Nanotechnologies in Construction: A Scientific Internet-Journal 2019; 11 (6):
HaHoTexHonornn B cTponTenbCTBE: HayuHbI IHTepHeT-XKypHan 623-639 NanObL" J

INTERNATIONAL EXPERIENCE - MEXYHAPOZHbIV OMNbIT

DOI: 10.15828/2075-8545-2019-11-6-623-639
UDC 69.001.5+ 696.1+666.647

Properties of porous heat-resistant composition materials.
Part |

Author:

Pavel G. Kudryavtsev,

Professor, PhD in Chemistry, Deputy Director for Research and Development Polymate Ltd —
Israel Nanotechnology Research Center (Israel), POBox 73, Migdal HaEmek 2310001, Israel,
e-mail: pgkudr89@gmail.com

Abstract: This article is a continuation of a series of articles on the production of porous composite nanomaterials. This paper
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a foamy cellular structure. A special group of materials with opal pore structure has been also focused. Synthetic opals have received
intensive development in recent years because they are model objects for the development and research of new spatial-periodic
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Pesiome: ,uaHHaFl CTaTbA ABNAETCA NPOAOJIKEHNEM CepPUN crarten, NMOCBALWEHHbIX MONMYYEHUIO NOPUCTbIX KOMMO3ULIMOHHbIX
HaHOMaTepmnasnos. B ston pa60Te npeancrtasneH O630p CBOWCTB NOPUCTbIX TepMOCTOVIKVIX HeOopraHn4eCcknx KOMno3nynoHHbIX
MaTepunanos. npeﬂCTaBﬂeHbl (I)I/I3I/IKO-XI/IMI/N€CKI/I€ N MeXaHNYeCKne XxapakTepucTtruknm pasimyHbiX NOPUCTbIX OTHEYMOPHbIX MaTe-
Pnanos., BbiMyCKaeMbIX MPOMbILLUIEHHO. PaCCMOTpeH OTneﬂbeIIZ KJlacC MmaTepmnanos C perynﬂpHon n KBa3VIperJ1ﬂpHOVI I'IOpVICTOIZ
CprKTypOI;I. K Taknum MaTepunanamMm OTHOCATCA TaK Ha3biBaeéMble AYENCTbIE, KITETOYHbIE WIN «PEeLUEeTOYHbIE» MaTepUalibl, KOTOPbIE
HaXodAT pacTtyuee npnMmeHeHmne B COBpeMeHHOVI NPOMbIWNEHHOCTN. I'Ipmmepom TaKUX MaTepranoB ABNAETCA NeHOKePaMUMKa —
CreyeHHbIN KepaMI/ILIECKVIIZ MaTtepuan c NEeHHON AYencTon CprKTypOI;I. OTﬂeJ’IbHO pPaccMOoTpeHa crneynasibHaA rpyrnna matepranos,
06nanaiou.w|x onanosowu I'IOpOBOIZ CprKTypOVI. CUHTETMYECKIME onanbl nonyvyumin NHTEHCUBHOE pa3BUTME B NoCegHne rogbl B CBA3N
C TEéM, YUTO OHU ABJIAKTCA MOAeNbHbIMU oObeKkTamMm anAa pa3pa60TKV| N nccnenoBaHMA HOBbIX MPOCTPAHCTBEHHO-MEPUNOANYECKNX
CTPYKTYP, 06J1ana}ou.w|x HENMMHENHbIMIN ONTUYECKNMU CBOMCTBaMU. K Takum CTPYKTYpPaM OTHOCATCA KOMMO3UTbl Ha OCHOBE KJac-
CNYECKNX N MHBEPTUPOBAHHDbIX OMasoB, B KOTOPbIX MOPbl 3aMO/IHEHDI PAa3/INYHBbIMU OU3JTEKTPUYECKMU, NOJTYNPOBOAHNKOBbIMU
nnn MmetTannnmyecknmm selecTtsamMmu. OnTryeckne CBOMCTBA 3TUX CUCTEM onpeaenAarTca pasMepom NOTHOYNAaKOBaHHbIX YacTu,
a TaKXe AN3NeKTPpNYeCKMMM NPpOHNLAEMOCTAMN KOMIMOHEHTOB.

Knroyeevle cnoea: nopuncTaa matepuanbl, TepMOCTOVIKI/Ie MaTepuanbl, AYENCTble MaTepUalibl, ONanoBble€ CTPYKTYPbI.
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INTRODUCTION

his article is a continuation of our series of articles

devoted to the production of porous composite nano-
materials. In our previous work [1], the analysis of the
main types of porous heat-resistant materials was carried
out. Comparison of various chemicals with the highest
thermal stability and refractoriness was carried out, which
made it possible to choose the objects that are most suit-
able for creating the corresponding composite materials.
In [2, 3], an analysis was made of the structure of pores
in solid porous solids. In this work, we tried to illuminate
the properties of the main porous heat-resistant materi-
als manufactured industrially. The first review devoted
to such materials was released a long time ago and was
devoted only to porous structural ceramics [4]. In this
paper, we examined not only structural ceramics, but also
functional porous materials.

Advanced porous ceramics is widely used to solve sev-
eral environmental, biological and technical problems fac-
ing modern industrial technology. Ceramic materials have
many advantages over other materials such as polymers
or metals. They have such unique properties as hardness,
wear resistance, chemical inertness, resistance to thermal
shock and corrosion. The low density of such materials is
a quality that is necessary for many practical applications.

To date, many different types of porous refractory
materials have been developed. Industrial heat-shielding
materials [4, 6—8] are classified by volume weight (kg/m?)
per brand (15+700). The coefficient of thermal conduc-
tivity for high-performance materials is in the range
0,01+0,15 W/m+ K, for low-efficiency materials up to
0,25W/m+* K.

A large group of them is occupied by foam-like materi-
als obtained by introducing into the initial charge pore-
formers [9—11] or by burning out one of the components
of the charge [8, 12, 13]. All these materials are characteri-
zed by a sufficiently high density from 0.5 to 1.5 g/cm?
and, correspondingly, low porosity and high thermal
conductivity. A wide class of materials is known which is
obtained by burning spherical powders of refractory oxides
in which the porosity is achieved by adjusting the nature
of the contacts and the packing density of the particles
in the material. However, in this way, dense composi-
tions with a specific gravity of 12 g/cm?® are obtained [5].
At the same time, the production of spherical powders is
a complex problem requiring the use of low-temperature
plasma.

Higher values, in comparison with these materials,
are based on various inorganic microspheres and mineral
fibers. For compositions based on microspheres, a suf-
ficiently high strength is characteristic, up to 10 MPa at
a density of 0.35+0.4 g/cm? |7, 14, 15]. However, the tech-
nique of obtaining hollow microspheres is complicated,
requiring the use of the process of blowing the melt of the

formed oxide in strictly defined hydrodynamic param-
eters.

The most promising in terms of production are fi-
brous materials, since high-porosity compositions are
created on their basis. A method for manufacturing re-
fractory insulation from fibers is known. The fibers in this
method are treated with aqueous solutions of chromium
salts Cr(OH)SO, and CrCl, using NaOH and KOH pre-
cipitators [16]. The disadvantages of this material include
the presence in its structure of ions of alkali metals, lead-
ing to a significant reduction in heat resistance as a result
of the formation of fusible eutectics.

For example, in a number of refractory industries in
Russia such types of lightweight heat-insulating refrac-
tory products as SHL-1,3, SHL-1,0 and SHL-0,4 are
manufactured. In addition to these products, the refrac-
tory heat-insulating glass-fiber mullite-siliceous material
of the MKRR-130 brand is produced [17]. Based on it,
mullite-siliceous slabs are produced on an organic binder
of the brand MKRP-340 and grade MKR1M-500 on
a clay binder [17]. But these materials have a drawback —
the presence of an organic binder leads to a significant
decrease in their heat resistance and the appearance of a
large volume of decomposition products of organic matter
during operation.

The greatest successes in obtaining lightweight re-
fractory materials were achieved in the United States as
a result of the development of production and flight tests
of the thermal protection system of the reusable space
shuttle “Space shuttle”. Firm Rockwell International pro-
duced tiles from ceramic fiber of two types LI-900 with
a density of 0.144 g/cm?® [18]. Lockheed for the Apollo
spacecraft developed the LI-1500 heat-shielding mate-
rial with a density of 240 kg/m?. In the future, as a result
of studies to improve the characteristics of the LI-1500
material, the focus was on the chemical composition
of the fiber, which led to the creation of silica fibers
of high purity and an increase in the thermal stability
of the LI-1500 material. Thanks to new fibers and im-
proved processing methods, which changed their orien-
tation, placing the binder component in the composite
structure, a new heat-protective material LI-900 was
created.

Based on the alumina-borosilicate fibers of Nickel 312
and the micro-quartz by the Research Center Ames has
developed a new FRCI material with a few new proper-
ties [33].

1. Physico-chemical characteristics of porous refrac-
tory materials

The physicochemical characteristics of highly po-
rous refractory materials have been studied in detail for
the FRC1 material developed by Lockheed and its labo-
ratory. Ames [19] FRCI1 is built from two types of fibers.
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Fig. 1. Dependence of the ultimate strength

on the FRCI bend (p = 0.32 g/cm?). 3 — content
of cristobalite (%). C — Content of the ABC fiber
Nextel-312 (Thick Fiber), wt. %

The first type of fiber is Alumina-borosilicate Nickel
312 from Manning, 11 microns in diameter and 0.31 cm
long. The second type of fiber is a microsquartz of Johns
Manville, 1+3 um in diameter. The relative strength
of FRC1 material, characterized by the bending strength
in directions parallel or perpendicular to the orientation
of the fibers, is shown in Fig. 1. The maximum strength
is achieved at 20% of the Alumina-borosilicate fiber con-
tent of Nickel Steel 312. Figure 9 also shows the stability
of the morphology of the resulting material structure,
characterized by the content of cristobalite after aging at
1370°C for 4 hours.

Fig. 2 shows the dependence of the tensile strength
on the density value for the FRCI-20 material. At
a density of 0.19 g/cm3, the tensile strength in the di-
rection of greatest strength or orientation of the fibers
is 18.5+17.6 kg/cm? and when stretched in the direction
of the least strength or perpendicular to the orientation
of the fibers, 5.0+9.8 kg/cm? (see Fig. 3). The elongation
at failure is 0.38—0.53%, respectively, when stretched
parallel to the orientation of the fibers and 0.7 to 0.9%
when stretched perpendicular to the orientation of the
fibers (Fig. 3) [19].

The FRCI-20 material was investigated at the Insti-
tute of Strength Problems [20]. The stress-strain-strain
diagrams, the strength and elastic characteristics of the
material were obtained in a wide temperature range from
20 to 1000°C for various types of loading. Figure 4 shows
examples of loading diagrams.

It can be seen from these examples that when loads
of samples are observed, disruption of loads with a fur-
ther increase in the load is observed. Apparently during
the test, the material is destroyed not simultaneously, but
consistently, by breaking the individual bonds between

Nanobm
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Fig. 2. Dependence of the FRCI-20 tensile strength
on the break from the density

the individual bonds. That is, the external load applied
to the entire section of the sample is compensated by
the resistance not of the entire cross section at the same
time, but of individual bonds, individual fibers, separate

0,5

0,0

&, %
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Fig. 3. Dependence of the ultimate strength
and minimum elongation at tension (p = 0.19 g/cm?’)
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Fig. 4. Diagrams o—e when testing the material
for tension.

1 — Test temperature of 800°C;

2 — Test temperature of 1000°C

layers of material. And so, it continues until all fibers
of communication are dragged down in a pattern.

Fig. 5 is a graph of the strength of the FRCI material
versus the temperature of the tensile test [20]. It shows
that as the test temperature rises, there is a tendency to
increase the strength of the material. With increasing
temperature, the reaction of welding fibers at the points
of contact increases, and the number of such strong bonds
increases. Besides, self-healing of the defects of the fibers
themselves occurs, which also increases their strength
properties.

When testing the material for compression, the de-
formation diagram had the form of Fig. 6. By the form
of the diagram, it can be concluded that under the influ-
ence of stresses, the block of fibers is overloaded, they
are destroyed — the load falls off in the diagram. Then
the load continues to grow and the cycle repeats until
destroyed. The selection of heat-shielding materials is
usually performed according to their thermal conductivity.

Variable thermal conductivity is a function of param-
eters such as temperature, bulk density, porosity, pore
size, radiation properties of the material, composition
of the solid phase, composition of the gas phase, etc.

The dependence on the bulk mass passes, as we know,
through a minimum [21]. Its relative value increases with
increasing temperature. This is true for all kinds of materi-
als, both cellular and fibrous.

Dependence of the thermal conductivity on the mag-
nitude and type of pores with decreasing pore size also re-
duces the variable thermal conductivity. Thermophysical
properties of materials are affected by the nature of scat-
tering and absorption by particles within the structure
of the material. Radiation properties of materials de-
pend on the chemical and mineralogical composition,

623-639
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Fig. 5. Dependence of FRCI tensile strength
on test temperature

the structure of the material, on the nature of the con-
tact of the particles, and their morphology. For example,
a high SiO, content has a positive effect on the decrease
in thermal conductivity in SiO,—Al,O, systems at elevated
temperatures.

Thermophysical characteristics of reusable heat-
shielding materials developed within the framework of the
“Space shuttle” program are presented in Table [7, 22].

With increasing thermal stresses, the safety of the
heat-shielding material can be ensured by an appropriate
coefficient of thermal expansion. In this respect, materials
based on mullite can be subjected to much higher loads
than materials based on SiO,.

The most critical parameter of heat-shielding material
is thermal conductivity. The values of the thermal con-
ductivity coefficients of FRCI thermal protection materi-
als range from 0.2 to 1.5 W/m«deg. And with a decrease
in fiber diameter, the coefficient of thermal conductivity
decreases. Fibers of smaller diameter promote the forma-
tion of substantially smaller pores in the material, which
leads to a decrease in convective and radiant heat transfer.

2. Materials with a regular and quasiregular porous
structure.

Materials with a regular or quasi-regular structure are
the so-called cellular, cellular or «lattice» materials.

An example of such materials is a foam ceramic —
a sintered material on a mineral basis with a foam-like
structure. The structure of the material consists of air
bubbles (or another gas), surrounded by thin shells, form-
ing a kind of skeleton. Foam ceramic is usually obtained
based on highly disperse mineral powders and liquid
foams. Such foams are colloidal systems with a liquid
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Al

Fig. 6. Typical FRCI material deformation diagram
for compression

interface, the dispersion medium is a liquid, and the dis-
persed phase is a gas in the form of bubbles separated from
each other by fluid films.

The structure of these materials is a lattice of a co-
herent network of racks. In the language of construction
equipment, a lattice truss or a spatial frame means an
array of racks articulated and rigidly connected, usually
from one of the traditional building materials: wood, steel,
or aluminum. Their purpose is to create a rigid, sturdy
load-bearing structure, using as little material as possible,
while ensuring its minimum weight. The word “lattice”
is also used in other contexts: in the language of crystal-
lography, for example, the lattice is a hypothetical grid

Table

of connected lines with three-dimensional translational
symmetry. The intersections of lines determine atomic
objects in a crystal; the elementary cell and the symmetry
elements of the lattice characterize the class of crystals.

Here we deal with lattice, cellular or cellular materi-
als. As engineering farms and frames, they consist of a
bounded array of struts or plates, and, as in the crystal
lattice, they are characterized by a typical cell with cer-
tain symmetry elements; some of which, but not all, have
translational symmetry. But lattice materials differ from
engineering grids in one important respect, namely on
a scale. Elementary cells of lattice materials are measured
in millimeters or micrometers, and this is what allows
them to be considered both as a structure and as a mate-
rial. On the one hand, they can be analyzed using clas-
sical methods of mechanics, just as any spatial frame is
analyzed. On the other hand, it is necessary to think about
the lattice not only as a set of connected racks, but also as
a «material» in itself, with its own set of specific proper-
ties. This allows it to be directly compared with the same,
but monolithic materials.

Historically, foams represent a certain subset of lat-
tice-structured materials, and they were studied long be-
fore, but attention was focused on gratings of other types.
Early studies assumed that the foam properties linearly
depend on the relative density p/p_ (ie, the volume frac-
tion of the solid in the material), but for most foams this
is not the case. A clear understanding of their mechanical
properties of foams began to appear after 1970, the am-
bassadors of the appearance from the works [23, 24].
Since then, a complete understanding of the mechani-
cal, thermal and electrical properties of foams has been
achieved. These ideas have been successfully applied to
ceramic foam [25—34]. Recent achievements in this field
were reflected in the generalized monograph [35].

Thermophysical characteristics of heat-resistant materials of repeated use of FRCI type [22]

Thermal protection material

Characteristics . -
based on SiO, based on mullite
Coefficient of thermal expansion, K~!
— heat-protection tiles 0.5+10°° 5.0-10°¢
— protective coatings 0.7+10°° 5.0-10°¢
Specific mass heat capacity 0.24 0.25
cal/gedeg
Coefficient of total reﬂectlon 0.9 0.7-0.85
of the protective coating
Temperature limit at which zero strength
is achieved, °C
— heat-protection tiles 1260 1260
— protective coatings 1100 7501240
http://nanobuild.ru 628 info@nanobuild.ru
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One of the key facts is that deformations in most
foams, whether with open or closed pores, flexural-dom-
inant — a term that is explained in more detail below. The
consequence of this is that their rigidity and strength (at
a given relative density) falls well below the levels that
would be expected for structures with a predominance
of tensile stresses, of which the fully triangulated lattices
are a typical representative. To give an idea of what is
the difference, let us compare the grids with a low level
of connectivity, a typical example of which are foams,
with a relative density of 0.1 (this means that the solid
walls of the cells occupy 10% of the volume).

Such structures are less rigid than structures with
a predominance of tensile stresses, which are triangu-
lated lattices, with the same relative density. In this sec-
tion, we consider the essential features of both structures,
with both the prevalence of bending stresses and tensile
stresses, using dimensional methods to arrive at simple
approximate similarity laws for mechanical, thermal, and
electrical properties.

Fig. 7 shows an image of ceramic foam with open
pores. It represents one of the classes of lattice-structured
materials. It consists of pillars connected in knots. For
this class is characteristic low connectivity of nodes (the
average number of racks that connect in one node).

Fig. 8 shows the idealization of a unit cell of a simi-
lar structure. It consists of solid bridges surrounding an
empty space containing gas or liquid.

The lattice-structured materials are often called cel-
lular solid substances. They are characterized by relative
density, which (for ¢ << L) for the structure shown here
has the form:

2 3 2

R R

Where p, is the density of the foam, p_is the density
of the solid from which it was made, L is the cell size, and
t is the thickness of the cell edges. The role of the cubic
term in expression (1) becomes significant for #/L > 0.15.
Yes, and this model itself has strict limitations, and has
a physical meaning only in the range #/L < 0.5. That is,
when the thickness of the bridge is less than one-half
the length of the cubic part of the cell. The dependence
of the relative density p /p_on the ratio #/L is shown in
Fig. 9. For comparison, the graph of the quadratic term
of equation (1) is given in this figure (curve 2).

Materials with a lattice structure in which there is
a low connectivity of the posts, as depicted in Fig. 7 and
8, have low rigidity, since the configuration of the edges
of their cells allows them to bend. There may be other
configurations in which the edges of the cell are made in
such a way that, instead of bending, a stretching is ob-
served in their structure. This assumption leads to the idea
of lattice constructions built from micro-truss.

Fig. 7. An enlarged image of a typical cell structure
represented in Figure 2. The topology of the cells
is constructed in such a way that the cellular edges
are bent, in the presence of an external load

on the structure. Even when the cells are closed,
bending deformations are predominantly observed,
this is because the thin sides of the cells bend easily
enough

The face of the cell

{

Open side
of the cell

L -

Fig. 8. Idealized cells in open-cell foam

To understand this, it is necessary to use Maxwell’s
stability criterion, which is a simple but deeply funda-
mental rule [36]. As follows from the laws of mechanics,
in order to determine the stability of a system of beams
and a truss, they must be statically as well as kinematically
definable at least in two dimensions, i.e. this means: to be
rigid and not folding, being loaded.
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Fig. 9. Dependence of the relative density p_/o_
on the ratio #/L and the magnitude of the quadratic
term of Eq. (1) (curve 2)

Thus, for a truss with nodal joins (i.e. which are
hinged at their nodes) consisting of » columns and j
nodes without friction, such as those shown in Fig. 10,
is the expression:

M=b-2j+3=0. )

For the case of three dimensions, the equivalent equa-
tion is:

M= b—3j+6=0. 3)

If M <0, as shown in Fig. 10a, the frame is a mecha-
nism that has one or more degrees of freedom in those
directions that allow appropriate displacements, while it
does not have stiffness or strength. If its nodes are locked
(as we are considering lattice constructions), the frame
bars bend when the structure is loaded, as shown in Fig. 11.

If M =0, as shown in Fig. 10b, the frame ceases to be
a mechanism. If it is loaded, its elements experience ten-
sile or compressive stresses (such a situation is observed
even in the case of articulation), and it becomes a structure
with a predominance of tensile stresses. Blocking junc-
tions in this case changes little, because the lace structures
are much more rigid when stretched than when bending.
Here the basic principle operates: the structural efficiency
of structures with a predominance of tensile stresses is high;
in turn, for flexural-dominant structures it is low.

To understand the mechanical behavior of such struc-
tures, an additional concept of the internal stress state
introduced in Fig. 10c was introduced in [35]. This is
a structure with M > 0. If the vertical pillar is shortened,
it pulls the other pillars into a compression state, which
is balanced by the tension that it creates.

Nanobm
v / ;

? T f

Fig. 10. a) Articulated frame, which folds under load,
is a mechanism. If its connections are rigid, they are
welded together, bends of the pillars (as in Fig. 11)
occur — it becomes a flexural-dominant structure.

b) A rigid triangulated frame in the case of loading,
since the transverse strut experiences stress — it is
a stretched-dominant structure.

¢) A frame with an additional restriction; if the horizontal
band is shortened, then in the vertical there is a voltage,
even if there are no external loads (gives the state of
internal voltage)

F Curved face
of the cell

¥

A

Fig. 11. Schematic behavior of a loaded structure
with low connectivity. There is a bending of the cell
edge, thus providing a low modulus of elasticity.

0 is the strain value
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Fig. 12. Polyhedral cells. Cells that, when filling a space, have M < 0 (2—4, 6—38),

are structures with a predominance of bending stresses [35]

The racks in this structure are in a stressed state, even
if there are no external loads on the entire structure. The
criteria for equations (2) and (3) are necessary conditions
for the rigidity of the construction, but are not generally
enough conditions, since they do not consider the pos-
sibilities of states of internal stress and the state of the
mechanism. A generalization of Maxwell’s rule in three
dimensions is given in [37]:

M = b—3j+6 = s—m, 4)

where s and m are the number of states of internal
stresses and mechanisms, respectively. Each of them can
be determined by finding the rank of the equilibrium ma-
trix describing the frame in the complete structural analy-
sis [38]. Simply — a rigid frame (for a lattice that is stati-
cally and cinematically determinable) has s = m = 0. The
nature of Maxwell’s rule as a necessary but not enough
condition is clear from an analysis of equation (4). Zero
on the left side means only that the number of mecha-
nisms and states of internal stress are equal, and not that
each of them is zero.

The Maxwell criterion gives an idea of the design of lat-
tice materials and shows why foams almost always produce
materials with a predominance of bending stresses [39—41].
Examples of some idealized cell forms are shown in Fig. 12.
Isolated cells that satisfy the Maxwell criterion and are rigid
are labeled «YES», while «NO» means that the Maxwell
condition is not satisfied, and that this cell is a mechanism.
In this case, as a rule, it is assumed that a suitable model
for the cell in the foam corresponds to approximately filling
the volume of material with cells of a given spatial shape.
Nevertheless, the structures obtained when filling the space
with forms are indicated by the numerals 2, 3, 4, 6 and 8,
are not rigid.

In addition, none of the cells represented in the form
of polyhedra filling the space have M > 0. Among
the forms of cells filling the space, there are combina-
tions for which M = 0; for example, tetrahedron and oc-
tahedron, which in combination with each other, during
space filling, and allow to form a rigid base.

The Maxwell criterion provides an analytical approach
to the design of lattices with the predominance of tensile
forces in their structure.
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BBEJEHUE

aHHAas CTaThs SIBJISIETCS IIPOIOJLKCHUEM CEPUN Ha-

IINAX CTaTeH, IIOCBSIIIIEHHBIX ITOJIYYCHUIO TTIOPUCTHIX
KOMITO3UIIMOHHBIX HaHOMAaTepuajaoB. B mpenpiaymeit
pabore [1] OBLI IIpOBeAEH aHAIN3 OCHOBHBIX TUITOB T10-
PUCTHIX TEPMOCTOMKMX MaTepuaaoB. [IpoBeaeHO cpaB-
HEHME Pa3IMIHBIX XUMIYECKUX BEIIECTB, 00J1aIaf0IINX
HanOOJIBIIEH TEPMOCTAOMIIEHOCTHIO Y OTHEYTIOPHOCTBIO,
YTO MO3BOJIMJIO BbIOPATh OOBEKTHI, B HAMOOJbIIIEH CTe-
TICHU TTOOXOISAIINE IUISI CO3MaHUs COOTBETCTBYIOIINX
KOMITO3UITMOHHBIX MaTepuajoB. B pabotax [2, 3] mpo-
BEICH aHAJIN3 CTPYKTYPHI IOP B TBEPABIX ITOPUCTHIX
TBEPABIX TeslaX. B 3Toif paboTe MBI ITOCTapaInCh OC-
BETUTH CBOICTBA OCHOBHBIX ITOPUCTHIX TEPMOCTOMKIX
MaTepHUajoB, BBIMYCKAeMBbIX IIPOMBIIIUICHHO. [1epBhIit
0030p, MOCBSIIEHHBIN TTOMTOOHBIM MaTepUaIaM, ObLI
BBIITYIICH y3Ke TaBHO W OBUT IIOCBSIIIICH TOJIBKO TTOPHUCTOM
KOHCTPYKIIMOHHOM Kepamuke [4]. B manHoi1 paboTe MbI
pPaccMOTpEIN HE TOJIBKO KOHCTPYKIIMOHHYIO KEpaMHUKY,
HO ¥ (DYHKIMOHAJIbHbIE TIOPUCThIE MAaTEPUAIIbI.

[lepenoBas mmopucTast KepaMuKa IMHPOKO MCIIONb-
3yeTcs OIS PeIICHUs MeJIOTO Psiga 9KOJOTUUECCKUX,
OMOJIOTMYECKUX M TEXHUICCKUX TPOOJIEM, CTOSIINIX
nepen COBpeMEHHOM MPOMBIIIJIEHHOM TeXHOJIOTUEH.
Kepammueckne MaTepuabl 001aqaloT MHOTUMU TIpe-
MMYIIIECTBAMHU IT0 CPAaBHEHUIO C IPYTUMH MaTepUalaMH,
TaKUMU KaK TOJIMMEepHl Wi MeTautbl. OHM 00J1agaioT
TaKUMW YHUKAIBHBIMU CBOMCTBAMH KaK TBEPIOCTD, M3-
HOCOCTONKOCTh, XUMWYECKast MHEPTHOCTD, CTOMKOCTh K
TePMHUUECKOMY yIapy U Koppo3un. Huskas IIoTHOCTh
TaKNX MaTepHAaJIOB SBJISIETCS Ka4eCTBOM, KOTOPOE He-
00XOIMMO TSI MHOTHX TIPAKTUICCKUX TTPUMEHCHMIA.

K Hacrosmmemy BpeMeHHU pa3paboTaHO MHOXKECTBO
Pa3IMYHBIX TUTTOB ITOPUCTHIX OTHEYITOPHBIX MATECPUAJIOB.
BrlmmyckaeMble TTIPOMBIIIUICHHOCTBIO TETIJIO3aIIUTHBIC
MaTtepuansl [4, 6—8] kKimaccuduumpyroTcs 1Mo 00beM-
Hoii Macce (kr/m*) Ha Mapku (15+700). KoadbduimeHt
TETUIOTIPOBOTHOCTH TSI BEICOKOA((EKTUBHEIX MaTe-
puajnoB HaxonuTcs B mpeaenax 0,01+0,15 Br/m« K, misa
HU3K03(DhekTnBHBIX 10 0,25 Br/M« K.

Bonblyto rpynmy cpeay HUX 3aHMMaeT IMeHoo0pas-
HBIC MaTePHUAJIbI, TTOJyJacMbIe 3a CUET BBEACHUS B MC-
XOIHYIO IIUXTY IMopoodpa3oBateieit [9—11] nnn BbI-
JKUTaHUS OJHOTO U3 KOMITOHEHTOB ITUXTHI [8, 12, 13].
Bce a1 MaTepualibl OTIMYAIOTCS JOCTATOYHO BhICOKOM
MI0THOCTHBIO 0T 0,5 10 1,5 r/cM® ¥ COOTBETCTBEHHO HU3-
KOI MOPUCTOCTHIO M BBEICOKOU TEIJIOIIPOBOTHOCTEIO.
M3BecTeH MMPOKUA KIacc MaTepUaIoB, TTOIyIacMbIid
TIyTeM CXKUTaHUS C(hePUIHBIX IIOPOIITKOB OTHEYITOPHBIX
OKCHIIOB, B KOTOPOM ITOPUCTOCTDH JOCTUTACTCS ITyTEM
PETYIMPOBAaHUS XapaKTepa KOHTAKTOB M TIOTHOCTBIO
YIIaKOBKHM YacTHUII B MaTepraiie. OqHaKO TAKUM 00pa3oM
TIOJTYJIAIOTCS TITIOTHBIE KOMITO3UIINY C YISTbHBIM BECOM
12 r/cm? [5]. TIpu aToM noaydyeHue cheprudecKux mo-

POIIKOB SIBJISIETCSI CJIOXKHOM TIP00IeMoil, TpeOyolei
IIPUMEHEHUST HU3KOTeMITepaTypHOM TIa3MEL.

Bonee BICOKMMHU MTOKa3aTeISIMU, TI0 CPaBHEHUIO
C MTaHHBIMU MaTepualaMH, 00JIamaloT MaTepUaIbl Ha
OCHOBE Pa3JIMYHBIX HEOPTaHMIECKUX MUKpOochep 1 M-
HepaJIbHBIX BOJIOKOH. 11T KOMITO3UIIUI HA OCHOBE
MHUKpochep XapaKTepHO HaIMYINE TOCTAaTOIHO BHICO-
Koii mpouHocTtH, 10 100 MITa mpu IIOTHOCTH, paBHOI
0,35—-0,40 r/cMm3 [7, 14, 15]. OnHAKO CIOXKHOI SIBIISIETCS
METOIMKA ITOJyJYCeHHUS IyCTOTEIBIX MUKpocdep, Tpe-
Oyrolliasi UCMOJb30BAHUS MPOLECca pa3AyBa pacIiaBa
bopMmpyeMoro oKcrIa B CTPOTO OIPEAeICHHBIX THIPO-
ITMHAMWIECCKUX TTapaMeTpax.

Hawnboree mepcrieKTMBHBIMY B TUIAHE TIOJTYYCHMS STB-
JITIOTCSI BOJIOKHUCTBIC MaTepUaJIbl, TAK KaK Ha MX OCHOBE
CO3Iaf0TCST BRICOKOIIOPUCTHIC KoOMMIO3uIInn. M3BecTeH
CITOCOO M3TOTOBJICHUST OTHEYITOPHOM TETUTOM3OJISILINH 13
BOJIOKOH, KOTOPBIE 00pabaThIBaIOT BOMHBIMH PacTBOpa-
mu coseit xpoma Cr(OH)SO, u CrCl, ¢ ucnionb3oBaHueM
ocamuteneit NaOH n KOH [16]. K HemocTaTkam 3TOTO
MaTepuala clieayeT OTHECTH HaJu4Iue B €TO CTPYKTYpe
MOHOB IIECJIOYHBIX METAJUIOB, IIPUBOISIIINX K 3HAIM-
TEIPHOMY CHIDKCHUIO TEPMOCTOMKOCTHU B pe3ysbTaTe
00pa30BaHUS JICTKOIUIABKIX 3BTEKTHUK.

Hampumep, Ha psime OTHEYITOPHBIX IIPOU3BOICTB
B P® BrImycKarTCs TakKMe BUIBI JICTKOBECHBIX TEILIO-
M30JIILIIMOHHBIX OTHEYITOPHBIX n3aenuit, kak 1JI-1,3;
IIJ1-1,0; IJI-0,4. KpoMme 3THX U3IENNI TPOU3BOINUT-
CsI OTHEYITOPHBIN TeTUIOM3OJISIIIMOHHEIN CTEKIIOBOJIOK-
HUCTHI MYJUTUTO-KPEMHE3eMUCThIN MaTepral MapKHu
MKPP-130 [17]. Ha ocHOBe er0 BBIITYCKAIOTCI MYJITTH-
TO-KPEMHE3EMUCTHIC TTUTHI HA OPTaHNIECKOM CBSI3YIO-
mem Mapku MKPIT-340 u mapku MKP1M-500 Ha rm-
HUCTOM cBs3ytouiem [17]. Ho y aTux marepualioB ecTb
HEIOCTAaTOK — HaJIMIMe OPTAaHUIECKOTO CBSI3YIOIIETO
MIPUBOIUT K 3HAYUTCIIFHOMY CHIDKCHUIO X TEPMOCTOM-
KOCTH U TIOSIBJICHHIO OOJIBIIIOTO 0OheMa ITPOIYKTOB pa3-
JIOXKEHUS OPTraHMIECKOTO BEIeCTBa IIPY SKCITTyaTaIlnd.

Hawubousbire ycriexu B 001aCTU MOJTYYEHUSI JIETKO-
BECHBIX OTHEYITOPHBIX MAaTEPHUAIOB OBIIA TOCTUTHYTHI
B CIIIA B pe3ynbrare pa3padOTKM IPOM3BOACTBA U JIET-
HBIX UCITBITAHUI CUCTEMBI TETUIO3AIINTE MHOTOPa30BO-
T'0 BO3AYITHO-KOCMMYECKOTO armmapara «Space shuttle».
dupwmoit Rockwell International ObIIM M3rOTOBICHBI
TUTMTKY U3 KEpaMUIeCKOTo BOJIOKHA ABYX TUTTOB LI-900
¢ rotHocThIo 0,144 r/cm? [18]. @upmoii Lockheed mist
KOCMUUYECKHUX KopabJiieil «AMNoJIIOH» ObLI pa3paboTaH
Teruto3amuTHBINA MaTepuan LI-1500 ¢ mioTHOCTBIO
0,24 r/cM’. B nanbHeiilieM, B pe3yJbTaTe UCCIea0Ba-
HU TT0 YIIYYIIEHHUIO XapaKTeprucTuK Matepuana LI-1500
OCHOBHOE BHUMAaHUE YACISTIOCh XUMIYECKOMY COCTaBY
BOJIOKHA, UTO ITPHUBEJIO K CO3TAHNIO BOJIOKOH TUOKCHIA
KPEMHMS BBICOKOI CTeTICHU YMCTOTHI U TIOBBIIIICHUTO
TepMmocToiikocti MmaTepraina LI-1500. birarogapst HOBBIM
BOJIOKHAM U YCOBEPIIICHCTBOBAHHBIM METOIAaM OOpa-
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Copnepxanne ABC Bonokna Hekcrens 312, Macc.% (ToJICTOE BOJIOKHO)

Puc. 1. 3aBucMMOCTD IpeieNia NpoYHOCTH
Ha u3ru0 FRCI (p = 0,32 r/cmd):
3 — comepxanue kpuctobaauta (%)

OOTKM, U3MEHUBIINM WX OpUEHTALINIO, pa3MelleHne
CBSI3YIOIIETO KOMIIOHEHTA B CTPYKTYpE KOMITO3UTa, OBLT
CO3/1aH HOBBIN Teruto3amuTHEIN MaTepuain LI-900.

Ha ocHoBe amomo0opcuiInkKaTHOTO BojlokHa Hek-
ctenb 312 1 MUKpOKBapIa HaydHO-KMCCIIeTOBATeIbCKUM
LEHTPOM UM. DiitMca ObUI pa3paboTaH HOBBIN MaTepHal
FRCI ¢ 11es16IM psimoM HOBBIX CBOMCTB [19].

1. ®u3NKO-XUMHYECKHE XAPAKTEPUCTHKH MOPUCTBIX
OTHEYTOPHBIX MATEPUAJIOB

Hawnb6onee mogpodHO (pU3NKO-XUMUUECKIE XapaKTe-
PUCTUKY BHICOKOTIOPHCTBIX OTHEYIIOPHBIX MaTepHaIOB
n3ydeHbl ;1 mateprana FRCI, pazpabotanHoro ¢up-
Mmoii «Lockheed» n mabopatopueii uMm. Ditmca [19]. FRCI
TIOCTPOCH M3 IBYX TUIIOB BOJIOKOH. BOIOKHO TIepBOTO
THITa — amoMobopcuiimkatHoe Hekerensb 312 ¢hupMbl
«Manning» muameTtpom 11 mxm 1 mmuHO# 0,31 cM. Bo-
JIOKHO BTOPOTO THUIIAa — MUKPOKBapI ¢pupMbl «Johns
Manville» muameTpom 13 MkM. OTHOCUTEIBLHAS TTPOY-
HocTh MaTepuana FRCI, xapakrtepusyemas npeaeaoM
TIPOYHOCTH TIPU U3THOE B HAIIPABJICHUSIX ITapaJUICIBHOM
UM TICPIICHANKYISIPHOM OPHMEHTAIINY BOJIOKOH TIpEI-
cTaBJieHa Ha puc 9. MakcnMaabHast IIPOYHOCTD JOCTH -
raercs nipu 20% conepXaHUU aJTiOMOOOPCUIUKATHOTO
BosokHa Hexcrenpb 312. Ha puc. 1 moka3aHa Takxke
YCTOMIUBOCTH MOP(OJIOTUN CTPYKTYPHI TTOTYICHHOTO
Martepuaia, XxapakTepru3yemas colepKaHneM KprUcTooa-
JmTa mocie Beiaepxkku rmpu 1370°C B TeueHMe 4 4acoB.

Ha puc. 2 mpencTtaBieHa 3aBUCUMOCTD IIpeneia
TIPOYHOCTH TIPH PACTSLKEHUH OT BEJIMIMHEI IUIOTHOCTH
s matepuana FRCI-20.

[pu motHoctu 0,19 r/cMm? peaest MpoOYHOCTU IIpU
pacTSCKEHUHW B HAIIPaBJICHUM HaMOOJIBIIEH IIPOYHOCTH
WJIM OpUEHTAIIMU BOJIOKOH cocTaBiser 18,5+17,6 kr/cm?

1-0”
2-01

3

Beinmyckaembie

DKCTpanoasuus
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w

(8]

50 100 150 200 250 300 350
0, ke/M’

Puc. 2. 3aBucumocts npenena npounoctu FRCI-20
Ha Pa3pbIB OT INIOTHOCTH

U TIPU PACTSDKEHUU B HAIIPABJIEHUU HAMEHbILIE IIpoY-
HOCTH WJIU NEPIEHAUKYISIPHO OPUEHTALIMK BOJIOKOH
5,0+9,8 kr/cm? (cM. puc. 3). YIIuHeHue [IpYU pas3py-
LIEHUM cocTasisieT cooTBeTcTBeHHO 0,38+0,53% 11pn
pacCTSIKeHUU IMapaulebHO OPUEHTALMU BOJOKOH

2,0

1-6”
2-0L

&, %

10 15 20 25 30 35 40 45 50

Conepxanne ABC Boaokna Hekcreanb 312, mace. %

Puc. 3. 3aBucuMOCTD npefiesia MpoOYHOCTH
1 MHHUMAJIbHOTO OTHOCUTEIBHOTO YJTMHEHUS
npu pactsukennn (p = 0,19 r/cm3)
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Puc. 4. JIluarpaMmbl 0—& NpU UCTILITAHNHA MATEPUATIA
HA Pa3pbiB:

1 — Temneparypa ucnbsitanuii 800°C;

2 — Temmneparypa ucnbitanuii 1000°C

u 0,7+0,9% npu pacTsKEHUU IePIEeHIUKYIIPHO
OpHMEHTAIINN BOJIOKOH (pmc. 3) [18].

Matepuan FRCI-20 6n11 ncciaenoBad B UHcTUTyTE
npo6aeM rpouyHocTH [20]. beln TToy4eHbl JruarpaMMbl
3aBHCUMOCTHU HATIPSTKEHUS OT IepopMaIiii, IIpOIHOCT-
HBIC 1 YIIPYTUE XapaKTePUCTUKI MaTepraja B IMMPOKOM
temriiepatypHoM uHTepBaie ot 20 1o 1000°C mpu pa3s-
JINMYHBIX BUIAX HarpyxeHus. Ha puc. 4 mpeacraBieHBI
TIpUMeEpPHI UarpaMM HaTrpy>KeHMUSI.

W3 3TuX IIpuMepoB BUIHO, YTO IIPU HATPYKCHUM
00pa31oB B 00JIbIIEH I MEHbIIIEH CTeTIeH! HabI01a-
FOTCSI CPBIBBI HArPY30K C TaJIbHEHIINM ¢¢ BO3pacTaHU-
eM. Bumnmo, TIpy MCTIBITAHUM pa3pyllcHIe MaTepraia
TIPOMCXOINT HE OMHOBPEMEHHO, a TTOCIIeI0BATEeILHO,
IIyTeM pa3pbIBa OTACIBHBIX CBSI3ei MEXXIY OTICIbHBIMI
cBsI3siMU. To ecTh BHEIITHSIS HArpy3Ka, ITPUKIIaIbIBacMast
KO BCeMY CEUCHHIO oOpasiia, KOMIICHCUPYETCST COIIPO-
THUBJICHHEM He BCETO CEUCHMSI OMHOBPEMEHHO, a OTICITb-
HBIX CBSI3€ll, OTIEIBHBIX BOJIOKOH, OTICIBHBIM CIIOCB
Mateprana. M Tak mpomoirKaeTces 0 TeX Iop, IMOKa He
paspyIaTcs Bce BOJIOKHA CBSI3M BOJIOKOM B 00OpasIie.

Ha puc. 5 mpuBemeHa guarpaMMa 3aBUCHUMOCTH
npouyHocTi Matepuana FRCI ot TeMnepatypbl UCITBI-
TaHnit Ha pa3pbiB [20]. OHa MOKA3bIBAaET, YTO MPU MO-
BBIIICHUY TeMIIepaTyphl HCITBITAHNI HAOTI0HaeTCsI TCH-
JIEHIINS K pOCTY IMPOYHOCTH MaTepraiia. C ITOBEIIICHIEM
TEeMITepaTyphl YCHJIMBACTCSI PeaKIIns CBapUBaHMS BO-
JIOKOH B MECTaX MX KOHTaKTa, YCHJINBACTCS KOJIMIECTBO
TaKWX MIPOYHBIX CBsI3eil. M, KpoMe 3TOro, IPOMCXOIUT
caMo3ajieurBaHue Ae(eKTOB CaMUX BOJIOKOH, UTO TAKKE
YBEJIMUYMBACT UX IIPOYHOCTHBIC CBOMCTBA.

[Ipu ncnbITaHNK MaTepuraja Ha CXKaTHUe JuarpaM-
Ma aecopMUpOBaHuUs UMesia Bua puc. 6. [1o Buay aua-
TpaMMBI MOXHO 3aKJIFOYMTh, YTO IO IeICTBUEM Ha-

Puc. 5. 3aBucumocTts npounoctu Ha pa3pbis FRCI
OT TeMIIEPATYPbI HCIbITAHMIA

MIPSDKeHUI TIPOMCXOIUT TIeperpy3Ka 010Ka BOJTOKOH,
OHM pa3pyIlIaloTCcsI — Ha AUarpaMMe IPOMCXOINUT CITam
Harpy3Ku. 3aTeM Harpy3Ka IIpomoJoKaeT pacTh, M UK
IIOBTOPSICTCS IO TIOJTHOTO pa3pyineHus. [Togbop Terio-
3aIIUTHBIX MaTePHUAJIOB IIPOU3BOIUTCSI OOBITHO ITO 3HA-
YEeHHUSIM UX TeTUIOTIPOBOTHOCTH.

M3MmeHsIeMas TeTUTOITPOBOTHOCTD SIBISICTCST (DYHKIIM -
elf TaKnX ITapaMeTpoB, KaK TeMITepaTypa, 00beMHasT Mac-
ca, TIOPUCTOCTh, pa3Mep IOp, PaTlalliOHHBIC CBOMCTBA
MaTepuaja, CoCTaB TBepHOi (ha3bl, COCTaB ra30Boii (Da3bl
" T.O. 3aBUCUMOCTh OT 00BEMHOM MacChl IIPOXOINT,
KaK U3BECTHO, Yepe3 MUHUMYM [21]. OTHOCUTEIbHAS

P

Al

Puc. 6. Tanmynas quarpamma negpopMApoBaHUs
matepuana FRCI npu cxaTum
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Tabauua

Temnoduznueckne XapaKTepUCTHKH TEIUIO3AMUTHBIX MATEPHATIOB MHOTOKpaTHOTO mpuMenenus tuna FRCI [22]

Tenno3anMTHbIIH Marepuaj

XapakrepucTuku -
Ha ocHose SiO, HAa OCHOBE MYJLINTA

Koaddunuenrt rermoBoro pacumpenusi, K-!
— TEIUIO3aIIUTHBIC TTUTKU 0,5+10°¢ 5,0+ 10-¢
— 3QIIUTHBIE TOKPBITHUS 0,7+10°¢ 5,0+10°°
VienbHast MaccoBast TEIIIIOEMKOCTh

A 0,24 0,25
KaJi/TeTpaj
KoadduimeHT mosHOro oTpakeHust .

bouw p 0,9 0.7+0,85

3aIIUTHOTO IMOKPBITHSI
TemnepatypHBbIii TIpenesn, Mpyu KOTOPOM
JIOCTUTAETCS HyJIeBast TPOYHOCTh, °C
— TeTUIo3allIUuTHAs TUTUTKA 1260 1260
— 3aIMTHOE MOKPBITHE 1100 7501240

ee BeJIMYMHA YBEJINYMBAETCS C POCTOM TeMITepaTypHhI.
DTO CcIpaBeUTUBO IS JTIOOBIX BUIOB MaTepHaJioB KakK
SYEHCTHIX, TAK I BOJJOKHUCTBIX.

3aBUCUMOCTH TEIIOIIPOBOIHOCTH OT BEJIMYMHBI
¥ BUA MOP C YMEHBIIEHUEM BEeJIMYMHEBI TTOP TTOHIKA-
eTCsI, TAKKe M3MeHsIeMast TEIIONpoBOIHOCTL. Ha Termo-
(pu3MYecKMe CBOMCTBA MaTeEpPUAJIOB OKA3bIBACT BIUSTHUE
XapaKTep pacCeUBAHUS U TTOTJIOIICHMS YacTUIIaMU, Ha-
XOISIIUMUCS BHYTPU CTPYKTYphI MaTtepuaia. Paguarm-
OHHBIE CBOIICTBA MaTepUAJIOB 3aBUCIT OT XUMUUECKOTO 1
MWHEPaJIOTUYECKOTO COCTaBa, CTPOEHMST MaTepHaa, OT
XapakKTepa KOHTaKTa 9acTuil, ux Mopgoaornu. Hampu-
Mep, TIOJIOKUTETbLHOE BIMSTHUE Ha CHIDKEHUE TETUIONPO-
BOIHOCTH B CHUCTEMAX SiOz—A12O3 P TTOBBITIIEHHBIX
TeMIlepaTypax OKa3blBaeT OoJibinoe conepxkanue SiO,.
Termodusndeckne xapaKTepUCTUKN TEIUIO3aIATHBIX
MaTepuaJioB MHOTOKPAaTHOTO TTpUMEHEHMS, pa3padbo-
TaHHBIE B paMKax IporpamMMbl «Space shuttle», mpen-
cTaBJIeHBI B Tab. [7, 22].

ITpu Bo3pacTaHUM TEIUTOBBIX HANIPSIKEHWI COXpaH-
HOCTB TETUIO3aIUTHOTO MaTeprajia MOXeT ObITh 0OecTie-
YeHa 3a CYEeT COOTBETCTBYIONIETO KOO (PUIIMEHTA TETIO-
BOTO pacipeHus. B aToM miaHe MaTepraibl Ha OCHOBE
MYJUIUTOB MOTYT TTOBEPTaThCsl 3HAYUTEIHLHO 00JIee BbI-
COKMM Harpy3kaM, 4eM Matepuaibl Ha ocHoBe SiO,.

Han6Gonee KpUTUYHBIM MapaMeTPOM TETLI03aIIHUT-
HOTO MaTepHalia IBJISIeTCS TeIUIONPOBOIHOCTh. 3HaAYeE-
HUE KO3(DDUIIMEHTOB TEIUIONPOBOIHOCTI MaTePUAJIOB
tero3amnThl FRCI Haxopsrcs B nipenenax ot 0,2 1o
1,5 Br/Merpan. [IpraeM ¢ yMEHBIIICHUEM THaMETpa BO-
JIOKHA KO3(PPUIIMEHT TETIOMPOBOTHOCTH CHIKAETCS.
BonokHa MeHBIIIETO JraMeTpa CITOCOOCTBYIOT 00pa30-
BaHMIO B MaTepHrajie CyImIeCTBEHHO MEHBIINX IIOpP, UYTO
TIIPUBOAMUT K YMEHBIIIEHUIO KOHBEKTUBHOTO U JIYYNCTOTO
TeTJIO00OMeHa.

2. MarepuaJjbl ¢ peryJaspHoii U KBa3uperyaspHOii
MOPUCTOM CTPYKTYPOI

K MaTepuanaMm ¢ peryasspHOii WM KBa3uperyasp-
HOI TIOPOBOI CTPYKTYPOI OTHOCSTCS TaK Ha3bIBaeMble
SYEVCThIE, KJICTOUHBIE VTN «PEIIeTOUHBIE» MaTepUaIbl.

ITpuMmepom Takux MaTepuaaoB SIBJASIETCS MEHOKE-
paMMKa — CIIeYeHHBI MaTepual Ha MUHEpaJIbHOK
OCHOBE C IMICHOSTYENCTOM CTpyKTypoit. CTpyKTypa Ma-
Tepuajga COCTOUT M3 My3bIpbKOB BO3yXa (MU IPYro-
ro Ta3a), OKpPYXeHHBIX TOHKUMH 000JI0YKaMu, 00-
pasywluMu cBoeodpa3Hblii kKapkac. [TeHokepaMuka
OOBIYHO TTOJIyYaeTCsl HA OCHOBE BBICOKOIMCIEPCHBIX
MUHEpPaJbHbBIX MOPOIIKOB U XKUIKUX MeH. Takue rneHbl
MPENCTABISIOT COO0M KOJJIOUIHBIE CUCTEMBI C XKUIKOM
MOBEPXHOCTHIO pa3jesa, TMCIIePCUOHHOM Cpenoii SIB-
JISIETCS KUAKOCTh, a TUCTIepCHOM (pa3oil — ras B BUje
My3bIpbKOB, OTAEJEHHBIX APYT OT Ipyra MeHKaMu
XKUJIKOCTH.

CTpyKTypa 3TUX MaTepHUaJIOB IIPEACTaBIISICT COOOI
pelIeTKy 13 cBI3HOU ceTu cTtoek. Ha s3bike cTpou-
TeJIbHOW TEXHUKU pelieTouHast pepMa Wi mpocTpaH-
CTBEHHAsl paMa 03HAYAET MAaCCUB CTOEK, COYWIEHEHHbIX
U 3KECTKO CBSI3aHHBIX MEXY COOOM, Kak MpaBuJio, U3
OJIHOTO Y3 TPAAMLMOHHBIX CTPOUTEJbHBIX MaTepua-
JIOB: IepeBa, CTaJIM WU aJlloMUHUs. VIX Ha3HaueHue
3aKJII04aeTCsl B CO3MaHUM XECTKOMW, TPOYHOU Hecy-
e KOHCTPYKIMU, UCTIOJb3YS TTO BO3MOXHOCTH KaK
MOXHO MeHbIlIe MaTepuaia 1 obecrieurBast mpu 3ToM
ee MUHUMaJIbHBIN Bec. CIIOBO «peIIeTOYHbBIE» MCITOJb-
3yeTCs U B IPYTMX KOHTEKCTaxX: Ha S3bIKE KpUCTaJ-
Jorpaduu, HaIpuUMep, pellleTka — TunoTeTuyecKast
CeTKa CBSI3HBIX JIUHUMN C TpeXMEPHOU TpaHCASILIMOH-
Ho#t cummeTpueii. [lepeceyeHust TMHUN ONIpeaesiioT
aTOMHbIE OOBEKTHI B KPUCTAJIJIE; JIeMEHTapHasl sTueii-
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Ka 1 2JIEMEHTHI CHMMETPUH PEIIeTKN XapaKTEePU3YIOT
KJIacC KPUCTAJIJIOB.

31ech MBI IMEEM JIEJIO C PEIICTOYHBIMHA, TICUCTHIMU
VIV KJICTOUHBIMH MaTepuanaMu. Kak mHKeHepHBIC
(bepMBI I paMBI, OHI COCTOST U3 CBI3aHHOTO MacCHBa
pacIopoK WK IUIACTHH, M, KaK B KPUCTAJIMICCKOMN
pelIETKEe, OHU XapaKTePU3YIOTCS TUITNYHON SYEeKOM
C OTIpeIeICHHBIMHU 2JIEMEHTAMHU CUMMETPUH; HEKOTO-
phIc M3 KOTOPBIX, HO HE BCE, UMEIOT TPAHCISIIINOHHYIO
cuMmMeTprio. Ho pelreTouHbIe MaTe praIbl OTINIAIOTCS
OT MHKCHEPHBIX PEIICTOK B OAHOM BaXXHOM OTHOIIIE-
HUM, a UMEHHO B MaciTade. DJIeMeHTapHbIC SYCHKN
pelIeTYaThIX MaTePUAIOB U3MEPSIIOTCS B MUJLIMME -
Tpax WIN MUKPOMETpaxX, 1 UIMEHHO 3TO MO3BOJISIET UM
paccMaTpUBaThCS KaK B KaUeCTBE CTPYKTYPHI, TaK U B
kayecTBe Marepuana. C OgHON CTOPOHBI, OHU MOTYT
OBITH TIPOAHATU3UPOBAHBI C TTOMOIIBIO KIACCMISCKUX
METOIOB MEXaHMKH TaK Xe, KaK aHAJTI3UPYyeTCs JTI00ast
IpoCTpaHCTBeHHAas pama. Ho, ¢ mpyroii cTOpoHbI, He-
00X0OMMMO IyMaTh O pellIeTKe He TOJBKO KaK 0 Habope
CBSI3aHHBIX CTOEK, HO M KaK O «MaTepHuaye» caMoM I10
cebe, co CBOMM HAabOPOM KOHKPETHBIX CBOMCTB. DTO
TTO3BOJISICT HETIOCPEACTBEHHO CPaBHUBATh €TO C TAKUMU
Ke, HO YK€ MOHOJIMTHBIMU MaTepHraIaMM.

HMcTopruecKr CIOXKMIOCH TaK, YTO MEHBI MPeI-
CTaBIISIIOT COOOM OIpeaeeHHOEe TTOIMHOXECTBO pe-
IIETOYHO-CTPYKTYPUPOBAHHBIX MaTepPHUaIOB, U OHU
ObLIM U3YYEHBI 3a10JIT0 10 3TOT0, OJHAKO BHUMaHUE
OBIJIO COCPEOOTOUYCHO HA pEIIeTKaX OPYTUX THUIIOB.
Pannwne ncciaeqoBaHMs TIpEAIIOaraand, YTO CBOMCTBA
TICHBI TUHEWHO 3aBUCSIT OT OTHOCUTEJIBbHOU TNIOTHO-
ctu P /p_ (T.€. 0OBEMHOI 10JIM TBEPAOTO BELIECTBA,
B Marepwuaje), HO IUIsT OOJBIIMHCTBA IIEH 3TO HE TakK.
YeTKOe MOHMMaHNUE MX MEXaHUICCKUX CBOMCTB TICH
cTasio mosiBNsAThes mocie 1970 roma, mociie mosiBIeHUST
pa6or [23, 24]. C Tex 1mop OBLIO JOCTUTHYTO TOCTATOYHO
TIOJTHOE TTOHMMAaHNE MEXaHMIECKNX, TETUIOBBIX U 3JICK-
TPUIECKHUX CBOMCTB IIEH. DT UIEH OBLIN C YCIIEXOM
IpUMEHEHBI TSI KepaMU4decKoit TeHsl [25—34]. Tlo-
CJICIHUE TOCTVKECHUS B 3TOM 00JIaCTH OBUIM OTPaKeHBI
B 000011IeHHOIT MOHOTpadum [35].

ODHUM U3 KIIFOYEBEIX (DAKTOB SIBIISICTCS TO, UTO JC-
(opmariiy B GOJIBIIMHCTBE TIeH, OYIb TO C OTKPBITHIMU
WUTH 3aKPBITBIMU TTOpaMU, N3THOHO-TOMUHUPYIOIIIE
— TePMUH, KOTOPBI OOBSICHSIETCS OoJiee TTOAPOOHO
HIKe. CIeICTBHEM 3TOTO SIBJISIETCS TO, YTO UX XKECT-
KOCTb ¥ TIPOYHOCTH (IIpH 3aJaHHOM OTHOCHUTEIBHOMN
IUIOTHOCTH) TIafaeT 3HAUYNTEILHO HIKE YPOBHEH, KO-
TOpPEIE CJIETOBAIO OBl OXXKMIATH IJISI CTPYKTYP C TIpeoo-
JTalaHWEeM PaCTITUBAIOIINX HATIPSIKCHUM, TUTTUYHBIM
MIpeICcTaBUTEIEM KOTOPBIX SIBJISTIOTCS ITOJTHOCTBIO TPH-
AHTYJIMpPOBAaHHBIC peleTKN. YTOOBI JaTh MpeICTaB-
JICHHE O TOM, B UYeM pa3HHUIIA, CPABHUM PEIICTKH C
HU3KUM YPOBHEM CBSI3HOCTH, TUITUYHBIM IIPUMEPOM
KOTOPOU SIBIISIIOTCS TIEHBI, C OTHOCUTENIFHOM IIOTHO-

Puc. 7. YBenmueHHOe M300pazkeHNe THIMIHOM
KJIETOYHO# CTPYKTYpbI. Tomosiorus siueek mocrpoena
TAKUM 00pa3oM, 4TO Kpasi sTueeK H3rudarTcs npu
HAJIMYAM BHENIHE# HATPY3KH HA KOHCTPYKIHIO.

Jlaxke Korna siaeiiku 3aKpbIThbI, IPENMYIIECTBEHHO
HaOmonawTcsa aedopManun u3ruda, MOTOMY 9YTO TOHKHE
CTOPOHBI STY€EK N3THOAIOTCS TOCTATOYHO JIETKO

cthio 0,1 (3TO 03HAYAET, YTO TBEPIbIC CTEHKM STYCEK 3a-
numaiot 10% ot o0beMa). Takue CTPYKTYpPBI SIBIISLIOTCS
MeHee XEeCTKUMM, YeM CTPYKTYpPHI C MpeodiiafiaHueM
pacCTITMBAIOIIMX HAMPSIXKEHU, KOTOPBIMU SIBJISIIOTCS
TPUAHTYJIMPOBAHHbIE PEILIETKHU, C TOM K€ OTHOCUTEJIb-
HOU TUIOTHOCTBIO.

B 5TOM paznese Mbl pacCMOTPUM CYILIECTBEHHBIE Yep-
Thl 00EUX CTPYKTYP, KaK ¢ MpeodiagaHrueM HalpsoKeHU i
U3ruba, Tak U HampsKeHUN pacTsSKeHUs, UCTIOb3Ys
pa3MepHbIE METOABI, YTOObI IPUIATU K TTPOCTHIM MPHU-
OJMMKEHHBIM 3aKOHAM I0100US IJ1s1 MEXaHUYECKUX,
TETUJIOBBIX U DJIEKTPUYECKUX CBOMCTB.

Ha puc. 7 npencraBieHo n3o0paxkeHne Kepamuyie-
CKOM TEHBI ¢ OTKPBITHIMU TTopaMu. OHO TIPEICTABIISICT
OJIMH U3 KJIACCOB PEIIETOYHO-CTPYKTYPUPOBAHHBIX Ma-
TepuanaoB. OH COCTOUT M3 CTOEK, COCAMHEHHBIX B y3JIaX.
Jl1st 9TOTrO KJ1acca sSIBJsIeTCsl XapaKTEpHOUM HU3Kasl CBSI3-
HOCTB Y3JIOB (CpeIHee KOJTMISCTBO CTOCK, KOTOPEIE CO-
€IVHSIOTCS B OMHOM Yy3J1€). Tomosiorus ssueek mocTpoeHa
TaK, YTO 3aCTaBJIsIET U3rM0AThCsl KIETOUHbIE Kpasl TIpU
HaJIMYMM BHELTHEW Harpy3KM Ha CTpyKTypy. Jlaxe Torna,
KOTJa STYEMKU 3aKPbIThl, MPEUMYILIECTBEHHO HAOI0-
narotcs nedopmaliiu u3ruda, 3To CBI3aHO C TEM, YTO
TOHKHE IPaHM sTY€eK FHYTCS JOCTATOUHO JIETKO.

Ha puc. 8 mpencraBieHa uacanm3ains dJIeMeHTap-
HOM SYeWKU MOAO0OHOM cTpyKTyphl. OHA COCTOUT U3
TBEPABIX MEPEMbIYEK, OKPYKAIOLIUX MYCTOE MPOCTPaH-
CTBO, cofiepKallee ra3 Win XXKUIKOCTb.

PerieTouHo-CTpyKTypupOBaHHbIE MAaTepUAIIbl YACTO
Ha3bIBAIOTCS KIIETOUHBIMU TBEPIBIMHU BeliecTBaMu. OHMI
XapaKTepU3yITCS OTHOCUTEJIbHOU MIOTHOCTHIO, KOTO-
past (tipm ¢t << L) mIsT CTPYKTYpBI, TOKAa3aHHO 37eCh,
WMeeT BUJIL:
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=30 -0 <@ v

e O, TIpeACTaBIsIeT COOO0M IIOTHOCTD TIEHBI, O —
TUTOTHOCTH TBEPIOTO BEIIeCTBa, M3 KOTOPOTO OHA Clie-
JaHa, L — pa3Mep SYeiKHU 1 ¢ — TONIMHA KPaeB STICHKN.
Posib KyGrueckoro ujieHa B BoipakeHuu (1) cTaHOBUTCS
cymectBeHHO nipu #/L > 0,15. la u cama 3Ta MOIellb
MMeECT XECTKIE OTPAaHNMIYCHUS U HeceT (pU3mIecKuit
CMBICIT TOJIBbKO B muara3oHe 7/L < 0,5. To ecThb, Korma
TOJIIIIHA TTIEPEMBIYKI MEHBIIIC TTOJIOBUHBI IJTMHBI TPAaHU
KyOM4YeCKOI YacT! STICHKU. 3aBUCUMOCTb OTHOCHUTEITb-
HOM IUIOTHOCTH /0 OT OTHOLIEHUs /L TipencTaBieHa
Ha puc. 9. 1715 cpaBHeHUSI HAa TOM PUC. TIPUBEICH Tpa-
¢k (xpuBas 2) KBaIpaTUIHOTO WieHa ypaBHeHUS (1).

Marepualibl C peleT4aToil CTpyKTypoii, B KOTOPOit
MMeeTCsl HU3Kasl CBSI3HOCTh CTOEK, KaK 3TO M300paskeHO
Ha puc. 7 1 §, IMEIOT HU3KYIO KECTKOCTb, ITOCKOIBKY
KOH(MUTYpaLus KpaeB UX STIYCHKU MTO3BOJIICT UM M3THU-
6aTbcs. Bo3aMOXXHO Hanmume OApyrux KOHGUTYypalnii,
B KOTOPBIX Kpasl TICHKN BEITIOJTHEHBI TAKUM 00pa3oM,
YTOOBI BMECTO M3rM0a B MX CTPYKTYpe HAOTIOMAIOCH pac-
TsSDKEHHME. DTO MPEarnoIoXKeHUe TIPUBOIUT K Uaee pe-
IIETYATHIX KOHCTPYKIIVIA, IIOCTPOCHHBIX M3 MUKPODEpM.

YTOOKI MOHSTH 3TO, HEOOXOAUMO UCTIOIb30BATh KPU-
TEepUiA yCTOMUIMBOCTI MaKcBeIIa, KOTOPHIN ITpeacTaB-
JIs1eT co00i MPOCTOE, HO TIIYyOOKO (PyHIaMEHTaIbHOE
npasuio [36]. Kak cienyer n3 3aKOHOB MEXaHUKU, TS
oITpeesIcHUs YCTOMUMBOCTU CUCTEMBI OAIOK 1 (DepMBI
OHM JOJDKHBI OBITh KaK CTATUYECKH, TaK U KHHEMaTH -

Ipannb gyeiiku

{

OTkpbiTas
CTOpPOHA
AYEUKH

L =

Puc. 8. Nneanm3npoBanHble TYEHKA B IIeHe
C OTKPBITHIMH MIOPAMH
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Puc. 9. 3aBHCHMOCTD OTHOCHTENILHOI IIOTHOCTH { /0,
OT OTHOIIEHNs 7/ L v BeJIMYMHA KBAIPATHYIHOTO WIeHA
ypasuenus (1) (kpusas 2)

YeCKU OIPeIeIMMBIMU XOTsI OBl B IBYX U3MEPCHUSIX,
T.€. 3TO O3HAYACT OBITh XKECTKOM M HE CKIIaIbIBAOIIICIICS,
Oynyuyu HarpyxeHHou. Takum ycioBuem, 1jst (pepMbl
C Y3JIOBBIMU COCTUHEHUSIMU (T.€. KOTOPHIE 3aKPETUICHBI
IIapHUPHO B CBOMX Y3J1aX), COCTOSIIEH M3 b CTOEK M j
y3J10B 0€3 TPEHMSI, TAKUX KaK Te, YTO TIPeACTaBICHEI Ha
puc. 10, sBiIsIeTCA BBIpAXKCHMUE:!

M=b-2+3=0. )

s ciydast Tpex M3MepeHUi SKBUBAJICHTHOE YpaB-
HEHHUE TIPeACTaBIsIeT COOOI:

M=b-3+6=0. 3)

Ecmu M < 0, xak n3obpaxkeHo Ha puc. 10a, pama
MIPEACTaBIISIET COOOI MeXaHW3M, KOTOPBII UMEET OTHY
W HECKOJTBKO CTEIIeHE CBOOOIBI B TeX HAIIPABICHUSX,
KOTOPBIE TTO3BOJISTIOT COOTBETCTBYIOIINE CMEIIICHMS, TIPH
5TOM OHA HE UMEeT KECTKOCTH WX IIpoyHoCcTH. Ecim ee
V37161 3a0JIOKUPOBAaHBI (TTIOCKOJIBKY MBI pacCMaTprUBacM
peleTyaTbie KOHCTPYKIINN ), TIPYThST paMBI M3TH0AI0TCS,
KOTIIa CTPYKTypa 3arpyskaercs, Kak ImoKa3aHo Ha puc. 11.

Ecmu M =0, xak 1oka3zano Ha puc. 10b, pamka niepe-
craeT ObITh MexaH3MoM. Eciii oH OyzneT Harpy»keH, ero
5JICMCHTHI UCITBITBIBAIOT HATIPSDKCHUSI, PACTSDKCHUS WITH
cxxaTus (Takasi CUTyallrsl HaOromaeTces Jaxe B caydac
IIApHUPHOTO COWICHEHNs), 1 OHA CTAHOBUTCS CTPYKTY-
poli ¢ TIpeobIagaHNeM PaCTITUBAIOIINX HATIPSKCHMIA.
BrokupoBKa cousleHeHHIT B JAHHOM CJIydae Majo 4TO
MEHSIET, TIOTOMY UTO aXKypPHBIC CTPYKTYPHI TOPa3Io JKeCT-
Ye TIPU PaCTsKeHUH, YeM TIpH M3THoe. 31eCh NeiCTBY-
€T OCHOBHOU IPUHIIUIL: CTPYKTypHas 3(P(PeKTUBHOCTH
CTPYKTYp ¢ TIpeodIafaHueM pacTITUBAIONINX HATIpsDKe-
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HES

Puc. 10. BapuanTsi chepm ¢ y3/10BbIMH COETMHEHUSIMH,
MOJEUPYIONIUX CTPOEHHE STYEUCTHIX MATEPHATIOB:

a) lllapHupHO-CcouIeHeHHAsT paMKa, KOTOpast CKJIabl-
BaeTCs TIPU HArpy3Ke, MPENCTaBISIeT COO0M MEXaHU3M.
Ecnu ero coennHeHMsT XXeCcTKUE, CBAPUBAIOTCS BMECTE,
TIPOUCXOIUT U3THO CTOeK (Kak Ha puc. 11) — oHa
CTaHOBUTCS U3TUOHO-TOMUHUPYIOIIEH CTPYKTYPOIf;

b) Kectkast TpuaHTyTMpOBaHHAs paMKa B CITydae
HaTpYXEHUSI, TaK KaK MOTMepevHast pacropKa UCTIbIThI-
BaeT HATIPSTKEHUE, — 9TO PACTSIKEHHO-TOMUHUPYIO-
Liast CTpyKTypa,

¢) Pamxka ¢ monmomHUTETEHBIM OTpaHUYEHUEM; €CJTA TO-
PU3OHTATTbHAS TIOJIOCA YKOPAYUBACTCSI, TO B BEPTUKAITb-
HOW BO3HMKAET HAIPSDKEHNE, TaXKe €CIIN OTCYTCTBYIOT
Kakue-110o BHEITHUE HATPY3KU (IaeT COCTOSTHUE
BHYTPEHHETO HATIPSIKEHUST)

F W3ornyras
¢ rpaHb

sT9eiiKu

v

A

Puc. 11. CxemaTdeckoe noseieHHe HATPYKeHHOI
CTPYKTYPbI ¢ HU3KOI CBsI3HOCTbIO. Habmonaercs n3rn6
Kpas siYeiiku, o0ecneunBasi, TAKHM 00pa30M, HU3KMii
MOIYJIb YIPYTOCTH. & — BemuuHa aAedopmanumn

HUI BBICOKA; B CBOIO OUepeb MIJIsT MU3TUOHO-TOMUHUPY-
IOIINX CTPYKTYP OHA SIBIISICTCST HU3KOM.

7151 TOHMMAaHMST MEXaHUIEeCKOTO TTOBEICHUS TTOI00-
HBIX CTPYKTYp B padote [35] BBemeHa TOIIOJTHUTEIbHAS
KOHIICITIINSI BHYTPEHHETO HAIIPSDKEHHOTO COCTOSTHUS,
mpeacTaBicHHasg Ha puc. 10c. DT1o cTpykTypa ¢ M > 0.
Ecnu BepTHKanbHAsI CTOMKA COKpAIaeTCs, OHA TSHET
IPYTUEC CTOMKY B COCTOSTHUE CXKaTHUsI, KOTOPOE YPaBHO-
BEIIMBAeTCS HATSLKEHUEM, KOTOPOE B HEil BO3HUKACT.

CTOMKM B 3TOM CTPYKTYPE HAXOISITCS B HATIPSKEH-
HOM COCTOSTHHUH, JaxKe €CJIM HET HUKAaKNUX BHCITHUX
Harpy30K Ha BCIO KOHCTpyKInio. Kpurepum ypaBHe-
HUit (2) u (3) IBIASTIOTCS HEOOXOOTUMBIMH YCIOBUSIMHU
IS JKeCTKOCTH KOHCTPYKIINY, HO HE SIBJISTIOTCS B IICJIOM
JIOCTAaTOYHBIMU YCIIOBUSIMU, TaK KaK OHM HE YIUTHIBAIOT
BO3MOXHOCTH COCTOSTHUII BHYTPECHHETO HATIPSIKCHUS
1 COCTOSTHMST MexaHu3Ma. O0o0IeHNe TIpaBmio Mak-
CBeJlIa B TpeX M3MEPEHMSIX JaeTcs B padote [37]:

M= b—3j+6 = s—m, @)

e S U m — YUCJIO COCTOSIHUM BHYTPEHHUX Ha-
MPSKEHU U MeXaHU3MOB, COOTBETCTBEHHO. Kaxnoe
U3 HUX MOXET OBITh OTPeNeICHO MyTeM HaXOXIAECHUS
paHra paBHOBECHOM MaTpUIIbl, ONUCHIBAIOIIEH paMKy
B ITOJTHOM CTpYKTypHOM aHanm3e [37]. IIpocTo KecTKas
paMKa (IJ1s pemIeTKH, KOTopasl SIBISICTCS CTaTUIeCKHU
1 KMHEMAaTHICCKH OTIpeneIuMoii) mMmeeT s = m = (.
XapakTep npaBuiia Makcpesia Kak HE00X0OAUMOro, HO
HEAOCTAaTOYHOTO YCJIOBUS MOHSTEH U3 aHaJu3a ypaB-
HeHus (4). Hynb ¢ 1eBoif cTOPOHBI 03HAYAeT TOJIHKO
TO, YTO KOJIMYECTBO MEXAHU3MOB U COCTOSIHUI BHY-
TPEHHETO HAMpPSKEHUST paBHbBI, @ HE TO, YTO KaXKIbli
U3 HUX PaBEH HYJIIO.

Kputepuii MakcBeia gaet rpeactaBieHue o 1u-
3aliHe pelleTyaTbiXx MaTepuaioB U MOKa3bIBAET, TIOYEMY
MEeHbI MOYTH BCETAa AAI0T MaTepuabl ¢ mpeobaagaHueM
HarpskeHU n3rnoa [39—41]. [IpuMepsl HEKOTOPBIX
HIeaTn3UPOBaHHBIX (POPM STICHKHM TIOKA3aHBI Ha prc. 12.

M3onupoBaHHbIE KJIETKU, KOTOPbIE YIOBIETBOPSIOT
KpuTeprio MakcBesuia 1 SIBJISIIOTCS )KECTKUMMU, TIoMeve-
Hbl «<YES», B T0 Bpems Kak «NO» 03HA4aeT, 4TO YCIOBUE
MakcBeJl He BBIMOJHSETCS M YTO AaHHas sueika siB-
Jgetcs MexanuaMoM. [1pu aTom, Kak rpaBuiio, Npearo-
JlaraeTcs, 4To MOAXOAsIIasl MOIEb 11l TUeKU B TIeHe
COOTBETCTBYET NPUOJUZUTETLHOMY 3aITOJHEHUIO 00b-
eMa Marepuaia 4eikaMmuy JaHHOW NPOCTPAHCTBEHHOM
dopmbl. Tem He MeHee, CTPYKTYpPhI, oJdydaeMble Mpu
3aMOJTHEHUM TIPOCTpPaHCTBA popMaMu, 0003HAYCHBI
mudpamu 2, 3, 4, 6 u 8, He ABIAIOTCS KECTKIMMU.

KpomMme Toro, HM olHa U3 MPEACTABJIEHHBIX STUEeK
B (popMe MHOTOrpaHHUKOB, 3aMOJHSIOIIMX TPOCTPaH-
cTBO, He UMeeT M > 0. Cpenu (popM siaeeK, 3aITOTHSIIO-
IIMX MPOCTPAHCTBO, CYLIECTBYIOT TaKe KOMOWHAIINY,
y KoTopsIx M = (; HampumMep, TeTpasap U OKTas3Ip, KOTO-
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Puc. 12. Ilommaapudeckne ssaeiikn. SIueiiku, KOTopble NPH 3anoIHeHNH npocTpancTa nmert M < 0 (2—4, 6—8),
MPEICTABJISAIOT CO00ii CTPYKTYPHI C peodIagaHneM HANPsKeHnid n3ruoa [35]

pBIe HAXOOSATCSA B KOMOMHAIIMK IPYT C IPYTOM BO BPeMsI
3aT0JTHEHMS TIPOCTPAHCTBA 1 TTO3BOJISIIOT C(DOPMUPOBATH

JKECTKYIO OCHOBY.
Kpurepnit MakcBesia JaeT aHaTUTUIECKUI TTOIXO],

IUTSI TIPOSKTUPOBAHMS PEIIIETOK C IIpeodIagaHeM pacTsi-
TUBAIOIINX YCUJIUI B UX CTPYKTYPE 1, COOTBETCTBEHHO,
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K TOJIyIeHHIO 00Jice TIPOUYHBIX U JISTKUX MaTepUAaIOB.
[IpomyKTUBHOCTH TAKOTO ITOAXO0A TTOJTHOCTHIO Pean30-
BaJIach IIPU CO3MAHUM MAaTEPHUAJIOB C OITAJIOBOM CTPYK-
TypoOil, 0COOEHHO JJ1s1 00paTHBIX OMayioB. B cTpykType
STHUX MaTEPHUAJIOB IIPEKPACHO PEATTM3YIOTCS CTPYKTYPHI
¢ kputepueM Makcpemra M < 0.
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