-rpadeny,
ONpefeNieHHbId 10  pe3yjbTaTaM aTOMHO-aOcopOIuoOHHOM  crektpockonuu  (atr.%,
HOTPENHOCTh u3Mepenus < 5%).

Coneprxxanue, aT.%
Ti Nb Ta Zr 0] Bananc
OO0paser «raM-MeTaJlI», IO CHHTE3Y 72 20 3,5 3,4 1,2 -

Oobpazen

OO0pasern «raM-MeTaiiay, o aHAIH3y 71,1 | 205| 3,6 3,3 1,3 <0,2
Ti Nb Ta Zr 0] C | ban

Oopa3zen «ram-merami-rpaden»,

" 7193 | 20 | 35 | 34 |12 |01 -
10 CUHTEC3Y

Oopa3zen «ram-merami-rpaden»,

70,9 | 20,4 | 3,6 3,4 13 | 0,1 <0,3
110 aHAJIU3y

*Pacuer ¢ OKpYIJICHUEM OO BTOPOI'O 3HAKA ITOCIIC 3ansAToun

w |

15

35

a

B

Puc. 6. Ycanka cMHTE3MpOBaHHBIX 00pa3LOB: (a) WILTIOCTPALS YCAIKH I ciaydas o0pas31oB
«raM-MeTaJll» CHHTE3MPOBAHHBIX Ha MPeBApUTEIbHOM 3Tarne (pekum orxura (1));
(0) ycanka ob6pasua «ram-mMeTaui-rpadeny; (B) THIIMYHAs CXeMa yCaaKH.

4. BuIBOABI

Takum obOpa3zom, B HacTodlell padoTe BHEpBblE ObLI CHHTE3UPOBAH HAHOKOMIIO3UT «TaM-
metai-rpaden». (Hackoabko U3BECTHO aBTOpaM, paHee TaKOW KOMIO3UIIMOHHBIM MaTepuan
HUKeM He Obu1 monydeH.) Co3maHa METOIWKa CHHTE3a OOpaslloB «TaM-META» U «TraM-
MeTal-rpader», BKIIOUYaromas B ceOs CTaaud MOATOTOBKM HABECOK, MX CMEIIEHUS,
MpeccoBaHUsl U OTXUTa. B ciaydae cuHTE3a 00pa3loB  «raM-MeTa-Tpaden»,
JOTIOTHUTENIFHOW  CTaJued Tpolecca sBISETCS MHUKPOMEXaHHMYECKOe paclierieHue
TepMopacmupeHHoro rpadena, obecrneunBaromiee kouBepcuto TPIT B rpaden. Ilo
pe3ynbTaTaM UCCIICJOBAaHHUS METOJOM PEHTIICHOCTPYKTYPHOTO aHalu3a IO0Ka3aHo, 4YTO
($a30BbBIl COCTaB 00PA3IOB «TaM-METAJL» U MaTPHIBl HAHOKOMITO3HUTA «raM-MeTauI-rpadeH»
COOTBETCTBYET pe3ylbTaTaM, MPUBOAMMBIM B JHTEpaType Ui TaMm-MeTamioB. Da3oBblit
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cocTaB o0pasiia «ram-mMeTaui-rpadeH» NpakTHIeCKu COBMAAACT C TAKOBBIM B CiTydae oOpasia
CPaBHECHHSI - «TaM-METaJlIay, €AMHCTBCHHBIM OTIUYHEM SIBIIICTCS MPHUCYTCTBHE B 0Opasiie
yraepoa-coaepxkameii  ¢aspl.  MccnenoBaHusi,  NPOBEIEHHBIE  METOJIOM  aTOMHO-
aObCOpOLIMOHHON  CIIEKTPOCKONHU  TIOKa3ajJd  COOTBETCTBUE  XMMHYECKOTO  COCTaBa
CHUHTE3MPOBAHHBIX 00pa3noB TpeOyemomy. I[lokazaHo HanmMuuMe CYIIECTBEHHOM YCaJKu
00pa3IoB «TraM-MeTal» M «TaM-MeTaui-rpad)eH» B HAMpPaBJICHUUW OCH IPECCOBAaHUS, €0
MaKcHUMasbHas BeJIMYMHA 3aMKCUPOBAaHA B LIEHTPAX BEPXHEH M HIDKHEH TpaHel HUIUHApa,
oHa MoxeT gocturath 20 % OT BBICOTHI LUIUHIPA.

Hannas paboma ewvinonwena npu noooepocke (0nsi BIK. u H.IO.A.) Munucmepcmesa
obpazosanus u nayku P® (3adanue Ne 9.1964.2014/K) u (ons A.B.O.) Poccuiickoeo nayurno2o
¢onoa (npoexm 14-29-00199).
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SYNTHESIS OF GUM-METAL-GRAPHENE NANOCOMPOSITE

V.G. Konakov'?2* 1.Yu. Archakov!?4, E.N. Solovieva, S.N. Golubev3, A.V. Orlov?
IPeter the Great St Petersburg Polytechnic University, St. Petersburg, 195251, Russia
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Abstract. For the first time in science of metal-matrix composite materials, “Gum-metal-
graphene” nanocomposite is synthesized which has a Gum metal (Ti-Nb-Ta-Zr-O alloy)
matrix containing graphene nanoinclusions. To do so, we created a novel method to
synthesize Gum metal and “Gum-metal-graphene” nanocomposite. In the latter case,
micromechanical splitting of thermo-exfoliated graphite is used as graphene source. With X-
ray analysis, we demonstrated that the phase compositions of Gum metal specimens and the
nanocomposite matrix are identical to one of typical Gum metal compositions reported in
literature.

Acknowledgements

This work was supported, in part (for V.G.K. and I.Y.A.), by the Russian Ministry of
Education and Science (Zadanie 9.1964.2014/K) and, in part (for AV.0.), by the Russian
Science Foundation (grant 14-29-00199).

References

[1] T. Saito, T. Furuta, J.-H. Hwang, S. Kuramoto, K. Nishino, N. Suzuki, R. Chen,
A. Yamada, K. Ito, Y. Seno, T. Nonaka, H. Ikehata, N. Nagasako, C. lwamoto, Y. Ikuhara,
T. Sakuma // Science 300 (2003) 464.

[2] S. Kuramoto, T. Furuta, J.H. Hwang, K. Nishino, T. Saito // Metallurgical and Materials
Transactions A 37 (2006) 657.

[3] M.Yu. Gutkin, T. Ishizaki, S. Kuramoto, I.A. Ovid’ko // Acta Materialia 54 (2006) 2489.

[4] T. Furuta, S. Kuramoto, J.W. Morris (Jr.), N. Nagasako, E. Withey, D.C. Chrzan // Scripta
Materialia 68 (2013) 767.

[S] V.A. Sheremet’ev, Stability of the structure and functional properties of

termomechanically treated biocompatible Ti-Nb-Zr and Ti-Nb-Ta alloys (PhD thesis, MISIS,

Moscow, 2015).

[6] J. Wang, Z. Li, G. Fan, H. Pan, Z. Chen, D. Zhang // Scripta Materialia 66 (2012) 594.

[7] L.-Y. Chen, H. Konishi, A. Fehrenbacher, C. Ma, G.-Q Hu, H. Choi, H.-F. Hu,
F.E. Pfefferkorn, X.-C. Li // Scripta Materialia 67 (2012) 29.

[8] A.G. Nasibulin, T.S. Koltsova, L.I. Nasibulina, I.V. Anoshkin, A. Semencha,
O.V. Tolochko, E.I. Kauppinen // Acta Materialia 61 (2013) 1862.

[9] Y. Kim, J. Lee, M.S. Yeom, J.W. Shin, H. Kim, Y. Cui, J.W. Kysar, J. Hone, Y. Jung,
S. Jeon, S.M. Yan // Nature Communications 4 (2013) 2114.


mailto:glasscer@yandex.ru

CuHme3 HaHoKoMno3uma «a2am-memari-epagheH» 85

[10] J. Hwang, T. Yoon, S.Y. Jin, J. Lee, T.-S. Kim, S.H. Hong, S. Jeon // Advanced
Materials 25 (2013) 6724.

[11] D. Kuang, L. Xu, L. Liu, W. Hu, Y. Wu // Applied Surface Science 273 (2013) 484.

[12] C.L.P. Pavithra, B.V. Sarada, K.V. Rajulapoti, T.N. Rao, D. Sundararajan // Scientific
Reports 4 (2014) 4049.

[13] I.A. Ovidko // Reviews on Advanced Material Science 38 (2014) 190.

[14] H. Algul, M. Tokur, S. Ozcan, M. Uysal, T. Cetinkaya, H. Akbulut, A. Alp // Appied
Surface Science 359 (2015) 340.

[15] V.G. Konakov, O.Yu. Kurapova, L.V. Lomakin, L.Yu. Archakov, E.N. Solovyeva,
I.A. Ovidko // Reviews on Advanced Material Science 44 (2016) 361.

[16] L. Kvetkova, A. Duszova, P. Hvizdos, P. Kun, C. Balazsi // Scripta Materialia 66 (2012)
793.

[17] V.G. Konakov, IL.A. Ovid'ko, N.V. Borisova, E.N. Solovyeva, S.N. Golubev,
O.Yu. Kurapova, N. N. Novik, 1.Yu Archakov // Reviews on Advanced Material Science.
39 (2014) 41.



Materials Physics and Mechanics 30 (2017) 86-92 Received: December 6, 2016

MOJAEJIUPOBAHUE MEXAHUYECKHUX XAPAKTEPUCTHUK
HAHOKOMITIO3UTOB «(HAHO)METAJUI-I' PAD®EH»
METOJIOM KOHEYHbBIX 3JIEMEHTOB

B.H. Cemenonl?23

1Cankr-TleTep6yprekuii nonurexuudeckuii yausepeurer Ilerpa Benukoro,
Cankr-IlerepOypr 195251, Poccust
2Canxr-TleTepOyprekuii rocyrapcreennslii ynusepeutet, Cankt-Iletep6ypr, 198504, Poccus
SHucturyT npo6iem mammnoseaenus PAH, Caunkr-Tletep6ypr, 199178, Poccus

“e-mail: semenov@bs1892.spb.edu

AnHoTtanus. Jlng oueHku BIWSHUS TpadeHOBBIX BKIOUYCHUH Ha JaedopMannoHHBIC
XapaKTePUCTUKU HAHOKOMIIO3HUTA «MeTalI-TpadeH» MpoBeAeH KOHEYHO-3JIEMEHTHBINA aHaTN3
neOpMHUpPOBAaHUSI  MPEICTABUTEIBHOIO 00BEMa C  MOCIEAYIOIIEH TrOMOTeHHU3aIfen
MEXaHMYECKUX CBOWCTB U HCCIEAOBaHA 3aBHUCUMOCTh dS(PQPEKTUBHBIX MOAyIeH U
TUTACTHYECKOTO TEUYEHUS OT KOHIICHTpanuu rpadeHoBsIx BKItoueHni. [lokazaHo, 4To BIMsHHAE
BKJIFOYEHUN Ha YIPYyrue MOIYJIHM M IpeAesl IUIACTUYHOCTH HAHOKOMIIO3UTAa HE SBIISIETCS
3HauuMbIM. VccnenoBaHo — BiausHME TpadEHOBBIX  BKIOYEHMM Ha IPOYHOCTh U
TPEIIMHOCTOMKOCTh ~HAaHOKOMIIO3UTa  «(HaHO)MeTalul-rpaden». Pe3ynpTaThl KOHEUYHO-
AJIEMEHTHOT'0 MOJIEIMPOBAHUS CBUJETENILCTBYIOT O TOM, YTO B HAHOKOMIIO3UTE Ha0JII01aeTCsl
CHI)KCHHE KOHILIEHTPALIMM HANpPSDKEHMH B OKPECTHOCTH KOHIA TPEIIMHBI IIPH €0
NpUOIMKEHNH K Tpad)€HOBOMY BKIIFOUEHHUIO.

1. Beeaenue

bnaronmapst CBOMM YHUKAIBHBIM MEXaHHYECKHM CBOMCTBAaM, TAaKUM KakK BBICOKHI MOTyss FOHTa
(1 TIa), npenen npounoctu (130 I'Tla), Beicokas creneHs nedopmupyemoctu (6onee 20 %)
[1, 2], u BBICOKOW YAETBHON IUIONIAM TOBEPXHOCTH TpadeH OueHb MEepCHeKTHBEH IS
UCTOJIb30BaHUSI B KAuyeCTBE ApPMHPYIOLIETO 3JEMEHTa B Pa3IMYHBIX KOMITO3UIIMOHHBIX
MarepHaiax; cMm., Hanpumep, [3-8]. Hapsay ¢ MoHocOMHBIM rpad)eHOM TpadeHOBBIC JTHCTHI,
COCTOAIIME M3 HECKOJNBKUX CIIOEB TpadeHa, 00JalaloT CXOAHBIMHM CBOHCTBaMH. OJHAKO
UCTIOIB30BaHUE TPAPEHOBBIX JINCTOB B KayeCTBE HAMOJHUTENS B METANIOMAaTPUYHBIX
KOMITO3UTaX O HEAABHEIO BPEMEHU OBLIO COIPSIKEHO C CEePbEe3HBIMH TEXHOJIOTMYECKHMU
npobiemamMu. B mocienHue TOABI YAANOCh HAaWTH peNICeHHWE JITUX TMPOOIeM W TOIYYHTh
METaJUIOMATpUYHble ~ HAHOKOMIIO3UTHI, YIPOYHEHHbIE Tpa(eHOBBIMU  BKIIOUYECHUSMHU,
PacHOI0KEHHBIMH TIPEMMYIIECTBCHHO Ha IpaHMIAX 3epeH MeTauTiueckoi MaTpuibl [4-8].
Bb110 0OTMEUEHO, YTO KOMIO3HUTHI CUCTEMBI «METALUI-TpaeH» UMEIOT BBICOKYIO POYHOCTh U
TBEPJOCTh. B 4acTHOCTH, y aJIOMHHHMEBBIX KOMITO3UTOB NPH apMHUPOBAaHWH T'pad)eHOBBIMH
JaucTaMu ¢ MaccoBoit noneit 0.3 % mpenen npodyHocTH yBeauumics Ha 69 % [5].

Llenpto HacTOsIIEH PAaOOTHI SBISETCS KOMIBIOTEPHOE MOJEIMPOBAHKE B Cpelle TTaKeTa
ANSYS nedopmupoBaHuss U pazpylieHUs KOMIO3UTa «MeTaI-Tpadeny», onpeaesieHue ero
P PEKTUBHBIX MEXaHUIECKHUX TTAPAMETPOB U 00BSICHEHNE TIOBBIMICHHSI IIPOYHOCTH C TTO3UIIHNA
MEXaHUKH J1e()OpMUPYEMOTO TBEPIOTO Tea.
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2. MoaeanpoBanue 3(p(peKTHBHBIX CBOHCTB KOMIIO3UTa «MeTaJLI-Tpadgen»

Kommnozut «Merami-rpadeH» COCTOUT U3 MOJMKPUCTAIUIMYECKONH METAJUIMYECKONH MaTpHUIIbl U
rpa)eHOBBIX MPOCIOCK, PACIONIOKEHHBIX B TPAHMUIAX 3€PEeH METaNIMYeCKOW MAaTpHIIbI.
[TpoBenem oneHKY G (HEKTHBHBIX MEXaHHMUYECKUX CBOMCTB KOMITO3UTA «METAILI-TpadeHy» mpu
MOMOIIM KOMIIBIOTEPHOTO MOJEIUPOBaHUS Ae()OpMHUPOBAHUS HPEICTABUTEILHOTO 00BbeMa
METaJUI0-KOMIIO3UTA JJISl Pa3IMYHOTO PACIIONOKEHHS Tpad)eHOBBIX MPOCIOECK B TpaHUIAX
3epeH. Ha Puc. 1 mpencrtaBieHbl CTPYKTYyphl KOMIIO3UTa C PA3IMYHBIM PACHOJIOKEHUE
rpadeHOBBIX MPOCTIOEK: &) rpa)eHOBBIE JIUCTHI 00Pa3yIOT HEMPEPBIBHYIO SUYEUCTYIO CTPYKTYPY,
B sSYCHKH KOTOPOH MOMEIICHBI 3epHa MeTauia, D) rpadeHOBBIC JIMCTBI, PACIOJOKEHBI Ha
rpaHMIAaX 3€peH C pa3pblBaMH B y3Jax siueek, C) rpad)eHOBBbIC JIUCThI PACHOJIOXKEHBI Ha
rpaHMIlaX 3epeH, o00pa3ys HeNpepbIBHbIC CTPYKTYphl BIOJNb JIMHUH pacTsvkeHus, d)
rpad)eHOBBIC JHCTHI PACIOJIOKEHBI HAa TpaHUIAX 3epeH, 00pa3ys HEMPEPHIBHBIC CTPYKTYPHI
norepex JUHUM pacTsbKeHus. B pacueTHol Mozenu ObUT BBIOpaH XapaKTepHBIA pa3Mep OqHON
syeiiku 1.73 MxM, a TonmmHa rpadeHoBbix auctoB 10 aM. [IpeacraBurenbHblil 00beM, IS
KOTOPOTO MPOM3BOAMIUCH PACYETHI, C YUETOM CUMMETPHH OOJaCTH MMEJ pa3Mephl 3 MKM X
3.48 Mxm. IlpencraBUTENbHBIM O0BEM pACTSATHBAICS B BEPTUKAILHOM HANpPAaBICHUU U
CTPOMJIACh 3aBUCUMOCTh OTHOCUTENILHOTO YATUHEHHS OT IPUII0KEHHOU criibl. bbuin BEIOpaHbI
CJeIYIOIE MEXAaHUYECKUE CBOMCTBA MeTaNInYeCKOr MaTpulibl: MoayJib FOura E = 200 ['1la,
kod¢¢urment [lyaccona v = 0.3, mpenen Texkydectu op = 250 MIla. [{nst rpadena - Mmogyinb
Oura E = 1000 ITla, xoaddunuent Ilyaccona v = 0.345. B pacuerHoii Moxaenu
MPEIoIaraioch, YT0 METAJUIMUecKas MaTpHulla MOMYMHSIETCS 3aKOHY HJICaTbHOIO YIPYro-
TUTACTHYECKOTO AeOpMUPOBaHUs 0€3 yIIPOYHEHHSI.
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Puc. 1. Paznuunble BapuaHThl apMUPOBaHUS IPEJCTaBUTENBHOTO 00beMa rpad)eHOBBIMU
JUCTaMHU: &) HeTpepbIBHAs CETKa Ipa)€HOBBIX JIMCTOB 110 TPaHUIIaM 3€pEH,
b) rpacdeHOBBIC TUCTHI IO FPAHUIAM 3€PEH, PA3OMKHYTHIC B y3J1aX CETKH,
C) rpad)eHOBBIE JIMCTHI PACHIOIOKEHBI 10 TPAHHUIIAM 3€PEH BJIOJIb HAIIPABJICHHS PACTSDKCHHUS,
d) rpad)eHOBBIC JTUCTHI PACTIONOKEHBI [0 TPAHHUIIAM 3EPEH MOIEPEK HAPABICHUS
pacTsKEHUS.

Ha Puc. 2 npencraBienbl Hogy4eHHbIE [0 Pe3yIbTaTaM KOMITbIOTEPHOTO MOAEITUPOBAHUS
KpHUBBIE HampspkeHue — gedopmarust A MPeICTaBUTENBHBIX OOBEMOB C Ppa3IMYHBIMU
BapHaHTaMU apMUPOBaHUS 3TOr0 00beMa rpad)eHOBBIMH JTUCTAMHU.

[Tony4yennsie 3¢ ¢exTuBHbIE MapameTpbl (Moaynb FOHra, mpeaen Teky4ecTH) Ui Beex
PacCMOTPEHHBIX CTPYKTYp KOMIIO3UTa «MeTayli-TpadeH» HEe3HAUUTEIbHO OTIUYAIOTCS OT
COOTBETCTBYIOIIMX IIapaMETPOB MeETaNIMYECKOM Marpuupl. Hanuume B HaHOKOMIIO3UTE
rpadeHOBBIX BKJIIOYEHHH C BBICOKUM YIPYTMM MOJAYJIEM MPHUBOIUT K Je(hOpMalliOHHOMY
YIIPOYHEHUIO MaTepuaa, YTo OOBACHIETCS YIPYruM IehOopMHUpPOBaHHEM TpadeHa BILIOTh J10
pa3pylIeHUs B IIUPOKOM JHaria3oHe aehopMariuii.
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Puc. 2. Kpussle gehopmMupoBanust (HanpsokKeHHe - OTHOCHTEIBHOE YIUITMHEHHE) IS CTPYKTYP
a),b),c) u d) Puc. 1.

3. IIpoyHOCTHBIE CBOICTBA KOMIIO3UTA «MeTaLI-Tpaden»

MHorouucneHspie dKcrepruMeHTsl [3-8] CBHIETENBCTBYIOT, YTO KOMIIO3UTBI CHCTEMbI
«MeTtaiul-rpadeHy»  XapaKTepU3yIOTCs  MPOYHOCTHBIMH  CBOMCTBAMH,  3HAYUTEIHHO
IIPEBBILIAIOIIMMHA  CBOWCTBA METANIMYECKOM MarTpuupl. IlpuumH 3TOro mnoBblIeHUs
IIPOYHOCTHBIX CBOMCTB HECKOJIBKO.

Bo-nepBbix, rpadeH o0iagaeT uYpe3BbYANHO BBICOKUMH  NPOYHOCTHBIMH U
aAre3uoHHeIMM cBoiicTBamu. [loatomy mns paspymieHus rpadeHOBOro JUCTa W/HIU
BBIPBIBAHUS €0 U3 METAIINYECKOM MaTpHULbl TpeOYIOTCS 3HAUUTENNbHbIE yCUIUs. Bo-BTOpBIX,
rpadeH siBiseTcs BHICOKOMOAYIbHBIM MAaTEPHAIOM C BBICOKOH CTENEHbIO Ae(POPMUPYEMOCTH,
II03TOMY OH CITYXKHUT NPEINATCTBUEM JJI BO3HUKIIEH B METAJUINYECKON MAaTPULIE TPEIIUHEI.

Jl71s OLleHKH MTPOYHOCTHBIX CBOMCTB KOMIIO3UTA «METaUI-TpadeH» HcciaeayeM BIUsSHUE
rpa)€HOBOTO JIMCTAa HA KOHIEHTPALMIO HANpsDKEHUH B OKPECTHOCTH 3apOJMBLICHCS B
METaJJIMYECKON MaTpulle TpeuuHsl. [lpoBeaem cpaBHEHHE HANpPSKEHHOIO COCTOSIHUS B
OKPECTHOCTH TPELIMHBI B METANINYECKOM MaTpuUIle ¢ apMUPYIOIINUM Ipa(eHOBBIM 3JIEMEHTOM,
PacoJI0KEHHBIM BOJIM3HM KOHUMKA TPEIIMHbBI, C HANPSKEHHBIM COCTOSHUEM B OKPECTHOCTH
TPEIMHBI B OAHOPOJHOM METAILINYECKOM MaTepHale.

B kauecTBe pacdueTHOI MOJeNN pacCMOTPUM IpAMOYTroibHYyI0 06macth 400 M x 200 HM
C LEHTPAJIbHOM TPEIIMHOW, PACIOJIOKEHHOM TocpeauHe obpas3iia BAOIbL OCH X, JJWHA
tpemwuHbl 190 HM. IIpsAMOYroJpHUK pacTArMBaeTCs PAaBHOMEPHO paclpeieeHHbBIMU 10
rpaauiam obnactu y = +100 HM ycunusamu p. 3agada pemraeTcss METOJIOM KOHEYHBIX
3JIeMEHTOB Tipu oMoty makera ANSY'S.

B okpecTHOCTH KOHIIa TPEIIMHBI BBEJIEHA TOUKA KOHLEHTPALIUHU C IPUMBIKAIOIIUMHU K HEN
CHeIHalIbHBIMU 3JIEMEHTaMHU, paguyc KoTopbix paBeH 0.5 HM. PaccmarpuBatores 3 3amauun: 1)
OpSMOYTOJIBHUK U3 MaTepuallia MeTaNTM4eCKOi MaTpulibl, 2) IpSIMOYTOJILHUK U3 MaTepuala
METAIIMYECKON MaTpULbl C apMHUPYIOIMIMM 3JEMEHTOM B BHUJAE 2-X Y3KHUX BEPTUKAIbHBIX
NPSAMOYTOJIbHBIX 00acTel mupuHON | HM, pacrooKEHHBIX HA PACCTOSHUM 5 HM OT BEpIINH
TpPEIINHbI, 3) ApMUPYIOIINE JICMEHTHI B BH/IE MPSIMOYTOJIbHUKOB PACIOI0KEHBI O] yriiom 60°
K TPEIIMHE Ha PACCTOSHUU 5 HM OT €€ BEPLIMHBI. APMUPYIOLINI 2JIEMEHT UMEET MEXaHUYECKUE
cBoiicTBa rpadeHa, a Marepual METaNIMYeCKOM MaTpulbl — Xkene3a. B cuiny cummerpuu
3a/la4l OTHOCUTEJIBHO OCH OpJIMHAT paccMaTpUBAacTCs TOJIBKO IIPaBasi MOJOBHHA PAacYETHOMN
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MOJIEU C YCJIIOBUEM CUMMETPHHM HA OCH OpAMHAT. 3ajaya peuaercsl B JMHEHHOW TOCTaHOBKE
B YCIIOBUSIX IJIOCKOU AeopMaIivm.

Ha Puc. 3 npuBeneHo pacmpeneneHne MaKCUMaIbHBIX PACTATUBAIOLINX HAMpsHKEHUH,
OTHECEHHBIX K MPWIOKEHHBIM YCUJIMAM, Uil OAHOPOJHOrO0 Marepuana. B 3tom ciryuae
MaKCHMaJbHbIE PACTITMBAIONINE HAMIPSDKEHUS, YCPEIHEHHbIE HA JIEMEHTE, TPUMbBIKAIOIIEM K

. S
BEpLIMHE TPELIVMHBI, U OTHECEHHBIC K IIPUJIOKEHHON HArpy3Ke, paBHBI 1max/p = 6347, a
K03(pPULIMEHT MHTEHCUBHOCTH HAaPsKeHUH K, OTHECEHHBIH K IPHIIOKEHHON Harpy3ke, paBeH

Kif, = 3253 2

Puc. 3. Pacnpenenenrne MakCUMaIbHBIX PACTATHBAIOIINX HAMPSOHKEHUH S 1, OTHECEHHBIX K
Harpyske p, B OKPECTHOCTH TPEUIMHBI B OJTHOPOJAHOM METAJLIE.
B cnyuae apmupoBaHMs BEepTHKAIbHOW TpadeHOBOW BCTaBKOW MaKCHUMAaJIbHbBIC
pacTArMBaOIIME HANPSDKEHUS, YCPEOHEHHBIE HA JJIEMEHTE, NPHUMBIKAIOIEM K BEPIIMHE

. S
TPEIIMHBI, U OTHECEHHBIE K TIPUIIOKEHHON HArpy3Ke, paBHbl ~ 1Ma¥ / p =57.74, axospdurment

. . K ;
WHTEHCUBHOCTH HANpPsOKEHU K, OTHECEHHBII K HATPY3Ke, paBeH ! /p = 29.57 am2 (Puc. 4).

Puc. 4. Pacnipenenenre MakCUMaIbHBIX PACTATHBAIOIINX HAMPSHKEHUH S 1, OTHECEHHBIX K
Harpy3ke p, B OKPECTHOCTU TPEIIMHBI B METAJIJIE, ApMUPOBAHHOM Tpa)eHOBBIMU JTUCTAMU
TOJIIMHOM 1 HM.
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Ha Puc. 5a u Puc. 5b mpuBemeHo pacmpeneicHre MaKCHMAJIbHBIX PacTATHBAIOIINX
HaIPSHKEHUN Ha TIPOJOJDKEHUN TPEUIUMHBI B CIIy4ae OJTHOPOJHOTO MaTepuasa MEeTauTMYeCKOU
MaTpHULIbI U B IPH apMUPYIOLIEM rpa@)eHOBOM 3JIEMEHTE.

Puc. 5. Pacnpenenenre MakcuMaibHBIX PacTATMBAIOIINX HANPSKEHU S |, OTHECEHHBIX K
Harpy3ke p, Ha MPOOHKCHUH TPEIIUHBI, a) B OAHOPOJAHOM MeTaiuie, b) B merae,
apMUPOBAaHHOM Tpa()eHOBBIMHU JIUCTAMHU TOIIIUHON 1 HM.

Ha Puc. 6. npuBeseHO pacnpeielicHue MaKCUMAIIbHBIX PACTATMBAIONIMX HANPSHKCHUH B
CIIy4ae apMUPYIOMIETo Ipad@HOBOTO JIEMEHTa, PACIIONIOKESHHOTO Mo yriiom 60° k TpenmHe.
MakcuMasbHbIE PacTATHBAOIINE HAIPSDKEHSI, YCPETHEHHBIC Ha 3JIEMEHTE, TPUMBIKAIOIIEM K

. S
BEpIINHE TPEILMHBI, H OTHECCHHBIE K IPHIOKEHHOI HArPy3Ke B 9TOM CIIydae paBHbI ~ 1Mmax/ p
= 71.0, a ko3 PuIHEHT UHTEHCUBHOCTU HampspKeHU K;, OTHECEHHBIM K Harpyske, paBeH
K an K ]
'/p =30.28 am™2, "1/, = 0.8 am 2,
Takum 00pa3oM, HaaMuMEe apMHUPYIOMIETO JJIEMEHTAa CHIDKACT KOHIICHTPAILUIO

HANpSHKCHUH B OKPECTHOCTH KOHIA TPCUIMHBI, W TMPHBOJUT K TOBBINICHHIO MPOYHOCTH
KOMITO3HUTa «MeTajuI-rpadeH.

1

Puc. 6. Pacnipenenenre MakCUMaTbHBIX PACTATHBAIOIINX HAPSHKEHUH S 1, OTHECEHHBIX K
Harpyske p, B OKPECTHOCTH TPELIMHBI, PacIoIOKEHHON Mo yriioM B 60° k rpageHOBOMY
JIUCTY TOJIIMHON 1 HM.

4. 3akiarouenue

Pa3paboTanbl KOHEYHO-2JIEMEHTHBIE MOJETH MPOLECCOB AeGopMalliil U pa3pylicHHUs B
00pa3max BBICOKOIIPOYHBIX HAHOKOMIIO3UTOB «MeTalI-TpadeH» u «HaHOMeTawi-rpaden». B
YaCTHOCTH, JJIsi OICHKM BIUSHHUS TpadeHOBBIX BKIOYEHWH Ha AeopMairoHHbBIE
XapaKTepI/ICTI/IKI/I HAHOKOMIIO3HUTAa «MeTaJm-rpa(beH» HpOBe}IeH KOHeqHO-BHeMeHTHBIﬁ aHaJIN3
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neopMHUpOBaHNS  TPEICTABUTENBHOTO O0BEMa C  MOCHEAYIOIIEH  roMoreHu3anuen
MEXaHMYECKMX  CBOMCTB. /[l  mpeacTaBUTENbHOTO 00BbEMa  IOCTPOEHBI  KPUBBIC
nedopmupoBanus (Cuiaa - OTHOCUTEIBHOE YAJIHMHEHHE), HA OCHOBAHMH KOTOPBIX HCCIIEIOBaHA
3aBUCUMOCTh OS(QEKTHUBHBIX MOIYIEH U IUIACTUYECKOTO TEYEHHUs OT KOHIICHTpPAIUH
rpageHoBbIX BKIoYeHUH. [lokazaHo, 4TO BIMsAHKME BKIIOUYEHHUN HAa YIPYrue MOAYIH U Tpeel
IUIACTUYHOCTH HAHOKOMIIO3MTA THIA «MeTaui-rpageH» HeBenuko. [Ipum  oObemHON
KOHIIGHTpalu a0 2 % yBenuueHue yYNpyroro Moxyis He mnpesblmaer 4 %, mpenena
wiactuyHocTl - 1,5 %. Hanmuume B HaHOKOMMo3uTe rpa)eHOBBIX BKIIOYEHHH C BBICOKUM
YIIPYTUM MOAYJIEM IPUBOIUT K Je(hOpMAIIOHHOMY YIPOYHEHHUIO MaTepuaa, 4To 00bICHIETCS
yrnpyrum jaeopMupoBaHrueM IpadeHOBBIX BKIIOYEHHI BIUIOTH J0 pa3pylICHUs B IIMPOKOM
nranasoHe aehopMarui.

HccnenoBano BIUSHHE T€OMETPUU aHCAMOJIsl BKIIIOYCHUH Ha H(QEKTHBHBIC CBOWCTBA
METaJUIOKOMIIO3UTa IPH OJMHAKOBOW MX KOHIIEHTPAIMK. PacCMOTpEHBI ciieayoue ciryqan: a)
HeMpepbiBHAs ceTKa rpad)eHOBBIX JIMCTOB MO IpaHMIAM 3epeH, D) rpad)eHOBBIC JIUCTHI 110
IpaHUIIaM 3epeH, PA3OMKHYThIC B y3JaX CETKH, C) rpa)eHOBBIC JIHCTHI PACIIOIOKEHBI IO
IpaHMIIAM 3€PEH BJIOJIb HAIPaBJICHHUS PACTsDKeHHUs, d) rpad)eHOBBIC JHCTHI PACIIOIOKEHBI MO
IpaHMLIaM 3€PEH NONEePEeK HANPaBJICHUs pacTshkeHHs. B mepBom ciryyae BiusiHEE Tpad)eHOBBIX
BKJIIOUEHUH Ha 3()(h)eKTUBHBIE CBOMCTBA HAHOKOMIIO3UTA MPOSIBIISIETCS CUIIbHEE YeM B JAPYTHX.

JInsi OLIEHKH TPEHIMHOCTOMKOCTH HAaHOKOMITO3MTa «(HaHO)MeTaiul-rpadeH» mocrpoeHa
KOMITBIOTEPHAsI MOJIENIb PACTIPOCTPAHECHHUS TPEUIMHBI B TAKOM KOMITIO3HTE. BBIIO MccienoBaHo
HoJie HaNmpsHKEHUH B OKPECTHOCTM BEPIUMHBI TPEIIMHBI B OJHOPOJHOM METaJUIMYECKOM
marepuaie ¢ 3(p(HEeKTUBHBIMI MOAYIISIMUA U B HAHOKOMIIO3UTE C TPEIIUHOM, BepIINHA KOTOPOU
HAaXOIMTCSI BOMM3M  TpadeHOBOrO  BKIIOYECHHUS. Pe3ynbrarhl  KOHEYHO-3JIEMEHTHOTO
MOJICTUPOBAHUST CBUJIECTEIBCTBYIOT O TOM, YTO, BO-TIEPBBIX, B HAHOKOMIIO3UTE UMEET MECTO
CHIDKCHHE KOHIIGHTpPAllUM HANpPSHKCHUH B OKPECTHOCTH KOHIA TPEIIMHBI TP  €ro
npuOIIMKEHUH K TpadeHOBOMY BKJIIOUYEHHIO U, BO-BTOPHIX, HM3MEHEHHE HAarpaBJICHHUS
IUTOLIAJIKH HauOOJBIINX PACTATUBAIOUIMX HAMPSHKCHUH, YTO NPUBEAET K HCKPUBICHUIO
TPAaeKTOPUH POCTA TPEIIUHBI, U, CIEIOBATEIHHO, K TOBBIIICHUIO TPEIMHOCTOMKOCTH (HM3-3a
COOTBETCTBYIOIIETO YBEJIMYEHUs] HEOOXOJMMOHM A pocTa TpeumHbl 3Hepruu). OTMeTum
TaKXke, 4To rpa)eHOBBIC JIMCTHI HA TPAHUIIAX 3€PEH METATMUECKON MAaTPHIIBI HAHOKOMITO3UTA
«MmeTau-rpagen» CTaOMIIU3UPYIOT HaHOPA3MEPHYIO CTPYKTYpY, IPENsATCTBYS
PEKPUCTATUTA3AITUH.

Hannoe uccneoosanue gvinonneno npu noooepaicke Poccuiickoeo nayunozo ¢ponoa (npoexm Ne

14-29-00199).
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Abstract. To evaluate the effect of graphene inclusions on deformation characteristics of
nanocomposite "metal-graphene™ the finite element analysis of representative volume
deformation followed by homogenization of the mechanical properties deformation is
performed and the dependence of effective modules and plastic flow on the concentration of
graphene inclusions is studied. It is shown that the influence of inclusions on the modulus of
elasticity and plasticity limit of the nanocomposite is not significant. Graphene inclusions effect
on strength and fracture toughness of the composite “(nano) metal-graphene”. The results of
finite-element simulations indicate that in the nanocomposite a decrease in stress concentration
in vicinity of the crack tip is observed when approaching the crack tip to the graphene inclusion
enable.

References

[1] C. Lee, X. Wei, J.W. Kysar, J. Hone // Science 321(5887) (2008) 385.

[2] I.LA. Ovid'ko // Reviews on Advanced Materials Science 34 (2013) 1.

[3] Youbin Kim, Jinsup Lee, Min Sun Yeom, Jae Won Shin, Hyungjun Kim, Yi Cui, Jeffrey
W. Kysar, James Hone, Yousung Jung, Seokwoo Jeon & Seung Min Han // Nature
Communications 4 (2013) 2114.

[4] S.F. Bartolucci, J. Paras, M.A. Rafiee, J. Rafiee, S. Lee, D. Kapoor, N. Koratkar // Journal
of Materials Science and Engineering A 528 (2011) 7933.

[5] J. Wang, Z. Li, G. Fan, H. Pan, Z. Chen, D. Zhang // Scripta Materialia 66 (2012) 594.

[6] T.S. Koltsova, L.I. Nasibulina, 1.V. Anoshkin, V.V. Mishin, E.l. Kauppinen,
O.V. Tolochko, A.G. Nasibulin // Journal of Materials Science and Engineering B 2 (2012)
240.

[7] L.-Y. Chen, H. Konishi, A. Fehrenbacher, C. Ma, G.-Q. Hu, H. Choi, H.-F. Hu, F.E.
Pfefferkorn, X.-C. Li // Scripta Materialia 67 (2012) 29.

[8] I.A. Ovid'ko // Reviews on Advanced Materials Science 38 (2014) 190.



Materials Physics and Mechanics 30 (2017) 93-101 Received: November 23, 2016

UCCJEJOBAHUE MEXAHUYECKUX CBOMCTB UUCTOI'O
HUKEJISI © HAHOKOMITO3UTA «Ni-YSZ» ITPH
PACTSI)KEHUU, C)KATUU U YCTAJTOCTHOM HATPY3KE

B.I'. Konakos'?*", A.P. Apytionsn'?, U.B. JJomakun'?, E.H. CosoBbeBa,

0.10. Kypanosa'?3 H.H. Hosuk'?, I.IO. Apuaxos'®* H.A. Opuabko’?*

YCankr-TleTepOyprekuii nonurexnuyeckuii yuusepeuter Ierpa Benuxkoro,
Canxkr-IlerepOypr 195251, Poccus
2Cankt-TleTepOyprekuii rocy1apCTBEHHBIH YHUBEPCHUTET,
Cankr-IlerepOypr 199034, Poccust
3000 «HTI «Creksio u kepamukay, Cankr-Tletepoypr 199004, Poccus
“HuctutyT npobnem mamunosenenus PAH, Cankr-IlerepOypr 199178, Poccus

*e-mail: glasscer@yandex.ru

AHHoTanus. B paboTe MeT010M MOPOIIKOBOM METAJUTYPTUH C TIOCTEAYIOUIUM CIIEKaHUEM TIpU
1250 °C cuHTEe3upOBaHbl 00pa3ibl 0OBEMHOTO HAHOKOMITO3UTA «HUKEIh-KPUCTAIUTNUECKHE
HaHOYACTHUIIBI cocTaBa 8 M0J1.% Y203-92 Mon1.% ZrO»» (coaepkanne HAaHOYACTHII KepaMuku 1
Bec.%, manee mo tekcty Ni-YSZ). B ucnbITaHusIX Ha pacTsDKCHUE U CKATHE OBUTH MOTYYCHBI
3aBHCHUMOCTH «HAIpPsDKEHHE-Ae(hopMaIus», B COOTBETCTBHH C KOTOPbIMHU Jiist Komro3uTa Ni-
YSZ nabmromaercss 3HAaUUTEIbHOE CHIDKCHHE MPOYHOCTH U TUTACTHYHOCTH IO CPABHEHHIO C
obpasiamu u3 unctoro Ni. Taxoke, 1151 STHX MAaTEPUAIIOB TIPOBEICHBI YCTAIOCTHBIE UCTIBITAHUS
06pa3IoB B peKUME CHMMETPHUHOTO PACTSKEHNA-CKATHS Ha 6ase 107 MUKIIOB M onpeeneHsl
npexaenbl ycranoctu. Jns wucroro Ni mpemen ycramoctu coctaiuser 110 Mlla, a mns
kommosuta Ni-YSZ — 50 MIla. Jlo6aBka HaHOYACTHII KEPAMUYECKOTO IOPOIIKA CHIIKACT
npefen ycralocTd Oojee yeM B JBa pa3a. MeETOIOM CKAaHUPYIOIIEH 3JIEKTPOHHOU
MUKPOCKOIIUY U3Yy4Y€Ha MUKPOCTPYKTYpa MOBEpXHOCTEeH m3noma. B oboux wnccienoBaHHBIX
MaTepuanax HaOMIOMAIOTCS TpPU CTAAUUA PACIPOCTPAHEHUS YCTAJOCTHOM  TPEIIMHBI
(3apoKIeHNEe YCTAJIOCTHOM TPEIIMHBI, €€ POCT M 00yacTh mosioma). B oboux marepuanax
MPHUCYTCTBYET OOJIBIIOE KOJIUYECTBO MO, IPUUYEM Ha dTare JoJIoMa HabIoJaeTcs UX CIUsSHUE.

1. Beenenue
Pa3pa60TKa O6I>CMHBIX KOMITIO3UTHBIX MAaTCPpHUAJIOB HA OCHOBC MCTAJNIMYCCKUX MATPUL] JICTKUX
metautoB (Ni, Cu, Al), o6mamaronux BEICOKOM MPOYHOCTHIO Ha CKATUE U PACTSDKEHHE, KaK IIPH
KPaTKOBPEMEHHBIX, TaK W JUIMTEIbHBIX HArpys3kax, MpeACTaBiseT OONbLIOW HHTEpec Uis
ABHAKOCMHUYECKOM MPOMBIIUIEHHOCTH [1] u aBTOMoOMnectpocHus [2]. Cpenu HHX Claeayer
OCO6CHHO OTMCTUTH KOMITIO3UTBI HAa OCHOBC HUKCIIA, ITOCKOJIbKY Nl U €ro CIijiaBbl O6Hal[aIOT
BBICOKUMH TEIIO(PU3MUECKUMH M (U3NKO-XUMHUYECKUMH XapakTepucTukamu. Hapsny c
HEOONBIIONH Maccoil 9TO  JenaeT ero MNpUBJICKATENbHBIM  JJIi NPUMEHEHUs B
BBICOKOTCXHOJOIMYHLIX ITPOHCCCaX, UMCIOIIUX MCCTO ITPH IIOBBINICHHBIX TEMIICPpATypax.

K Hacrosimemy BpemeHm mnokazaHo [3,4], uro HeOomblmas n00aBKa HaHOPAa3MEPHBIX
YacTUI] Pa3IUYHOM MPHUPOABl (KepaMUYeCKHe OKCHJbL, OOpHUIbl, HHUTPHUABI, TrpadeH,
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YTJIEPOJIHBIE HAHOTPYOKH W Tp.) siBIsieTcs Hanbosee 3P(GEeKTUBHBIM METOJOM ITOBBIIICHUS
TEPMOCTAOMILHOCTH W MEXaHWYECKOW IMPOYHOCTH MaTepuajoB Ha OCHOBE HHKENs. 3/eCh
BbIOOP BTOPOT0 KOMITIOHEHTA OTPaHUYEH PSAAOM TPeOOBAHUM, CpeAr KOTOPBIX COMOCTaBUMBbIE
KOA((HUIIMEHTHI TEPMUYECKOTO PACIIUPEHISI, MOIYJIb YIIPYTOCTH, BEICOKASt TEPMOCTOMKOCTh U
OTCYTCTBHE XUMHYECKHX peakIUid MeXJIy KOMIIOHEHTaMH Kommo3uTa. Hanopa3zmepHbie
MOPOIIKY HAa OCHOBE TBEPABIX PACTBOPOB JUOKCHIA ITUPKOHHUS, CTAOMIHM3UPOBAHHOTO OKCHIOM
utTpus (Y SZ) MOJHOCTHIO OTBEYAIOT 3TUM TpeboBaHuAM. J[elCTBUTEIBHO, MOKCH T IIMPKOHMUS
¥ HUKEJb 00J1a1al0T MPAaKTUYECKU OJTMHAKOBBIM MoaysieM ynpyroctu (~200 I'Tla), a pasnuuue
KOA(PUITMEHTOB TEPMUYECKOTO PACIIMPEHUS JTHX MaTEpHAIOB cocTaBisieT MeHee S5 %
(ani=13.3 x 10-6°C!) [5, 6]. CTouT OTMETUTb, uTO GIAroAaps BHICOKOH XHMMYECKOIl
uHepTHOCTH ZrO2 MpW HAarpeBaHWH M JOCTAaTOYHO BBICOKOM Temmeparype ruiaBiacHus Ni
(Trui=1455 °C), HHMKeIb W JUOKCH]I ITUPKOHHS SIBJISIOTCS XOPOIIO COBMECTUMBIMHU TIPHU
crekaHuu. B cBs3M ¢ 3TUM U3BECTHO OONBIIOE KOJIUYECTBO pPabOT, MOCBAIIEHHBIX
U3TOTOBJICHHIO OOBEMHBIX KOMITO3UTOB Ha OCHOBE CTA0MIM3UPOBAHHOTO TMOKCUIA IIUPKOHUS
C pa3IUYHOM 100aBKOM HHMKEIS W HCCICIOBAHMIO MX MEXaHHYECKHX Xapakrtepuctuk [6-10].
Tak, B [6] ObUTH MOJYYECHBI TUIOTHBIC TOMOT'CHHBIC KOMITO3UTHI Ha OCHOBE TETparoHaJbHOU
kepamuku 97Zr02-3Y203 (Mon1.%, 3Y-TZP/Ni) ¢ comepxannem meramia 0-40 06.%. beuio
MoKa3aHo, 4To j00aBka wacTuil Ni MPUBOAMT K OXPYMUMBAHUIO KepaMHKH. [IpucyTcTBHE
YacTUIl HHUKEN Tak)Ke CHIDKAeT MpeNeN YCTaJOCTH MPHU IUKIMYECKUX HCIBITAaHUSAX Ha
pacTsDKEHHE, YTO CBSI3aHO C MEAJIEHHBIM POCTOM TpemuH. B paboTax aBTOpOB HaCTOSIICH
cratbi [11, 12] ObUIM TPOBEICHBI HUCCICAOBAHMS, IOCBSIICHHBIC HW3YYCHUIO BIHSHUSA
KOHI[EHTpAlluu 100aBKM HAHOPa3MEPHOIO IOPOIIKAa Ha OCHOBE KYyOWYECKOTO IHOKCHIIA
HUPKOHMUSI HA MEXaHUYECKHE XapaKTepUCTHUKU KOMIIO3UTOB Ha OCHOBE MHUKpPO- U
HAaHOPA3MEPHOM HUKEJIEBOM MAaTpULbL. bbIJIO ITOKA3aHO, YTO B CIIy4ae KOMIIO3UTOB HA OCHOBE
MUKpPOpPa3MEpPHOTO0 HUKEJS, MaKCUMajbHas TMPOYHOCTh HA C)KaTHUE JIOCTUraeTcsl MpH
COJICpKaHUU KEepaMHUYECKOro HaHomopoika He Oonee 3 Bec.% [12]. JIias KOMIO3UTOB Ha
OCHOBE HaHOPa3MEPHOTO HHKEJs, 3TO 3HaueHue cocraBisieT 5 Bec.% [11]. B oboux ciyuasx
JaJbHEWIIee YBEIMYCHUE COJNEPIKAHUS KEPaMUYECKOW (a3bl MPUBOAMIO K 3HAYUTEIHLHOMY
CHU)KEHMIO TPOYHOCTHBIX CBOMCTB MaTepuana. [lockonbky TucCepcHOCTh TOPOIIKA HUKES He
OKa3aja 3aMETHOTO BJIMSIHHS Ha MEXAHMYECKHE CBOMCTBAa KOMIIO3UTOB, IS MPOBEICHUS
JMAIbHEUIITNX YCTAIOCTHBIX MCTBITAaHUI ObUT BBIOpaH KOMITIO3UT Ha OCHOBE MUKPOPAa3MEPHOTO
HuKens ¢ ao6aBkod 1 Bec.% nHanopasmephoro 92Zr0»-8Y203 (mon.%). B [13] usyuena
MUKPOCTPYKTYpa 3TOr0 KOMIIO3UTa U ONTUMHU3UPOBAHbI TapaMeTPhl UCIIBITAHUN HA CXKaTUE U
pacTsKeHHE 00pas3lloB pa3IMUHON reoMEeTpHH. B CBS3M ¢ BBIIIECKA3aHHBIM, IICJIBIO JIAHHOW
paboThl SBUJIOCH TPOBEACHHE YCTAJIOCTHBIX MCIBITAHUM HAHOKOMIIO3UTa HAa OCHOBE
MHKpOpasMepHOro Hukens ¢ jgobaskoir 1 Bec.% 92Zr02-8Y203 (M011.%), MOTYyYEHHOTO
METOJIOM MOPOIIKOBOM METAJLTypPIHH.

2. TexHHKA ¥ METOAMKA IKCIIEPUMEHTA

IMoaroroBka HCXOHBIX KOMIIOHEHTOB. B kKauecTBe HCXOAHOTO MaTepHaa JJisi CHHTe3a
00pa3IoB METAUTMYECKOTO HUKENsT ¢ KOMIO3UTA «HHKEIb-KepaMHUKa» HCIOJIb30Balu
KOMMEPYECKH JTOCTYITHBINA MOPOIIOK MeTKOo3epHucToro Hukens (mapka [THD-1, comepkanue
Ni > 99,8 Bec.%, koauuecTBO 4acTHil ¢ pasmepoM menee 20 MM > 93 %). Jlnsa ynaneHwus
KPYIHOW (pakiuu, a TakKe CHIKCHUS pa3Mepa ariioMepaTroB, HCXOMHBIH MOPOIIOK
JOTIOTHUTETFHO OTCEMBAIM Ha CHTOBOM aHanm3atope Bubporexuuk A30 (Poccus), mocine yero
OCYIIECTBIISIIICS 0TOOpP dpakimu ¢ pazmepamu dacTuil MmeHee 40 um. CpenHuii pa3mMep 4acTHI]
B MOPOIIKE MO JaHHBIM Ja3zepHoil cemumenrtorpadun (PSD-ananus), coctaBun 3,7 pm.
Kepamuueckuii HaHOMOPOIIOK HMTOroBOro cocraBa 92Zr02-8Y»03 (mon.%, manee, YSZ)
MOJTy4aTl METOJOM 30JIb-T€JIb CHHTE3a B BApUaHTE 0OPATHOTO COOCAKICHUS C MOCIEAYIOIEH
modunbHoM cymkoi (Labconco 11, CIIA). TIpomecc coocakaeHus, CyIIKA Tells, a TakkKe



UccnedosaHue MmexaHU4YecKux ceolicme 4yucmoao Hukerns u HaHokommnozuma «Ni-YSZ»... 95

oCJIeAyIoMICH 00paboTKH mopoika moApooHo onucax B [14]. B paboTe Takke mokasaHo, 4ToO
CTPYKTYpa MOJIY4YEHHOTO TIOPOIIIKA SBISETCSA KyOMUecKOi, a CpeJHHIA pa3Mep arjioMeparos, IO
nanabiM PSD-ananu3za, coctaBisier mopska 180 HM.

H3roroBienne o0pa3noB MeTAUINYECKOr0 HUKeIS] U HAHOKOMIIO3UTA «HHUKEJIb-
HaHOKepaMuka». Jlng wu3roToBieHuss o0paslla YHUCTOTO METAUIMYECKOTOo  HUKENS
MCIIOJIB30BAJIM 3apaHee MPOCESIHHBIM M MOJArOTOBIEHHBIN MOpOIIOK HUuKemNs. s momydeHus
KOMITO3UTa Ha OCHOBE HuKes (manmee mo Tekety Ni-YSZ) ucmonb30Baim CMECh 3TOTO Ke
MIOPOLIKA HUKENS M KePaMHUYEeCKOTr0 HAaHOMOPOIIKa peKypcopa ¢ conepxkanueM YSZ 1 % no
Becy. [loaroroBnenHyo TakuM 00pa3oM HMIMXTY MOJBEPTaad MOMOJY C MEXaHOAKTUBALIMEH B
ianetapHord menbHHLE «Pulverisette 6» (pexxum: 450 00/MuH, peBepc 3 MHUHYTHI,
MPOJOHKUTEILHOCTD TOMOJIA — 5 4). J[71s1 3TOro UCnonb30Balld araToBbli CTaKaH C araTOBBIMU
nrapamMu. MexaHOaKTUBHPOBAHHBIE MMOPOIIKK (GOPMOBAIIK B TaONETKH ¢ auameTpoM 30 MM u
BEIcOTON 15 MM (mpecc Mega KSK-50A, 15 munyT mpu 5 1/cM?). B kadecTBe CBSA3KH,
yIpouiamomeil KOMIaKTU(PHUKAINIO, WCIOIb30BATN YaWT-CIIUPUT, KOTOPBIM BIIOCIEICTBUH
yAQIAICA TIPH CYIIKE B CYIIWILHOM ImKady B TeueHHWe CyTok mnpu temmeparype 110 °C.
CdopmoBaHHbBIC TAKUM 00pa3oM TabJaeTKn 00KUTaIH B BakyyMHO# rieuu nipu 1250 °C, To ecTh
pu TeMIieparype, 0ojee HIU3KOH, 4eM TeMIepaTypa IUIaBIeHUs] HUKEIs, HO JOCTaTOYHOM st
MPOTEKaHHUs polecca ClIeKaHUsL.

OmnpesesieHHe MPOYHOCTHBIX XapakTepucTuk HaHokoMmmo3uTa Ni-YSZ. C yyerom
pa3MepoB nostydeHHbIX 3aroToBOK U ['OCT 25.502-79 “PacyeTsl U UCHIBITAHUS HA TPOYHOCTD
B MalIMHOCTPOEHUH. MEeTO bl MEXaHUYECKUX UCIBITAHUNA METAJIIOB. METOIbl HCIIBITAHUN Ha
ycTanocTh”’, Obljla BbIOpaHa cieaylonias reOMeTpHsl MIIOCKUX 00pasloB ISl CTAaTHUECKUX U
IUKJIMYECKUX UCTbITanuit (cM. Puc. 1).
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Puc. 1. ['eomeTpust 06pa3iioB 1yisi cTaTHUecKuX (a) u MUKIndeckux (0) ucneiranuii. Bee
pa3Mephl yKa3aHbl B MM.

WcnpiTanus Ha pa3pblB  IJIOCKUX OOpa3loB TOMmMMHOW 1 MM ¢ reomerpueii,
npecTaBiIeHHOM Ha Puc. la mpoBoanin Ha ucnbITaTenbHOM Marmae Shimadzu AGX-50 Plus
co ckopocThio nedopmupoBanus 10 cex™. Bl mpoBeeHbl HCIBITAHUSA HA CKATHE CO
ckopocThio pedopmupoBarus 10 cex™? kpyrabIX MUIHHAPHUECKUX 0OpPA3IOB AUAMETPOM 5
MM U AnuHaMu padodeit yactu 10 MM 1 5 MM, COOTBETCTBEHHO. [10 yCpeAHEHHBIM pe3yabTaTamMm
UCHBITaHUN 5 00pa3loB ObUIM MOCTPOCHBI KPUBBIE HaNpsKeHUe-nedopmanus. Y CTallOCTHbIE
ucnbitanus 00pasznoB Ni u Ni-YSZ npoBeieHbI B yCIOBHIX TTOBTOPHOTO PACTSKCHUSI-CKATUS
(k03 DHUIMEHT acCHMMETpHUHN IIUKNIa paBeH — 1) mpu actote 50 'y Ha 6a3ze 107 uKIIOB U NIpH
3alaHHOM aMIUINTyJe W3MEHEHMsI CWIbl 10 CHHycouze. I'eomerpuueckue pasmepbl
YCTAJIOCTHBIX 00pa3IoB mpescTaBieHbl Ha Puc. 16, ux TonmmHa paBHa 1 MM. DKCIEpUMEHTHI
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npoBenaeHsl B coorBerctBUM ¢ [OCT 25.502-79 Ha HacTONBHOW  yCTaJIOCTHOM
cepBOrUApaBInYeckor ucnbiTarenbHoi Mammbe Si-Plan SH-B 1061-804H. TloepxHocTu
ycranocTHoro paspymrenus ob6pasmoB Ni u Ni-YSZ Obun  ucCleoBaHBI METOIOM
CKaHUPYIOMEH SIEKTPOHHONH MHUKPOCKONHH C TOMOIIBI0 CKAHUPYIOMIETO 3JIEKTPOHHOTO
mukpockorna Zeiss MERLIN (yckopsitoriee Hanpspkenne 5 KaB).

3. Pe3yabTaThbl M UX 00CYyKIeHHE

B pab6ote aBropoB [13] meronamu COM u sHeproaucnepcuoHHoi crnekrpockonuu (EDX
aHamu3) OBLIO TPOBEICHO HCCICAOBAHME MHKPOCTPYKTYphl Kommosuta Ni-YSZ u
pacripenenenus 100aBKM KepaMUYeCKOro MOpoIIKa B MaTpuile HUKeNA. Bplio mokasaHo, 4To
KOMITO3HUT TIPEJICTABIIIET COO0M MUKPOIIOPUCTHIN KapKac, COCTOSAIINN U3 3epeH pazmepom 10-
15 uM, pasgeneHHBIX XOpOILIO OUYEPUYCHHBIMH MEX3EpEeHHBIMU TpaHMLIaMu. Hwuskoe
conepxkanue n1o0aBku (1 Bec.%) He MO3BOIMIIO UACHTU(PUIMPOBATH KEPAMUUECKUI TTOPOILLIOK
Ha MUKpodoTorpadusx. Onnako npoeaeHHblid EDX ananu3 noarsBepauit Haauuue 100aBKH,
oTBevaronieil uroroBoMy coctaBy 8Y203-92ZrO; (mon.%). XapakTepHble KpUBbBIE
HarnpspKeHue-nedopMalys, MoJydeHHbIE B OMBITAX Ha pacTsXKEHHE 00pa3loB, MOKa3aHbl Ha
Puc. 2.

Komnosut Ni-YSZ
—Ni

600 5 o, MlMa

500
400
300 -
200

100 1

0 T T T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 ¢ 9

Puc. 2. Kpussie HanpspkeHue-aeGopManus Mpu UCTIBITAHUSX HA PACTHKEHUE TUIOCKHUX
00pa3ioB 13 YUCTOro HHUKes u kommoszuta Ni-YSZ.

CornacHo KpUBBIM, MpEACTaBIEHHBIM Ha Puc. 2, mpu ucnbiTaHuy 00pa3oB KOMITO3UTA
Ni-YSZ nabntogaercsi 3HAaYUTEILHOE CHUKCHHUE TIPOYHOCTH U TUIACTHYHOCTH 110 CPABHEHHUIO C
obpasmamu u3 gucroro Ni. IIpu aToM BpeMeHHOE conpoTHBieHHE s 00pasioB u3 Ni-YSZ
CHIDKaeTcs Ooyiee 4eM B JiBa pa3a, a mpejaeibHas aedopMmanus CHIKaercs Oolee, YeM B
HIeCThb pas.

KpuBbie HampsbkeHue-nedopMarusi, MOTyYCHHBIE B OMBITAX HA CXKATHE KPYIIIBIX
ITHHAPHYECKUX 00pa3noB u3 urctoro Ni u kommosurta Ni-YSZ quamMerpom 5 MM | JTTHHAMHA
paboueit yactu 10 MM u 5 MM mokasansl Ha Puc. 3. B cBs3u ¢ Tem, 4To 00pasibl 001a7at0T
3HAYUTENIbHON BSA3KOCTHIO M CIOCOOHBI J1e()OpPMUPOBATHCA TMPHU CHKATUU TUIACTUYECKU C
HOCTOSIHHBIM KO3((UIIMEHTOM YIPOYHEHHsS BIUIOTH 10 nedopmauuit 75 %, nHa Puc. 3
MOKa3aHbl TOJILKO YacTH Juarpamm J1eopMUpOBaHUS Ha CKATHE.

[To pesynbraraM NHUKIMYECKUX HWCIBITAHHA TOCTPOCHBI KPHUBBIE YCTAJIOCTH IS
o6pasmoB Hano Ni u Haro Ni + YSZ B MaJIOI[MKIIOBOM ¥ MHOTOLUKIOBOI 001acTu. [laHHbIe
KpHBBIE TIpeACcTaBieHbl Ha Puc. 4.
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Puc. 3. Kpussie HanpspxkeHue-nedopmaris, morydeHHbIE B ONBITaX HAa CKATHE KPYTIIBIX
MWLTHHIpUYECKUX 00pasiioB u3 uuctoro Ni u kommno3zura Ni-YSZ nuamerpom 5 MM u
nrHamMu padodeirt yactu 10 mm (a) u 5 MM (0).

Kak moxxHo Buzetrh u3 Puc. 4, KpuBble YCTaJOCTH Il MCCIEAYEMBIX MaTepHUaioB
CymiecTBeHHO paznuyatorcs. JlobaBka 1 Bec.% KkepaMuU4ecKoro mMOpOINKA 3HAYUTEIBHO
CHHUKAET YCTAJIOCTHYIO JIOJITOBEYHOCTH 00Pa3IoB B 00JaCTH MAJIOIIMKIOBON U MHOTOIIUKIOBOM
ycranoctd. B ciaydae oOpasumoB u3 uucroro Ni, YMCIO LUKIOB A0 pa3pylleHHS IpH
HanpspkeHun 150 MlIla B 1250 pa3 npeBocXOauT 3HAUYCHUS 1JIsI KOMIIO3UTA; OHU COCTAaBIISAIOT
180852 u 144 mmkma ans oOpas3noB u3 uuctoro Hukenas u Ni-YSZ, coOTBETCTBEHHO.
BennuuHbl HanpspKeHUN 1715 10* ruks10B cocrasisioT 193 u 75 MlITa st 00pa3IoB U3 YUCTOTO
Ni u Ni-YSZ, cootBercTBeHHO. Tarke A MCCICIyeMbIX MAaTEpPHaIOB ObUIH ONPE/ICICHBI
npeensl ycranocTH Ha Oase 107 mukmo. JIns o6pasma m3 umcroro Ni mpemen ycramocTu
cocrasisier 110 MITa, a gt Ni-YSZ — 50 MITa. Takum o6pazom, 1o0aBKa KEpaMUKHU CHIKAET
IpeJien ycrauocTu 6ojiee ueM B JBa pasa.

Ha Puc. 5 m 6 mnpeacraBieHsl MuUKpodoTorpaduu MOBEPXHOCTEH YCTAIOCTHOTO
paspyirenust oopasinoB u3 uuctoro Ni m kommosuta Ni-YSZ, moaydeHHBIX C ITOMOIIBIO
CKAHMPYIOILLEH IIEKTPOHHOU MUKPOCKOIIHH.

s ,MMa
450 mex

Komnosut Ni-YSZ
400 - —Ni
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300
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200 4
150 ~

100 ~
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Puc. 5. [ToBepXHOCTh yCTAIOCTHOTO pa3pylieHus oopasia u3 uucroro Ni mocie
yctanoctHbIX ucnbiTanuii (6 = 140 MIla, N = 201 059 nukiioB) ¢ pa3JIMuHBIM yBEIMUYECHUEM
a). 94X, 6). 752X, B). 2460X u r). 2190X.

OOt BUI yCTAIOCTHOTO M3JI0Ma JuIs oOpasiia u3 4uctoro Ni, MCIBITAHHOTO MPH
HanpspkeHuu 6 = 140 Mlla no paspymenus npu N = 201059 nukinos npencrasieH Ha Puc. Sa.
[Ipu Gonee aeranbHOM paccMoTpeHHH (cM. Puc. 50) BHIOHO, YTO Ha 3Tamne 3apOKIACHHUS
YCTAJIOCTHON TPEIIUHBI pa3pylIeHUE MPOUCXOAUT XPYNKO MO 3epHaM. Takke Ha H3JI0Me
oOpasia HaOMoaaITCs yCTaaoCcTHRIe 00po3aku (cM. Puc. 5B), XxapakTepHble JJIs ATana pocTa
yCTaNocTHOH TpeuuHbl. O01acTh 105I0Ma, MoKazaHHas Ha Puc. 5T, xapakrepusyercs BA3KHM
XapaKTepoM pa3pyLIeHHUsI.

Ha Puc. 6a npencrasiien oOuuii BUA ycTaqoOCTHOTO M3J0Ma JJisi 00pa3iia KOMIIO3HUTa
Ni-YSZ, ucnibiransoro npu Hanpsbkenuu ¢ = 60 MIa 1o paspymenust mpu N = 65 236 1uxIios.
Taxke Kak ¥ B cioydae oOpasla M3 YMCTOTO HUKENs, Ha ATale 3apOoXkKICHHs YCTaJOCTHON
TPELIMHbI B KOMIO3UTE pa3pylIeHUe HOCUT XPYIKHUI XapaKTep U MPOUCXOIUT IO 3epHaM (pHC.
66). Ha Puc. 6B Taixke BHUIHBI yCTaJOCTHBIE OOPO3IKH, XapaKTEepHBbIE AJS 3Tama pocra
yCTaIOCTHOH Tpenuubl. OHAKO 10 CpaBHEHHUIO ¢ 00pa3ioM u3 ynuctoro Ni, Ha MOBEPXHOCTH
KOMIIO3UTa 3TH OOpO3AKM MeEHee BbIpakeHbl. CleqyeT OTMETHTh, YTO JIOJIOM TaKkKe
MPOUCXOAMUT MO0 MEXaHU3MY BSI3KOTO paspymieHus (cMm. Puc. 6r). B oboux umcciemoBaHHBIX
oOpa3iax MpUCYTCTBYET OOJBIIOE KOJIMYECTBO MO, MPUYEM Ha dTare J0JoMa HaOI01aeTCs
UX KOOmepauus.

4. BpIBOABI
JloGaBka 1 Bec. % KepaMHUYeCKOTr0 HAHOMOPOIIKA HTOrOBOTo coctaBa 927r02-8Y 203 (Mo1.%)
K METAJUTMYECKOMY HUKEITIO 3HAYUTEIHHO CHUYKAECT MEXaHHUUECKUE CBOMCTBA, B YACTHOCTH,
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Puc. 6. [ToBepxHOCTH ycTaJIOCTHOTO pa3pyiieHus oopasia kommosurta Ni-YSZ nmocne
ycTalocTHBIX uenbiTanuid (6 = 60 MIla, N = 65 236 1iukioB) ¢ pa3IMYHBIM YBEITHICHHEM
a). 70X, 6). 3077X, B). 7369X u r). 8480X.

YCTAJIOCTHYIO JIOJTOBEYHOCTh KOMIIO3UTA TIO CPAaBHEHHIO C 00pa3LoM M3 YHUCTOro HUKensd. B
cirydae o0pasioB u3 yrctoro Ni 4nciio HMKIOB 10 pa3pyuieHus npu Hanpspkenun 150 MIla B
1250 pa3 mpeBOCXOAUT YHCIO IMKIOB A0 paspymeHus mis kommosuta Ni-YSZ. Ilpenen
ycranoctu Ha 6ase 107 nuknos s ynctoro Ni coctapnser 110 MIla, a s kommosuta Ni-
YSZ — 50 MIla. Merogom COM moka3aHO, 4TO B OOOHMX HCCIICIOBAHHBIX MaTepHaiax
HaOJII01aI0TCS TPU CTAJMU PACTIPOCTPAHEHUS YCTATOCTHOM TPEIIUHBI (3apOKACHUE, €€ POCT U
obsacte mo5oma). B 06oux Marepuanax mpucyTCTBYET OOJIBIIOE KOJIUYECTBO MOP, TPUYEM Ha
JTarne A0JoMa HabII0AaeTCsl UX KOOepalHsl.

Hannas paboma ewvinonnena npu noooepoicke Munucmepcmea obpazosanus u nayku P®
(3aoanue Ne 9.1964.2014/K). Crxanupyrowas 31eKmpoHHAS MUKPOCKONUsL Oblla nposedeHd
Braoumupom Muxaiino8ckum 6 MexrcoucCyunIiuHapHom pecypcHom yenmpe « Hanomexnonocuuy
Hayunoeo napka CIIOI'Y.
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INVESTIGATION OF MECHANICAL PROPERTIES OF
NICKEL AND “Ni-YSZ” NANOCOMPOSITE AT
TENSION, COMPRESSION AND FATIGUE TESTS
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Abstract. In this paper, we present experimental data on synthesis and investigation of the
mechanical properties of bulk nickel and bulk “nickel - 8 mol.% Y203-92 mol.%
ZrO.” nanocomposite with a nickel matrix containing crystalline ceramic nanoparticles. In
terms of wt.%, this nanocomposite (hereinafter called Ni-YSZ nanocomposite) contains 1 wt.%
of ceramic nanoparticles. The Ni and Ni-YSZ nanocomposite specimens were fabricated by
powder metallurgy technique with successive annealing at 1250 °C. In tension and compression
tests, we revealed stress-strain dependences showing degradation of strength and ductility
exhibited by Ni-YSZ nanocomposite, as compared to those of pure Ni fabricated in the same
conditions. The fatigue tests of the specimens were performed in the symmetric tension-
compression regime based on 107 cycles. The fatigue limits were identified. The specimen
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fabricated from pure Ni powder showed the fatigue limit of 110 MPa, whereas Ni-YSZ
composite exhibited the fatigue limit of 50 MPa. Thus, the insertion of ceramic nanoparticles
into Ni matrix gives rise to more than two times decrease of the fatigue limit, as compared to
pure Ni. The fractography of fatigue fracture surfaces was examined by scanning electron
microscopy. In both materials tested, three stages of the fatigue crack distribution are observed
which are the crack initiation, stable crack growth and unstable crack growth stages. Both
materials contain the significant amounts of pores, and pore merging is observed at the unstable
crack growth stage.
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