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It is proposed the approach for estimating the impact of thin protective coatings on the stress-strain state of the
thick-walled claddings of cylindrical fuel rods considering internal and external pressures from fission products and
moving heat carrier in a nuclear reactor core. This approach is used for quantitative estimations the impact of
possible thin coatings made from a stainless steel on the stress-strain state of the cladding made from the Zirconium-
based alloy used in the WWER-1000 nuclear reactors. It is shown that thin protective coatings can allow increasing
the general strength and reliability of the cladding due to stresses decreasing.

INTRODUCTION

Possibilities of further improvements of the power
nuclear reactors for industrial purposes are significantly
limited by the operational abilities of the modern known
structural materials especially for claddings of fuel rods,
and development the more useful structural materials is
the one of the global problem of the modern material
science for nuclear engineering [1, 2]. Using the thin
protective coatings is one of effective way to increase
the operation reliability of the cladding of fuel rods as
shown the modern researches [3, 4]. It is interesting that
this approach can be imagined the cladding with the
protective thin coatings as the composite material (i.e.
the material consists of two or more components with
clear defined boundaries [5, 6]) the properties of it will
be defined by relations between properties of the main
structure of the cladding and its coatings. The specific
of neutron-physical process of a core of a nuclear
reactor requires the smallest thickness of the thin
protective coating as possible, and as the result the
thick-walled cladding of fuel rods with thin protective
coatings actually is the particular case of the composites
with micro- and nanostructures which are seems as one
of the most perspective structural materials and have
widely researching now [7, 8].

Wide industrial employing of the thin protective
coatings is significantly bound due to absent the reliable
approaches for predicting behavior of the cladding of
fuel rods with these thin protective coatings under
operational conditions inherent for a core of a nuclear
reactor. Really, presence the thin protective coatings on
the thick-walled cladding with the wanted suitable
effects can lead also to some additional unwanted
effects of damaging on the boundary between the
coatings and the cladding such as delamination, and the
conditions in a core of nuclear reactor (stationary and
non-stationary  mechanical loadings, temperature
gradients, irradiations, wearing, etc.) contribute these
damages. The processes in the boundary of structures
are the most difficult for researching, especially when
the bounded structures have the significantly different
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properties such as the thick-walled cladding and the
thin-walled coatings. This research deals with the
important particular problem about estimating the
stress-strain state of the cladding of the cylindrical fuel
rods considering with presence of the thin protective
coating for assessments of impacting these coatings on
the mechanical behavior of the cladding under the
operational pressures in the core of the nuclear reactor.

TYPICAL DESIGNS OF CLADDINGS
FOR FUEL RODS OF NUCLEAR REACTORS

At present, the cylindrical fuel rods are considered
as the typical design for the most used and future
projects of the pressurized-water nuclear reactors for
power industry [9]. The cladding of such fuel rods is
made as the circular pipe with the internal radius a, the
external radius b and with the character length L .

For widely used designs of claddings of fuel rods the
length and the external radius are satisfied the condition:

L>>b. 1)
For example, the cladding of the fuel rods for the
WWER-1000 nuclear reactor the length L ~3800 mm,
but external radius b ~ 4.6 mm [10].

The thickness of the wall in the typical designs of
cladding of fuel rods is lower than 1 mm (is 0.65 mm in
the WWER-1000 nuclear reactor [10]), and it seems that
cladding is the thin-walled structure. At the same time,
to establish affiliation to the thin-walled or thick-walled
structures it is necessary to compare the relation
between the thickness h and the curvature radius R of
the middle surface of the structure [11, 12]:

k=h/R. 2
It is considered [10, 11] that for the thin walled
structures value (3) must at least satisfy the condition
k<1/8. (3)
Inequality (3) is formulated to provide the opportunities
of the simplification (1+h)/R ~1 significantly used
in the theory of thin shells and plates [11, 12]. Relation
(3) can be represented in the terms of the internal and
external radius of a cladding:
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k=2 b_ia . (4
b+a
For the WWER-1000 nuclear reactor we have the sizes

a=3.9mm, b=455mm [10], which lead (4) to the
result x~1.2/8 that the claddings of the fuel rods using

in this nuclear reactor are the thick-walled structures.

The claddings of fuel rods of modern nuclear
reactors are made from the Zirconium-based alloys due
to the well-known circumstances connected with the
neutron-physical properties of the Zirconium principally
requiring for building the core of nuclear reactors. For,
example, the claddings of the fuel rods used for the
WWER-1000 nuclear reactors are made from the
Zirconium-based alloy [10]. At the same time, it is well-
known, that the Zirconium-based alloys are subjected to
the surface corrosion under the increased temperatures,
which can have presence in some local places under the
normal operation and necessarily will have presence
under the some accidents conditions. Thus, using the
thin protective coatings for claddings of fuel rods is
purposed to minimize the surface corrosion under the
increased temperatures. These protective coatings made
from corrosion stable materials and must have the
extreme minimal thickness to exclude violation the
neutron field in the core of nuclear reactors. Due to
these circumstances, using the thin protective coatings
for the cladding of fuel rods leads to the structures with
interacting between the thick-walled and thin-walled
elements.

SCHEMATIZATION OF THE CLADDING
CONSIDERING THE THIN COATINGS

Consideration the cladding of fuel rods under
loading from the fission products and the moving heat
carrier with effects from the edges and fixing parts and
from the thin coatings is in general the complicated
problem requires constructing the serious mathematical
models as well as numerical methods and computer
simulations. To simplify the problem to estimate the
qualitative and approximately quantitative effects of
presence the thin coatings it is necessary to propose the
suitable schematization of the cladding with the thin
coatings. Such schematization of claddings considering
thin coatings can be constructed on the base of the
discussed above specific properties (1)—(3). Really, the
inequality (1) allows to use the plane strain hypothesizes
well-known in the theory of elasticity [13] to consider
the main thick-walled parts of the cladding. Effects
from the fission products and the moving heat carrier
can be represented by the internal p, and external p,
pressures on the cladding, and in this case we actually
have the cylindrical cladding with the axial symmetry of
the plane strain such as the stress-strain state:

u= u(r),c, = csr(r)' G = Ge(r)1cz :_V(Gr +Ge), ®)
where u is the radial displacement; r is the radial
coordinate; o,, oy, and o, are the radial,
circumferential and axial stresses; v is the Poisson's
ratio of the cladding material.

The displacement and stresses (5) corresponding to
the case of axial symmetry plane strain of the cylinder

~
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can be represented using the differential equation and
the relations [13, 14]:
du 1du wu
—+-——-—=0, a<r<b; 6
dr2 rdr r2 ©)

_E" (du, _,u).
or 1y E+V r)
E'" (u du
= —+v'—1|, a<r<b, 7
Gy 1—\/'2([‘ drj ()

5 and Vv'= Y are the effective
1-v 1-v
Young's modulus and the Poisson's ratio defined
corresponding the plane strain hypothesis thru the value
E and v of the Young's modulus and the Poisson's ratio
of the material of the cladding.
Solution of the differential equation (6) is [14, 15]:

u(r):Clr+CT2, (8)

where E'=

where C; and C, are the integration constants, which
must de find from the boundary conditions defining the
stress-strain state at the surfaces r=a and r=0.

Using the solution (8), it is possible to represent the
stresses (7) as:

EC, E C, EC, E G,

o, = - —£,05=—= —=. (9
TV 1+v 2 0TIV 14 2 ©

In the case of the cladding without the thin coatings the
boundary conditions considering with the internal p,

and external p, pressures are [13-15]:

E (du+v'uj=—pa, r=a, (10)

l—v'z & r

E' (du u
—+Vv'—|=-p,, r=b. 11
1—V'2[dr J Py (11)

Solution (8) with corresponding stresses (9) for the
boundary conditions (10) and (11) is well-known in the
theory of elasticity [13—15].

It is obviously, that the boundary conditions (10),
(11) cannot be used in the case of the claddings with the
thin protective coatings. To obtain the boundary
conditions for the claddings with the thin protective
coatings it is proposed to consider the equilibrium of the
cladding near theirs surfaces taking into account both
the internal forces of the cladding and of the coating
(Fig. 1). Due to the axial symmetry of the problem, it is
possible to consider the coatings as the thin cylindrical
shells without bending, i.e. on the base of the membrane
theory of shells only with the normal internal forces N,

(Fig. 1) and displacement w in the direction of the
normal to the middle surface [11, 12, 15]. The technique
of considering the equilibrium of the internal and
external surfaces of the cladding (see Fig. 1) is well-
known and widely used in the theory of elasticity and in
the theory of the thin shells [11, 12, 15]. As the results
of considering the equilibrium of the cladding boundary
surfaces, the further relations are obtained:

E' (du u h, u
+V' _E ia —_ = - y r:a, 12
1-v"? (dl’ j 2 Ry r Pa (12)

r
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1_EV'2 [(;l:+v’l:j+Ebgzl:=—pb, r=b, (13)
where E,, h, and R, =a-h,/2 are the Young's
module, the thickness and the middle surface radius of
the internal coating; E,, h, and R, =b+h, /2 are the
Young's module, the thickness and the middle surface
radius of the external coating.

Fig. 1. Equilibrium of the internal (a) and external (b)
surfaces of the cladding with the thin protective coating:
1 — domain of the cladding; 2 — domain of the coating

The boundary conditions (12), (13), representing the
cladding without the thin coatings as well known in the
theory of elasticity [13-15], are the particular cases of
the boundary conditions (10), (11) representing the
cladding with the thin coatings for zero thickness
h,=0, h,=0 of these coatings. As seen from the

boundary conditions (12), (13), the thin coatings are
similar to the continuous spring fixings with the
rigidness defined by the Young's modulus, height and
the middle surface radius of these coatings. Due to this
circumstance, the thin coating must decrease the stresses
inside the cladding and this conclusion is corresponded
qualitatively with the experimental results [4].

The C; and C, integration constants defining the
solutions (8) for the cladding with the thin protective
coatings can be find by substituting the solution (8) to
the boundary conditions (12), (13) it will lead to the
linear algebraic equations:

ACy + ACy =—Pay AxiCy + ACyr =—py,
where Aj;, Ajq, Ay, and A are defined as:

(14)

E' E,h 1( E' Eh
— ——aa. ——— | = 4 Taa|;
e R, Ae="2 [1+v' R, j
E' E,h 1( E' Eh
A=y R, P =2 150 R,
(15)

Using the equations (14), it is possible to represent
the C; and C, integration constants in the form:

C = Alzpb_AZZpa C. = A21pa_pﬁ1pb .
' A11A22 - A12A21 ’ ? A11A22 - A12A21

Thus, the stress-strain state of the cylindrical cladding
of fuel rod with the thin protective coatings can be
represented in the form (8), (9) in which the integration
constants must be defined as (15), (16). It is important
what the solution (8), (9), (15), (16) can be used also for
the cladding without the protective thin coatings if it is
considered the thickness of the coatings are equaled
zero.

(16)
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QUANTITATIVE ESTIMATIONS FOR
INFLUENCING THE THIN COATINGS ON
THE CLADDING OF FUEL RODS

To estimate quantitatively influencing of the thin
coatings on the stress-strain state of the cladding of fuel
rods it is suitable to compare the stress-strain states in
the claddings made with and without the thin protective
coatings. Next, to have the quantitative estimations of
influencing the thin coating on the claddings of fuel
rods it will be compared the stress-strain states of the
cladding of known fuel rods for the WWER-1000
nuclear reactors made without the protective thin
coatings and made with these coatings as possible.
Thus, it will be considered the typical cladding of the
fuel rods of the WWER-1000 nuclear reactor with the
next parameters:

a=3.855mm; b=4.55mm; E =96 GPa; v =0.33,
p, =10 MPa, p, =16 MPa. an

It will be estimated the influence of the possible thin
protective coatings like in [4] made from the stainless
steel with the next value of the Young's modulus:
E,=E, =E,a =210GPa. (18)
Influencing the thin protective coatings (18) on the
stress-strain state of the cladding (17) of fuel rods will
be estimated by comparison the stress-strain states in the
cladding with different thicknesses h, and h, of the

coatings. To obtain the stress-strain states for claddings
with and without the thin coatings, it will be used the
solution (8), (9), (15), (16) with the effective Young's
modulus E’ and the Poisson's ratio v, defining in the
comments for the relations (7).

The results for the stress-strain states in the cladding
of fuel rods with only internal (Fig. 2), only external
(Fig. 3) and both internal and external (Fig. 4) coatings
with the different thickness allow to approve that the
thin protective coatings are having significant influence
on the stresses and displacements in the domain of the
cladding.

Comparing the curves presenting on the Fig. 2,a and
Fig. 3,a shows that the internal and external coatings are
having the different influencing on the radial stresses.
This different influencing is inherent to the considered
particular case of the cladding (17) due to the
considered internal and external pressures are satisfied
the inequality

pa < pb' (19)
Really, as well-known in the theory of elasticity [13-15]
the radial stresses must satisfy the boundary conditions
and must equal to internal and external pressures with
negative sign. As the result of this circumstances, for
the inequality (18) the absolute values of the radial
stresses in the cladding near the internal coating are
greater than on the internal coating, as well as the radial
stresses in the cladding near the external coating are
smaller than on the external coating (see curves 1 on the
Fig. 2,a and on the Fig. 3,a). Thus, due to presence the
thin coatings, the boundary surfaces of the cladding will
be are inside the new composite structure and the
absolute values of the radial stresses near the internal
coating must be greater, but the absolute values of the
radial stresses near the external coating must be smaller.
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Influencing the both internal and external coatings on
the radial stresses (see Fig. 4,a) is the result of
superposition of the separate influences of the internal
and external coatings due to the linear deforming of the
cladding and the coatings.
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Fig. 2. Influencing the internal coatings on the radial
stresses (a), the circumferential stresses (b) and on the
radial displacements (c) of the cladding of fuel rods
without the external coating:
1-hy=0wmm;2-h,=10 um; 3—h,=30 um

Influencing the internal and external thin protective
coatings on the circumferential stresses and on the radial
displacements in the cladding of fuel rods are qualitative
similar as can be estimated by comparing the Fig. 2,b,c
and the Fig. 3,b. Obtained quantitative results (see Fig.
2,b and Fig. 3,b,c) show that the thin protective coatings
lead to decreasing the circumferential stresses and the
radial displacements in the cladding of fuel rods and this
decreasing are noticeable comparing with increasing the
thickness of the coatings. Really, the percent of
increasing the sizes of the cladding due to making the
thin coatings is significantly smaller than the percent of
decreasing of the circumferential stresses and the radial
displacements. Influencing of the both internal and
external coatings on the circumferential stresses and
radial displacements (see Fig. 4,b,c) in the cladding is
the result of superposition of the separate influences of
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the internal and external coatings due to the linear
deforming of the cladding and the coatings. Thus,
influencing the thin coatings on the stress-strain state of
the cladding of fuel rods is fully represented in
Figs. 2-4.
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Fig. 3. Influencing the external coatings on the radial
stresses (a), the circumferential stresses (b) and on the
radial displacements (c) of the cladding of fuel rods
without the internal coating:

1-hy=0wm;2-h,=10 gm; 3 —hy, =30 um

DISCUSSION THE RESULTS

Obtained quantitative results (see Figs. 2-4) show
that the thin protective coatings have significant
influencing on the stress-strain state of the cladding of
fuel rods of the WWER-1000 nuclear reactors. Due to
this circumstance, to further discussion the obtained
results it is interesting to estimate influencing the thin
coatings on the strength and the rigidness of the
cladding as the structural element of fuel rods.

The operational strength of the cladding can be
estimated by value of the von Mises' stress defining as
[16]:

Gj :%\/(Gr_56)2+(56_02)2+<52 _Gr)2 - (20)

Comparing the maximum stress (20) in the domain of
the cladding with the vyield point of the cladding's
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material will allow estimating the available operational
strength of the cladding.

The displacements on the internal and external
surfaces are will be used to characterize the operational
rigidness of the cladding:

u, =u(@),u, =u(b). (21)
The displacements (21) will allow estimating changes in
the sizes of the cladding under the operational loadings,
i.e. they will represent the rigidness of the cladding.

Results for maximum the von Mises' stress (20) and
for the displacements (21) of the cladding of fuel rods
are shown on the Fig. 5; it is naturally that obtained
results show noticeable depending on the thicknesses of
the coatings.
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Fig. 4. Influencing both the internal and external
coatings on the radial stresses (a), the circumferential
stresses (b) and on the radial displacements (c) of the

cladding of fuel rods with equal thicknesses h=h, =h,

of the external and internal coatings:
1-h=0wm;2-h=10 gm; 3—h =30 um

Results (see Fig. 5) show that the thin protective
coatings have leading to increase the strength and the
rigidness of the cladding of fuel rods. It is shown that
the internal coating has the more influences on the
strength and on the rigidness of the cladding, and this is
naturally leads from the boundary conditions (12), (13).
Really, influencing of the internal and external thin
protective coatings is defined by the values:
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Fig. 5. Influencing the thickness h of the coatings on
the maximal von Mises' stress (a) and the radial
displacements on the internal (b) and external (c)

surfaces of the cladding of fuel rods:

1 — external coating only; 2 — internal coating only;

3 — both internal and external coatings with the equal

thicknesses

In the case of the internal and external coatings
made from the same material with the same thicknesses
E_h, =E,h,, but in any case the inequality R,a<R,b
provides the more noticeable influencing of the internal
coating comparing with the same external coating.

It is important that influencing the thin coating on
the stress-strain state of the cladding of fuel rods is
defined by the multiply the Young's modulus and the
thickness of the coating as can be seen from the
boundary conditions (12), (13). Thus, increasing the
Young's modulus of the coatings relatively the value
(18) used for quantitative estimations in this research
will lead to increasing of effect the thin coatings of the
stress—strain stress and due to will be increase the
strength and the rigidness of the cladding of fuel rods.

CONCLUSIONS

It is proposed the approach for estimating the impact
of thin protective coatings on the stress-strain state of
the thick-walled claddings of cylindrical fuel rods
considering the axial symmetrical internal and external
pressures from fission products and moving heat carrier
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in a nuclear reactor core. This proposed approach is
based on the solution about the plane strain problem of
the theory of elasticity for the axial symmetrical long
cylinder with the specially constructed boundary
conditions considering presence the thin coatings on the
boundary surfaces of that cylinder.

The quantitative results obtained for the typical
design the cladding of fuel rods closely similar to the
WWWER-1000 nuclear reactor show clearly that the
thin protective coatings have significant influencing on
the stress-strain state in the domain of the cladding.
Increasing the thickness of the thin protective coatings
leads to decreasing the circumferential stresses and
radial displacements in the cladding of fuel rods. It is
important that the percent of increasing the sizes of the
cladding due to making the thin coatings is significantly
smaller than the percent of decreasing of the
circumferential stresses and the radial displacements.
Due to this circumstance, using the protective thin
coatings is the effective approach to decrease the
stresses and the displacements of the cladding of fuel
rods under the operational conditions.

Theoretical researching shows that the protective
coatings increase the strength and rigidness of the
claddings of fuel rods. This theoretically prediction is in
consistent with the published results [4] was obtained
experimentally using the special measurements of the
specimens. Increasing the strength and the rigidness of
the cladding due to the thin coatings is the result of
mechanical interacting between thick-walled and thin-
walled structures representing the cladding and its
coatings. Influencing the thin protective coatings on the
cladding of fuel rods is similar to influencing of the
elastic fixing like the Winkler's elastic foundation [17].
Thus, it is possible to believe that the thin-walled
coatings must lead to increasing the strength and the
rigidness of the thick-walled coated structures, although
this assumption must be researched in each particular
case.

The item in the boundary condition defining impact
the thin coating is proportional the product of the
Young's modulus and the thickness of the coating. Thus,
it is possible to have the same increasing the strength
and the rigidness of the cladding of fuel rods using the
more thin coatings with the bigger the Young's
modulus. This circumstance is very important for using
structural materials cores of nuclear reactors considering
with the special requirements on the neutron-physical
characteristics.

The item in the boundary condition defining impact
the thin coating is inversely proportional to the square
of the curvature radius of the coated surface. Thus, the
curvature of coated surface contributes to increasing the
effect of thin protective coatings on the strength and the
rigidness the cladding of fuel rods.

Simplified schematization of the loadings of the
cladding of fuel rods reduced to the internal and
external pressures allowed representing the coatings as
the thin cylindrical shells without bending. In general
case of loading the cladding of fuel rods it is necessary
to use the general theory of thin shells to represent the
thin coatings interacting with the thick-walled cladding.
Development the general theory of mechanical
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interaction the thin protective coatings with the thick-
walled claddings of fuel rods can be recommended for
the future researches.

Simplified schematization of deforming the cladding
of fuel rods and its coatings reduced to considering the
elastic deformations under the given mechanical
loadings cannot allowed to research the specific effects
considering  with  influencing the temperature
deformations, the plastic deformations, the creep, the
irradiation effects on the operability of the cladding of
fuel rods with the thin protective coatings. It is very
important problem, because these specific effects can
lead to damaging the protective thin coatings due to
delamination for example and development this problem
is recommended for the future researches.

In spite of presence the some simplifications and
corresponding restrictions, the obtained theoretical
results show that using the thin protective coatings can
be very effective to increase the structural strength and
the rigidness of the claddings of fuel rods of nuclear
reactors in general and can be recommended to upgrade
the fuel rods for operated nuclear reactors and to use in
the future designs.
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OIIEHKA BO3JIEUCTBUS TOHKHUX 3AIUTHBIX TOKPBITUI
HA HAITPA KEHHO-AE®OPMHUPOBAHHOE COCTOSAHUE OBOJIOYKH TB2JIOB
SAJEPHBIX PEAKTOPOB

3.B. Iosonoukui, F0.B. Pomawos, A.I. Mamanuc

IMpeanoxkeH MOAXOJ K OIEHKE BIHMSHUS TOHKMX 3alUTHBIX MOKPHITHH HA HANPSHKEHHO-IE(POPMHUPOBAHHOE
COCTOSIHAE TOJCTOCTCHHBIX O0O0JIOYEK IMIMHAPUISCKUX TBIJIOB C YIETOM BHYTPCHHHX W BHEIIHHX AABJICHHHA OT
MPOAYKTOB JIEJICHUSI W ABHXKYILETOCS TEIUIOHOCUTENsI B AaKTHBHOW 30HE SAEPHOrO peakTopa. IDTOT TMOAXOJ
UCTIONB3YETCS U KOJMIECTBEHHBIX OIICHOK BJIMSHHS TOHKHUX TOKDPBITHH, BBIMOJIHEHHBIX U3 HEPXKABEIOIIEH cTany,
Ha HANpPSKCHHO-IS(POPMHUPOBAHHOE COCTOSHHE O0OJOYKH M3 IUPKOHHEBOTO CIUIABA, HCIOJIB3YEMOIO B SACPHBIX
peaktopax BB3P-1000. IlomydeHHBIE TEOPETHUCCKHE PE3YJIbTAThl IMOKA3bIBAIOT, YTO HCIIOJIB30BAHHE TOHKHUX
3aIIUTHBIX MOKPBITHHA MOXET ObITh OueHb 3()(HEKTUBHBIM JJISI MOBBINICHUS MPOYHOCTH KOHCTPYKIIMU U KECTKOCTH
000JI0YCK TBIJIOB SAACPHBIX PEAKTOPOB B LIEJIOM M MOXKET OBITh PEKOMEHIOBAHO JJIs MOJACPHHU3AIMH KOHCTPYKIIUI
TBIJIOB ICHCTBYIOIIMX SICPHBIX PEAKTOPOB M UCIIOIB30BaAHUS B Oy IyIIHX MPOCKTaX.

OLIHKA BILTUBY TOHKUX 3AXWCHHUX IIOKPUTTIB
HA HAIIPYKEHO-AE®OPMOBAHHNU CTAH OBOJIOHKH TBEJIIB
AAEPHUX PEAKTOPIB

E.B. Ilosonouskuii, FO.B. Pomawoe, A.I'. Mamanic

3anpornoHOBaHO MiAXiJ [0 OLIHKH BIUIMBY TOHKMX 3aXHCHHUX ITOKPHUTTIB Ha HaNpyXeHO-Ae(OPMOBAHUH CTaH
TOBCTOCTIHHUX OOOJIOHOK IWIIHIAPUYHUX TBEINIB 3 ypaxyBaHHSM BHYTPIIIHIX 1 30BHIIIHIX THUCKIB BiJ MPOIYKTIB
IUTEHHS 1 PYXOMOTO TEIUIOHOCIA B aKTHBHIA 30HI sIEpHOTO peaktopa. Llei miaxig BHUKOPHUCTOBYETBCS LIS
KUTBKICHUX OIIIHOK BIUTMBY TOHKHX IOKPHTTIB, BUKOHAHUX 3 HEP)KaBIIOYOI CTaNi, Ha HAMPYXKEHO-Ie(hOpMOBaHUI
cTaH OOOJIOHKH 3 IIMPKOHIEBOTO CIUIABY, IO BHKOPHCTOBYETHCS B siaepHHX peakropax BBEP-1000. Orpumani
TEOPETHYHI PE3yNIbTaTH ITOKa3yI0Th, [0 BUKOPUCTaHHS TOHKHX 3aXHCHUX IOKPUTTIB MOXe OyTH ayxe e(ekTHBHUM
JUIsl TIABMIIEHHS MIIHOCTI KOHCTPYKIIT 1 )KOPCTKOCTI OOOJIOHOK TBEJIB SAEPHUX PEAKTOPIB Yy LIIOMY 1 MOXe OyTH
PEKOMEHIOBAHO JUlsi MOJAEpPHI3alii KOHCTPYKIIKA TBEJIB JIIOUMX SACPHUX PEAKTOPIB 1 BUKOPUCTAHHSA B MallOyTHIX
MPOEKTax.
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