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Introduction

Structures operated under certain conditions (high temperature, aggressive environment, etc.) can be
subject to a double effect: corrosion and material damage. The first factor leads to a decrease in the section
of a structure and, as a consequence, to a stress increase therein. As for the damage to the material: the ap-
pearance of microcracks and voids therein, due to inelastic strain (creep), it leads to a deterioration in physi-
cal properties (for example, the elastic modulus) and a sharp decrease in the stress values at which the struc-
ture is destroyed. To take into account the damage, L. M. Kachanov [1, 2] proposed a kinetic material dam-
age model, which is characterized by a continuity parameter that changes from 1 in the initial state to O at the
moment of destruction. In his work [3], Yu. N. Rabotnov uses a similar equation of material damage kinet-
ics, where the value of damage @ is taken as a variable parameter, varying from O to 1. Other modifications
of this model were performed in the works of Ya. Lemetri and Ya. L. Cheboshi [4, 5]. Using the principle of
separability and introducing a stress-dependent normalized time parameter, the above models (in the case of
one-dimensional tensile stresses) were modernized in the work of V. P. Golub [6]. A new approach to deter-
mining structural damage is illustrated by the example of static and cyclic loads. An original damage model
was also proposed by L. A. Sosnovskiy and S. S. Shcherbakov [7]. The works [8, 9] were devoted to the re-
view of research in this area.

The problem of the optimization of structures operated in the conditions of material damage are dealt
with in the works of A. G. Kostyuk [10], M. L. Reitman [11], V. Prager [12], Yu. V. Nemirovsky [13],
M. Zhichkovsky [14], etc.

In strength calculations, corrosion was taken into account in the works of Yu. G. Pronina and
O. S. Sedova [15-19]. The optimization of structural elements under corrosion conditions is considered, in
particular, in our works [20-25].

This work is licensed under a Creative Commons Attribution 4.0 International License.
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This article investigates the optimization of plates with holes in a plane stressed state, exposed to high
temperatures, with a combined approach to taking into account corrosion and protective properties of an anti-
corrosive coating (the use of this approach was demonstrated when optimizing bending elements in [22, 23]). It
is assumed that perforated plates operate in hydrogen-containing media, and determined is the duration of the
incubation period, after which a noticeable process of material damage begins (the double effect of corrosion
and material damage was taken into account in the optimization of bending elements in [24, 25] using an ana-
lytical approach, unlike the numerical method used in this work). To study the stress state of a plate, the finite
element method (FEM) is used. For a given contour of the plate, found is the optimal distribution of the thick-
ness of the finite elements into which the given plate is divided.

Formulation of the Problem
Let us choose, as the basic corrosion equation, the model proposed by V. M. Dolinsky [26], which
takes into account the effect of stresses on the corrosion wear of structures

dh, O,at r<t,,
dt |-(a+Ppo,)at t>t,,

where h,, G,; are, respectively, the thickness and reduced stresses of the i-th finite element; o, § are constant
(at a given temperature 7) coefficients.

Currently, there are a number of mathematical models describing the decrease in the protective prop-
erties of coatings. Here is one of them [27]

% =-A(l+mo,,;), 2)
where D; is a parameter characterizing the protective properties of the i-th finite element of the coating under
consideration, the value of the parameter at the initial moment of time (+=0) being taken equal to one, and at
the moment of loss of protective properties D;=Dj; A is the coefficient that takes into account both the effect
of the type of protective coating and the nature of the aggressive environment; m is the coefficient that takes
into account the effect of the stress state level on the kinetics of a decrease in the protective properties of the
coating.

The following combined model of corrosive wear is proposed, with account taken of the decrease in
the protective properties of the coating:

dn, —(a+Bo,, J(1-D,),npu 0< D, <1
E_{ —2(0c+[3(5ri), npu D, =0,
where the parameter D; is derived from equation (2).

Taken as a kinetic equation describing the change in the damage in each element of the plate, ®;, is

the model of Yu. N. Rabotnov [3]

dm, 0,at t<7?

ar {a[ﬁﬁ (1-,)]",at 1>7,
where a and b are constant (at a given temperature 7) coefficients;

Since the values of the parameters a and b are constant at a given temperature, the following time
approximations were taken:

6]

3)

“

azaoexp(n\/;), b=by—ct, 5)
where 1 and ¢ are constant coefficients; 7 is the time after which a noticeable process of material damage begins.
The value of the last factor is determined by the formula [28]
f=aq, explc/T)/ P,
where T is the specified operating temperature of the plate; P is the pressure of hydrogen-containing vapors;

a,, b,, ¢ are constant coefficients.
The reduced stresses that enter into (2), (3), and (4) are determined by the formula

6,=vo,+(1-v)o,,

where G, are maximum normal stresses; G, are effective von Mises stresses, V is constant.
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In our case

G, +0,
2

+\/((5X—c5y)2/4+172 Gez\/ci+6§—cxcy+3tiy : (6)

Gl = xy °
Determination of the Stresses that Enter into (6)

At the initial time of their operation (#=0), the plates are heated to a high temperature 7" and are sub-
jected to a load that creates a plane stress state therein. In this case, for a triangular FEM element in matrix
form, we have the initial stresses

(¢

X

{6}, =10, =[DI[B]{d} -[Dl{e},

Ty
1 nw 0 Yr
where [D]= IE'” Su 1 0 |; {&,}=1YT;, [B] is the matrix defining the geometric position of the fi-
- -
00 — 0

2

nite element in the general coordinate system of the plate; E,, L, Y are, respectively, the averaged (over tem-
perature) modulus of elasticity, Poisson's ratio, thermal expansion coefficient for the plate material.
In turn, the displacements {8} are determined from the expression

[K1{d} = {F} +{F};,
where [K]=[B]'[D] [B]#,A,; is the stiffness matrix of the i-th element; A, is its area; {F} is the vector of nodal
forces due to external load; {F}, =[B]"[D]{g,}AA., is the vector of nodal forces due to thermal expansion.

At 0<t< 7 , the stresses in the plate (taking into account (2)) are determined as

{o}=[D,][B]{8,}-[D,]{e,} +{c},, @)
I o O
where [D,]= 1 £y Sn 1 0 |; Eois the modulus of elasticity at the temperature T {g,} are creep strains
0 0 1-u
2

occurring at high temperatures.
Using the von Mises criterion, the creep strain rate is determined (as in [3]) as follows:

o’ 1 o/ 1
g, =—* (ox——c},j, €, =— [Gy ——ij, 8)
a,k, 2 a,E, 2

p

where a, and p are material constants.

In the case when ¢ >7 , the stresses in the plates with holes are determined by (7), the difference be-
ing that the elastic modulus that enters into (7) and (8) is determined by the formula

E=E,(1+\m)",
where A is the material constant.

Since the stresses in the plates are determined by the FEM, the solution of equations (1-4) is carried
out by numerical integration, with a time step At.

Optimization Problem
Considering, as variable parameters, the thicknesses of the finite elements, i.e.

X = {X]s Xy peees Xy} ={hl°,h/? ,...,h](\),}T take, as the objective function, the volume of the plate at the initial

N
moment of time G = ZAixi .
i=1
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Taking into account that the damage of each finite element of the plate should not exceed unity, the
optimal design problem is reduced to finding the vector of minimum parameters X op » 81VING

N
G= Z A;x; — min
i=1
form<l,i=1,2,...,N.
This problem of nonlinear mathematical programming is solved using one of the efficient algorithms
of the random search method [29].

Numerical Results

As a numerical illustration, consider the optimi-
zation of the perforated plate shown in figure 1.

Due to its symmetry, the fourth part of the plate il Il 1 T t
was investigated by introducing restrictions on the axes
of the symmetry. As shown by the preliminary analysis
of the stress state of the given plate with different break- 7 10 I
down of the finite element mesh, an increase in the num- 1 .
ber of elements in the zone of stress concentrators (in the , |3 L
corners of the hole) does not allow obtaining a converg- 4
ing process, i.e. the stresses continue to increase. To Lt4 ¥
smooth out this conflict, we will assume that the corners
in the hole are rounded (this is not shown in figure 1),
which makes it possible to reduce the stress concentra-
tion. As a result, the region of the given perforated plate
is approximated by ten triangular finite elements. J i l

The initial data of the problem are as follows: ' T 1 Y
[=250 mm; a=0.lmm/year; P=1x10" mm/(MPaxyear); | L L
=10 years; Ar=0.2 year; y=1x10" degrees’; P=100 MPa; . .
a,=1 year (MPa)p—l; =5, A=0.732 yearfl; m=0.005 MPa—l; Fig. 1. Computational scheme
the material of the structure is carbon steel; A=0,1; u=0.3; of the perforated plate
v=09; a=1.48x10° h (MPa)?" ; b=1.73; c=13500 degrees™. | 1o /¥10°

The following variants were considered for
various loading values of the perforated plate:
a) ¢,=60 kN/m; b) ¢,=90 kN/m; ¢) g.=120 kN/m.

In addition, in each variant of the calculation (a, b,
c), the values of the operating temperature 7" of the struc-
ture (at a constant load) varied: 1) T77=500 °C; ~
2) =510 °C; 3) T5=520 °C. The corresponding values of ——
the coefficients a and b (found from approximations (5), T.°C
for which their boundary values at 7,=450°C and 500 510 520
T:=550 °C were taken according to Odgvist [30]), as well
as the values of the elastic moduli E,, and E| are as follows:

LA Lia

/

// — ¢=60kN/m
71 = q=%KNm
P4 ™ ¢=120kN/m
-

= N Wk OO N OO

Fig. 2. Dependence of the perforated-plate volume
on temperature

1) @,;=19.49x107 year(MPa)™®; b,=2.25; E,,;=1.825x10° MPa; E¢;=1.65%10° MPa;

2) a,=24.81x107 year(MPa)™; b,=2; E,»=1.818x10° MPa; Ep,=1.636x10° MPa;

3) a5=30.98x10” year(MPa)™; b=1.75; E,3=1.811x10° MPa; Ey;=1.622x10° MPa.

The results of the numerical experiment are given in tables 1-3, and the graph of the dependence of
the perforated-plate volume on temperature is shown in figure 2.
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Table 1. Optimization results at T,;=500 °C

Finite element number i Gx107, m’
¢, kN/m | Parameter I > 3 7 5 6 7 g ) 10
h’,mm | 6.00 | 500 | 2.05 [22.00 [ 12.00 [ 2.80 | 6.00 | 6.00 | 400 | 6.00
K, mm 450 | 350 | 1.00 | 20.50 | 10.55 | 1.00 | 450 | 450 | 245 | 4.52
60 o; 0.383 | 0.336 | 0.330 | 0.425 | 0.285 | 0.028 | 0.383 | 0.778 | 0.960 | 0.360 1437
o, MPa | 520 | 502 | 500 | 532 | 480 | 1.97 | 520 | 580 | 583 | 5.12
L year | 1.330 | 1.330 | 1.330 | 1.331 | 1.334 | 1.350 | 1.330 | 1.327 | 1.327 | 1.332
AL, mm 11.2 7.9 5.9 242 | 10.5 | 104 7.7 4.7 15.2 7.4
h, mm 9.60 | 6.50 | 447 | 2240 | 9.46 | 8.77 | 6.47 | 3.56 | 13.55 | 5.45
90 o; 0.217 | 0.560 | 0.550 | 0.996 | 0.645 | 0.046 | 0.531 | 0.267 | 0.275 | 0.830 2219
o, MPa | 440 | 560 | 558 | 586 | 570 | 241 | 556 | 470 | 475 | 5.82
L year | 1.337 | 1.329 | 1.329 | 1.327 | 1.334 | 1.350 | 1.330 | 1.340 | 1.340 | 1.327
AL, mm 10.9 5.0 123 | 414 | 204 3.0 11.1 2.8 16.7 | 15.8
h, mm 9.50 | 3.50 | 10.50 | 39.50 | 18.50 | 1.76 | 9.48 | 1.45 | 15.50 | 14.60
120 o; 0.530 | 0.510 | 0.514 | 0.700 | 0.725 | 0.052 | 0.517 | 0.950 | 0.674 | 0.170 2812
o,,MPa | 556 | 552 | 553 | 575 | 5779 | 2.54 | 553 | 585 | 573 | 4.05
L year | 1.330 | 1.330 | 1.330 | 1.334 | 1.334 | 1.350 | 1.330 | 1.327 | 1.334 | 1.339
Table 2. Optimization results at T;=510 °C
Finite element number i 3 3
¢, kN/m | Parameter I > 3 7 5 6 7 g ) 10 Gx10”, m
AL, mm 24.2 2.6 239 | 214 8.6 13.5 8.0 2.2 28.1 11.4
A, mm |2290| 1.00 [ 2270 | 19.60 | 7.66 | 11.80 | 6.65 1.00 | 26.80 | 9.77
60 o; 0.050 | 0.346 | 0.440 | 0.767 | 0.600 | 0.071 | 0.880 | 0.151 | 0.124 | 0.160 3125
G, MPa | 143 | 3.15 | 338 | 3.73 | 3.61 1.66 | 3.74 | 231 | 2.12 | 2.39
L year | 1.356 | 1.345 | 1.321 | 1.341 | 1.342 | 1.356 | 1.341 | 1.351 | 1.352 | 1.331
h’, mm | 13.40 [ 2730 | 4.18 | 36.50 | 13.00 | 27.30 | 12.10 | 18.10 | 7.06 | 11.80
k', mm 11.7 | 257 | 274 | 347 | 11.7 | 25.8 | 10.6 | 16.6 5.6 10.7
90 o; 0.380 | 0.240 | 0.232 | 0.347 | 0.412 | 0.081 | 0.634 | 0.775 | 0.956 | 0.576 3539
G, MPa | 324 | 278 | 2775 | 3.16 | 332 | 1.76 | 3.65 | 3.73 | 3.78 | 3.53
L year | 1.344 | 1.347 | 1.347 | 1.345 | 1.344 | 1.354 | 1.342 | 1.341 | 1.341 | 1.342
h?, mm 185 | 22.8 | 253 | 36.7 | 17.6 | 153 | 17.2 | 12.6 | 22.0 | 14.3
k', mm 16.7 | 21.7 | 23.7 | 356 | 1665 | 13.8 | 15.7 | 11.7 | 20.6 | 12.6
120 o; 0.352 | 0.335 | 0.331 | 0.906 | 0.672 | 0.100 | 0.490 | 0.610 | 0.840 | 0.874 4422
G, MPa | 3.17 | 3.13 | 3.11 | 377 | 3.68 | 1.93 | 347 | 3.62 | 3.76 | 3.76
Lw year | 1.344 | 1.345 | 1.345 | 1.341 | 1.341 | 1.353 | 1.343 | 1.341 | 1.341 | 1.341
Table 3. Optimization results at T,;=520 °C
Finite element number i 3 3
¢, kN/m | Parameter 1 5 3 7 3 6 7 3 ) 10 Gx10”, m
A, mm | 13.00 | 7.80 | 26.60 | 42.70 | 20.40 | 14.90 | 1430 | 4.42 | 36.80 | 12.10
h,mm | 11.80 | 6.80 | 25.80 | 41.80 | 18.80 | 13.90 | 12.80 | 2.85 | 35.80 | 10.80
60 o; 0.948 | 0.811 | 0.767 | 0.788 | 0.766 | 0.080 | 0.644 | 0.280 | 0.294 | 0.834 3937
G, MPa | 2.160 | 2.136 | 2.120 | 2.130 | 2.120 | 0.862 | 2.060 | 1.561 | 1.600 | 2.140
L year | 1.351 | 1.351 | 1.351 | 1.351 | 1.351 | 1.360 | 1.352 | 1.355 | 1.354 | 1.351
h?, mm 20.7 | 32.6 | 284 | 46.1 19.3 | 34.7 | 39.0 | 20.7 | 21.7 | 20.3
h, mm 19.8 | 31.8 | 26.8 | 448 | 17.8 | 339 | 37.9 | 19.8 | 20.8 | 18.8
90 o, 0.680 | 0.400 | 0.386 | 0.864 | 0.995 | 0.147 | 0.166 | 0.662 | 0.959 | 0.694 6242
o,;, MPa | 2.08 1.81 1.78 | 2.15 | 2.17 | 1.17 | 1.24 | 2.08 | 2.16 | 2.09
L year | 1.352 | 1.354 | 1.354 | 1.351 | 1.351 | 1.358 | 1.358 | 1.352 | 1.351 | 1.352
h',mm | 458 | 29.4 | 51.0 | 66.5 | 259 [ 525 | 355 | 504 | 6.8 | 62.0
A, mm 449 | 27.8 | 49.8 | 64.8 | 248 | 509 | 33.8 | 48.8 5.8 60.9
120 o; 0.235 | 0415 | 0.424 | 0.992 | 0.872 | 0.138 | 0.413 | 0.537 | 0.980 | 0.117 9281
6,,,MPa | 146 | 1.83 | 1.85 | 2.17 | 2.15 | 1.13 | 1.83 1.98 | 2.16 | 1.04
L year | 1.356 | 1.354 | 1.354 | 1.351 | 1.351 | 1.358 | 1.354 | 1.353 | 1.351 | 1.356
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Conclusions

The problem of optimal design of plane-stressed perforated plates, operated under conditions of cor-
rosion and material damage, has been posed and solved with account taken of the protective properties of the
anticorrosive coating.

It follows from the results obtained that an increase in the operating temperature of the perforated
plate from 500 to 520 °C (as well as an increase in the load g applied to it, in the corresponding optimal ver-
sions leads to a sharp increase in all the thicknesses of the finite elements and, as a consequence, to an in-
crease in the volume of the plate. This is particularly the case at 7=520 °C and g=120 kN/m, where the vol-
ume of the plate increases several times.

Analyzing the graphs of the dependence of the volume of the perforated plate on temperature
(Fig. 2), we can come to the conclusion that, for the given initial conditions, there is a power-law dependence

of the type V = f (Tk(q)) So, at g=60 kN/m (variant a), the coefficient k(g)<1 and at g=90 kN/m and above

(variants b and c), k(¢)>1, where k(q) is some function depending on the load.

Note that with an increase in the operating temperature of the plate from 500 to 520 °C, the incuba-
tion period 7 (at which the damage to the material can still be ignored) sharply decreases from 0.31 to
0.11 year. As for the time during which the end elements of the perforated plate completely lose their anti-
corrosive coating (D;=0), its value in this case ranges from 1.327 (at 7=500 °C) to 1.358 (at 7=520 °C), that
is, it practically does not change.

In conclusion, it should be noted that the proposed approach to solving the problems of optimal de-
sign of structures operating under conditions of corrosion and material damage can be used to solve similar
problems, using both analytical solutions and numerical methods.
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KommuiekcHuii miaxia npu ontuMizamii miacTUH B MJI0OCKOMY HANPYKeHOMY CTaHi,
1[0 eKCIIYaTYIOThCSl B YMOBaX BUCOKOI TeMIepaTypu

M. M. ®pigman

KpuBopizbkuii Mmetanypriiiauii iHcTUTYT HartionanpHOT MeTalrypriifHoi akaaemii Y kpainu,
50006, Ykpaina, JninpornerpoBcbka 00i1., M. Kpusnii Pir, By:n. Crenana Tinery, 5

bazamo sionosioanvhux eremenmie 6yoisebHUX | MAUWUHOOYOIGHUX KOHCMPYKYIl NIO Yac c8o€l excniyamayii
nepedysaoms 8 CKIAOHUX YMO8ax pobomu (8ucoka memnepamypa, azpecusHe cepedoguwe i m.o.). ¥ ybomy eunaoxy
BOHU MOJICYMb OYMU CXUTLHUMU 00 NOOBIIHO20 egheKmy: KOpo3ii I nowikoOdxcenHss mamepiany. Koposis npuzeooums 0o
3MeHWeHH s nepepizy KOHCMPYKYIi, 6HACTIOOK Y020 6 Hill 30IIbWYIOMbC HANPYICEHHA. Y C8010 Yepay NOWKOONCEHICHb
mamepiany CynposoO0’CYEMbCsL NOSLBOK 8 HbOMY MIKDOMPIWUH | NOPOJICHEY, 8 Pe3yibmami HenpysjicHoi Oegopmayii
(noezyuocmi), wio npu3600UMb 00 NOSIPULEHHS 1020 (DIZUYHUX XAPAKMEPUCMUK (HANPUKIAO MO0V NPYHCHOCMI) T pi3-
KO20 3HUIICEHHS 8CTIUYUH HANPYIHCEHD, 30 AKUX 8I00YBAEMbCs PYUHY8AHHSA KOHCMPYKYIL. Y oaniii cmammi npoooeiceno
00cniodHCeHHs1 8 0OACMI ONMUMATLHO20 NPOEKMYBAHHSL KOHCIPYKYILl, CXUNbHUX 00 NOOGIlIHO20 ehekmy: KOPO3ii i no-
WKOOJICEH ST Mamepiany Ha NPUKAA0l ONMUMI3AYIL NAACMUH 3 OMBOPAMU, WO 3HAXOOAMbCS 8 NIOCKOMY HANPYICEHOMY
cmaHi i 3a3Halomo 6uUCOKoi memnepamypu (6 nOnepeoHix pobomax UKOPUCMAHH MAKO20 NI0X00Y 6Y10 NPOOEeMOHCHI-
POBAHO NpuU ONMUMIZAYI] 32UHAILHUX e/leMeHmMI6 NPSMOKYIMHO20 i 060maspo8o2o nepepizis). Ak pieHsaHHs KOpo3ii eu-
KOPUCMOBYEMbCA MOOUGIiKosana modensb JJOIUHCbKO20, WO 8pAX08YE 6NaUE (000AMKOBUL) 3AXUCHUX 61ACMUBOCTEN
AHMUKOPO3IUHO20 NOKPUMMSL HA KIHeMUKY KOpOo3ii. K KinemuuHe PIGHSHHS, WO ORUCYE 3MIHY NOWKOOICEHH Mamepi-
any, npuiimacmocs mooenv FO. M. Pabommuosa i eusnavaemocsi mpusanicmos iHKyOayiliHo2o nepiody nouamky iouym-
HO20 npoyecy NOWKoONCeHHs mamepiany. /s 00CIONCEHH HANPYICEHO20 CMAHY NIACTUHU BUKOPUCTNOBYEMbCS Me-
Moo cKinyeHHux eiemenmis. Ilpu 3a0anomy KOHMypi NIACMUHYU 3HAXOOUMbCA ONMUMATLHUL PO3NOOLT MOBWUHU CKIH-
YEHHUX eleMeHmi8, HA 5Ki po30Usacmvcs 0aHa naacmuna. Ak obmedcenna 3adaui onmumizayii gucmynac napamemp
HOWKOOIICEH ST Mamepiany naacmuHu. 3anpononosanuii 6 pooomi nioxio modice 6ymu GUKOPUCMAHUL NPU PO38’ A3AHHI
AHANOTYHUX 3A0a4 ONMUMATLHO20 RPOEKMYBAHHI KOHCMPYKYIl, W0 Npayiooms 8 yYMOGax Koposii i nOwKoONceHHs
mamepiany, 3 GUKOPUCIAHHAM 51K AHATIMUYHUX PO36 3K, MAK [ YUCA08UX MemOOi8.

Knrouosi cnosa: kopo3sis, nouKoOdceHicms Mamepiany, onmumizayis.
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