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Abstract. Modern production of agricultural equipment and facilities, hulls of ships, stationary oil drilling platforms,
wind energy installations and other metal structures makes extensive use of sheet steel of increased strength. The
main manufacturing process is welding, the quality of which depends on multiple factors, including the ability of
steel to resist welding. It is known that the properties of the thermal influence zone are highly dependent on phase
transformations, the nature of which is determined by the intensity and development of diffusion processes of carbon
redistribution and alloying elements under the impact of the welding thermal cycle. Therefore, it is necessary to
evaluate the weldability of the steel of a certain chemical composition, in order to choose the optimal method and
the technological parameters of the welding mode for the manufacture of a specific metal structure. In order to reduce
material costs, you can use analytical calculation methods that were developed at the E.O. Paton Electric Welding
Institute. They are based on the analysis of the literature and the study of about 150 diagrams of the thermokinetic
decomposition of austenite. Mathematical models make it possible to predict with a sufficient degree of accuracy
the phase composition and mechanical properties of the high-temperature thermal influence zone depending on the
chemical composition and cooling time of the metal, heated to a maximum temperature of 1350°C, in the temperature
range 850-500°C. However, such tests are quite expensive and do not allow optimization of weld properties when
the welding mode, mode, welding materials and other underlying technological factors change. In this connection,
the objective was to assess the reliability of the proposed methodology in the study of weldability of shipbuilding
steel of the increased strength of the category E36, for the weakest T(transverse) — the orientation of the sheet of
50 mm thickness. A high performance of the steel category is achieved by a limited increase in the aluminium content
or other grain-crushing elements (Nb, V, Ti), which ensures that the size of the austenitic grain is not greater than
the fifth point. The research showed that analytical methods for calculating the mechanical characteristics of high
temperature HAZ sites by chemical composition, taking into account the cooling rate after welding, provide a level of
confidence sufficient for practical application and can be recommended for the primary evaluation of the properties
of welded compounds of high-thickness steel plates of category E36 (T-orientation). The impact work (KV-40) of the
high-temperature sections of the high-temperature thermal influence zone is not subject to an analytical evaluation
with the degree of accuracy required for production practice

Keywords: steel of category E36, analytical calculation methods in welding, complex mechanical tests, mechanical
characteristics, impact viscosity, steel hardness

INTRODUCTION

Modern production of agricultural equipment and facili-
ties, hulls of ships, stationary oil drilling platforms, wind
energy installations and other metal structures makes
extensive use of sheet steel of increased strength. The
main manufacturing process is welding, the quality of
which depends on multiple factors, including the ability
of steel to resist welding. It is known that the properties
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of the thermal influence zone are highly dependent on
phase transformations, The nature of which is deter-
mined by the intensity and degree of development of
diffusion processes of carbon redistribution and alloy-
ing elements under the impact of the welding thermal
cycle [2; 3; 5; 16-20]. Naturally, the concentration of
alloying elements and cooling rates have a significant
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impact on the diffusion mobility of carbon. Therefore, it
is necessary to evaluate the weldability of the steel of
a certain chemical composition, in order to choose the
optimal method and the technological parameters of the
welding mode for the manufacture of a specific metal
structure.

In practice, as a rule, the development of a certain
welding technology is carried out in accordance with the
requirements of the 1ISO 15609 - ISO 15614 series of
international standards [23; 24], which allows to record
the properties of welds with a high degree of confidence.
In order to reduce material costs, it is possible to use
the analytical methods of calculation developed in the
E.O. Paton Electric Welding Institute (PWI), based on the
analysis of literary data and the study of about 150 ther-
mocynthetic decay diagrams of austenite. Mathematical
models (see formulas 1-4) allow to predict with a suf-
ficient degree of accuracy the phase composition and
mechanical properties of the high-temperature heat-af-
fected zone (HAZ) depending on the chemical composi-
tion and cooling time of the metal, heated to a maximum
temperature of 1350°C, within a temperature range of
850-500°C[1-3]:

Vickers hardness number (with correlation coeffi-
cient of R=0.95) [1-3] (1):

HV=M(309+494C+622C*+17.7Mn)+B(234+122C)+
+[F+P](98+275C+15.4Mn) 1)

where F, P, B and M are quantities of ferrite, pearlite,
bainite and martensite. Ultimate tensile strength (with
correlation coefficient of R=0.91) (2):

o, (MPa)=M(798+3215C)+B(590+960C+39.7Mn+
+200V)+[F+P](297+1360C+60Mn+140V)  (2)

Yield strength (with correlation coefficient of R=0.90) (3):

o,,(MPa)=M(662+1610C)+B(500+460C-120C*+
+150V)+[F+P](187+925C+47Mn+90V) (3)

Impact toughness of specimens (4):

KCV(T)=(KCV, ~KCV )®(u)+KCV, )

where KCV is the minimum value of impact toughness
at low temperatures (0.01...0.02KCV _ ); ®(u) - normal

ax’

distribution function (®(u)=0.5(1+erf(u/v2)) (5):

In(KCV, ) (M]/m?)=1.29-3.85C~0.181Si-0.204Cr-
-1.04Mo-0.328Ni-1.51V-1.67Ti-1.60Nb-0.285W+
+0.160C0-2.497r-2.625-5.84P-15.8N-10.70-
~1.19C-Mn+0.052Mn-Cr-0.104Si-Cr+0.062Cr-Mo+
+0.581CNi-6.51C?+0.038Cr*-0.030Mo?*~
~0.229V?+(0.028+0.954C-0.048Cr+0.356 Mo+
+0.455V+0.077Ni)-In, (R=0.93) (5)

They can be used for steels containing not more
than (% by mass 0.4C; 2Mn; 0.8Si; 2Cr; 1Mo; 1.5Ni; 0.3V;
0.06Ti; 0.06AL; 0.1Nb; 0.5W; 0.5Cu, in thermal cycles
that provide a cooling time t within a specified tem-
perature range of 5 to 200 s. It is also possible to deter-
mine the properties of a molded metal.
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The most reliable way of assessing the weldability
of sheet metal is the comprehensive testing of welded
welds according to the requirements of the Qualifica-
tion Societies Regulations (Lloyd's Register (LR), Bureau
Veritas (BV), Det Norske Veritas (DNV), Germanischer
Lloyd (GL), American Bureau of Shipping (ABS), Ship-
ping Register of Ukraine (SRU)) [14]. However, such tests
are quite expensive and do not allow optimization of
weld properties when the welding mode, mode, welding
materials and other underlying technological factors
change. In this connection, the objective was to assess
the reliability of the proposed methodology in the study
of weldability of shipbuilding steel of the increased
strength of the category E36, for the weakest T(trans-
verse) - the orientation of the sheet of 50 mm thick-
ness. The regulated requirements of the Qualification
Societies Regulations for the mechanical performance
of the specified thickness rolling stock are at the fol-
lowing level (T-orientation time resistance Rm=490-
620 MPa,yield strength ReH 355 MPa, elongation A21%,
impact operation KV-20 24 J, hardness HV 350 Unit. A
high performance of the steel category is achieved by
a limited increase in the aluminium content or other
grain-crushing elements (Nb, V, Ti), which ensures that
the size of the austenitic grain is not greater than the
fifth point. In addition, it is known that impact viscosity
is a structurally sensitive characteristic and depends
on the state of the grain boundary, the morphology of
structural constituents including micro excretion (car-
bides, nitrides, MAC phase), chemical and structural mi-
croheterogeneity, content of impurities and dissolved
gases whose permissible concentration, including nitro-
gen, is not always regulated by the DA Regulations [5;
22-25].

The purpose of this paper was to assess the validity
of the proposed the analytical methods of calculation in
the study of weldability of shipbuilding steel of the in-
creased strength of category E36,for the weakest T (trans-
verse) — the orientation of sheets of 50 mm thickness.

MATERIALS AND METHODS

Blanks of 50 mm thickness sheet metal (% by mass) were
selected as the main metal as follows: 0.11C; 1.56Mn;
0.23Si; 0.003S; 0.010P; <0.005As; 0.03Cr; 0.02Ni;
0.03Cu; <0.005Ti; 0.025AL; 0.033Nb; 0.007N; <0.065V;
<0.005Mo; <0.0005B; 0.0015Sn; <0.001Sb. The chem-
ical composition and mechanical characteristics of the
selected blanks were fully compliant with the require-
ments of the DA Regulation for steel of category E36, as
confirmed by the standard set of mechanical tests [14].

Analytical evaluation of the properties of metal
HAZ (R , R, KV, HV), depending on a given chemical
composition and duration of metal cooling from a max-
imum heating temperature of 1350°C, in a tempera-
ture range of 850-500°C, using a dependency of 1-4.
The pre-heating requirement for a thickness of 50 mm
was taken into account. The calculated heating tem-
perature was ~150°C.
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Test specimen welding was performed automat-
ically under the flux, a continuous cross-section wire
(121 welding code) on the calculated linear energy
HI=2.5 ki/mm (/=550 A; U32 V; v=6.67 mm/s; n=0.95)
and HI=4.2 kl/mm (1=800 A; U=36 V; v=6.57 mm/s;
1= 0.95) with the use of welding wire OK Autrod 12.20
(S), 4 mm and flux OK Flux 10.71, SA AB 1 67 AC H5
(EN 760) vacuum packaging. The pre-heating was in
both cases up to a design temperature of ~150°C.The in-
tergrading temperature was controlled at <200°C. After
each welding, the welding direction was reversed. The
ambient temperature during welding was +21 cc, rela-
tive humidity ~68%, atmospheric pressure ~1.013 10° Pa.

In order to assess the impact of the actual ther-
mal welding cycle on the properties of the metal T of
the given chemical composition, standard reference
samples were welded in accordance with the require-
ments of DNV GL [21]. Size of welded plates: 50 mm
thick; 200 mm wide; 2000 mm long. Type of weld con-
nection: 2.5.5 1SO 9692-2 [25]. Welding was carried out
in parallel to rolling the sheet to provide tenderloins

for tensile and impact tests in the transverse direction
of rolling (T-orientation).

After welding, the welds were stretched and im-
pacted. The tensile tests were carried out on cylindrical
samples with a diameter of 14 mm with a linear base
of five diameters.

Hardness measurements for different weld joints
were performed using the Wickers method (HV10).

In order to determine the impact viscosity of the
metal HAZ, we have carried out comprehensive impact
bending tests in different areas of test welds (T-orien-
tation of rolled sheeting). Five sets of standard samples
(consisting of 3 samples with a V-cut for the Sharpe im-
pact bend test) were tested for each weld joint. The inci-
sion was located along the metal of the seam, along the
mold line and 2.5 and 20 mm from the mold line. The
samples were cut from the straight edge of the weld.

RESULTS AND DISCUSSION

The results of calculations according to the above for-
mulas 1-4 are presented in graphs in Fig. 1 (a. b).
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Figure 1. Relationship of the properties of the experimental steel metal HAZ to cooling time in the range 850... 500°C
(1-HI=2.5 ki/mm; 2-HI=4.2 kl/mm): a) HV hardness and operation of KV-40; b) time resistance, MPA and yield stress

The macrostructure of the investigated welded
joints is shown Figure 1, 2. In all cases, the metallo-
graphic analysis confirmed the formation of the flat
metal with a smooth interface with the base metal.

Macro-rodefects such as unproves, cracks, slags, pores
and similar have not been found. The geometrical di-
mensions of the weld were in accordance with the
welding procedure [8-13].

b)

Figure 2. Macro-structure of welded joints of steel of category E36: a) HI=2.5 ki/mm; b) HI=4.2 ki/mm (x1.5)
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The results of tensile tests performed on cylin-
drical samples are presented in Table 1. Given the fact
that the cylindrical tensile samples included parts of
metal with different properties (ABS, base metal, seam
metal), the only valid value is the temporal resistance
of the base metal, as it is the cause of destruction in

all cases. The analysis of the results showed that the
properties of welded joints fully met the qualification
requirements of the DA Regulation for steel of category
E36 (T-orientation) [14] (Table 1).

The results of hardness measurements of the
investigated welded joints are shown in Figure 3.

Table 1. Results of tensile tests (d=14 mm)*

Steel category
(static energy)
E36 507
(HI=2.5 kI/mm) 500
E36 510
(HI=4.2 kJ/mm) 512

355 236 72.0
362 257 77.8
369 24.7 70.5
367 243 72.8

Note: * - the tensile tests were carried out on cylindrical samples with a diameter of 14 mm with a linear base

of five diameters
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Figure 3. Hardness distribution (HV10) in welded compounds E36 steel category: a) HI=2.5 ki/mm; b) HI=4.2 ki/mm

Analysis of the hardness measurements showed
that the HAZ of welds hardened the base metal and
a good correlation of hardness with the thickness of
the rolled metal. Increasing the torque energy of weld-
ing from 2.5 kJ/mm to 4.2 kJ/mm slightly equalizes the
hardness of the metal HAZ. A comparison of the calcu-
lated and actual hardness of the HAZ in the heating of
the main metal above 1350°C (the main metal adjacent
to the molding line) shows that there is a fairly high
degree of coincidence. For example, for welded 2.5 kl/mm
welded linear energy, the design hardness of the metal
HAZ is 230 HV (see Fig.1,a). The average effective hard-
ness for a HAZ welded compound is 210 HV (see Fig. 3, a).
In this case, the calculation error is +8.7%. For weld-
ing stroke energy 4.2 kl/mm, the design hardness of
the metal ABS is 224 HYV. (see Fig. 1, a) and the average
effective hardness of the HAZ is 216 HV (see Fig. 3, b).
The calculation error is +3.6%. Therefore, the calculated
and actual results of the metal hardness measurements
of the high-temperature HAZ of E36 welds are fairly
well harmonized and confirm the adequacy of the mod-
el (Eq. 1). It is not possible to determine the strength
characteristics of the high-temperature sections of OT
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of welded compounds in practice due to their small
length. However, by using known dependencies, they
can be estimated with reasonable confidence. This as-
sessment is well in line with the requirements of the
international standard ISO 18265, which establishes
the tensile strength relationship between Vickers, Bri-
nell and Rockwell [15]. In this context, knowing the ac-
tual hardness indicators, it is possible to approximate
the properties of the different welded compound sites.
Experiment has shown that satisfactory error is also
achieved. For example, the minimum hardness value
of the base metal E36 for welded welding energy of
2.5 ki/mm is 170 HV (see Fig. 3, a), which corresponds to
a strength Llimit of ~545 MPa. Actual value of 500 MPa
(cf. table 1). In this case, the theoretical error does not
exceed +9%. For welding strokes of 4.2 kl/mm, the
minimum hardness of the base metal is 170 HV (see
Fig. 3, b), which corresponds to a strength of ~545 MPa.
Actual value 510 MPa (Table 1). In this case, the de-
termination of the hardness limit of a metal does not
exceed +7%.

By reasoning in this way it is possible to deter-
mine the strength of the metal of the high-temperature



section of HAZ in terms of its hardness. For example, the
mean hardness of the high-temperature HAZ. for welding
energy of 2.5 kI/mm is 210 HV (see Fig. 3, a), which corre-
sponds to the strength limit of 675 MPa and is well in line
with the design value of 770 MPa (see Fig. 1, b). The error
is +12 per cent. For welding stroke energy of 4.2 kJ/mm,
the mean hardness of the metal of the high-temperature
segment of the ABS was 216 HV (see Fig. 3, b), which cor-
responds to the strength limit of 695 MPa and is well in
line with the design value of 700 MPa (see Fig. 1, b). The
error is less than 1%, which confirms the adequacy of the
mathematical model (Eq. 2) with this degree of correlation.

Thus, knowing the exact chemical composition of
steel, it is possible, using the given dependencies, Perform
a primary assessment of the strength of the metal of the
high-temperature sections of steel, depending on the
cooling conditions of the weld joint during welding, with a
sufficiently high degree of accuracy for practical purposes.

The plasticity of a metal HAZ and especially its im-
pact viscosity depends not only on macro-indicators such

Kostin et al.

as chemical composition, method of manufacture and
thickness of the roller, cooling conditions during welding,
structural state of the metal, Tenderloin directions, cut
shape and test temperature conditions for the samples.
Structural and chemical micro heterogeneity of the met-
al, quantity and morphology of non-metallic inclusions,
purity of the grain boundary, concentration of dissolved
gases and other multiple factors are also decisive, which
are not included in the known regression models esti-
mates of the impact viscosity (impact) of the metal of the
high-temperature HAZ sites. This significantly reduces
the reliability of the calculations. Correlation coefficients
generally do not exceed 0.75 [3; 18; 19]. In this context,
most authors simulate the impact strength of high-tem-
perature HAZ areas for samples with a circular cut at
room temperature. However, it is the evaluation of impact
viscosity values for samples with a V-cut at negative tem-
peratures that is of practical importance [3; 21].

The distribution of average impact work in the
different zones of test welds is shown in Fig. 4 (3, b).
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Figure 4. Average impact in different welded joint areas (T-orientation): a)HI=2.5 ki/mm; b) HI=4.2 kl/mm

The analysis of the results showed that the mini-
mum impact values in all cases exceeded the regulated
value for E36 KVT ,, 24 ] steel. However, there is signifi-
cant anisotropy of properties in different welded areas.
In addition, the range of actual impact values within the
range of up to 25% in the high-temperature HAZ location
of interest is variable, which makes accurate prediction
problematic and once again confirms the low stability of
the performance of the metal impact HAZ for the thick-
ness of E36 steel (T-orientation). The greatest variation,
however, is found at metal sites 2-5 mm from the mold-
ing line, probably due to the formation of the most un-
stable structure in this area with the maximum negative
influence of the gases dissolved in the metal [4].

The estimated impact strength of high-tempera-
ture HAZ metal for sharp-cut samples and test tem-
perature -40°C is KV =32 J, for weld weld energy of
2.5 kl/mm and KV _, =38 J, for weld energy of 4.2 kl/mm
(see Fig. 1, a) which differs significantly from the real
figures (see Fig.4). In this context, the regression model
for the calculation of the metal impact viscosity of the

high temperature sections of the HAZ (Formula 4) by
chemical composition, taking into account the cooling
conditions of the weld, Does not provide a satisfactory
correlation between design and actual data and cannot
be recommended for practical application for the eval-
uation of properties of metal HAZ welded compounds
of high-thickness steel of category E36 (T-orientation).

Thus, in practical terms, existing mathematical
models for the evaluation of mechanical performance
(R, R,, and HV) to optimize weld compound proper-
ties and reduce related material costs HAZ metals can
be used in the development of welding processes for
E36-grade thick-steel steel structures. The operation of
the impact (KVT ) is mandatory.

CONCLUSIONS

1. Analytical methods for calculating the mechanical
characteristics of high-temperature HAZ sites (R , R_,
and HV) for chemical composition, taking into account
the cooling rate after welding, Provide a level of con-
fidence sufficient for practical application and can be
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recommended for the primary evaluation of the proper-
ties of welded compounds of high-thickness steel plates
of category E36 (T-orientation).

2.The minimum values of impact work in all cases
exceed the regulated indicator for steel of category
E36 - KVT 224 ). There is a significant anisotropy of
properties in different zones of welded joints. In the
high-temperature section of the HAZ, in both cases,
the range of actual values of the impact work has a
deviation of up to 25%, which makes accurate prediction
problematic and once again confirms the low stability of
the impact work of the HAZ metal for thick rolled steel
of E36 category (T-orientation). At the same time, the

greatest spread of values is typical for metal sections
at a distance of 2-5 mm from the fusion line, which
is probably due to the formation of the most unstable
structure in this area with the maximum negative effect
of gases dissolved in the metal.

3. Impact work (KV ) of high-temperature sec-
tions of the HAZ is not subject to analytical assess-
ment, with the degree of accuracy required for indus-
trial practice. For further application of the analytical
evaluation, it is necessary to conduct studies of the
effects of gases on the impact work. And also to make
the necessary corrections of the coefficients in the an-
alytical formulas.
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KoMnnekcHa ouiHKa 3BaploBaHOCTI cTani NiaBULLEHOI NPYXXHOCTI

Onekcangp Muxaiinoeuu Kocrint, Bonoaumup Onekcanaposuy MapTUHEHKO?,
Jlapuca BonoaumupisHa BaxoHiHa?

'HauioHanbHUit yHiBepcuTeT KopabnebyayBaHHS iMeHi AoMipana MakapoBa
54025, npocn. lepois CraniHrpaga, 9, M. Mukonais, YkpaiHa

MuKONaiBCbKMIA HALLIOHANIbHUIA arpapHUii yHiBepcuTeT
54008, Byn. leopria loHragse, 9, M. Mukonais, YkpaiHa

AHoTauig. CyyacHe BUpOOHMLTBO CilbCbKOrOCNOAAPCbKOI TEXHIKM Ta 061aAHAHHS, KOPNYCiB CYAEH, CTaLiOHapHUX
HadToBMX BypoBMX NNaTHOpPM, BITPOEHEPreTUYHUX YCTAHOBOK Ta iHLIMX METANIOKOHCTPYKLiM LUMPOKO BUKOPUCTOBYE
NINCTOBY CTasb MiABULLEHOT MiLHOCTI. OCHOBHUMM BUPOOHWMYMM MPOLLECOM € 3BAPKOBAHHSA, AKICTb SIKOTO 3anexuTb
Bif 6araTbox (akTopiB, y TOMY UMCAi Bif, 34aTHOCTI CTafi MPOTUCTONATM 3BApPHOBAHHI0. BifoMoO, L0 BNACTUBOCTI 30HM
TEPMIYHOrO BM/IMBY 3HAYHOKO MipOIO 3a1eXaTb Bif, Ga30BMX NEPETBOPEHb,XapaKTEP SKUX BUSHAYAETLCS IHTEHCUBHICTIO
Ta pO3BMTKOM AUDY3iMHMX NpOLECiB Nepepo3noainy Byreuto Ta Neryoumnx efNemMeHTiB Mig BNIMBOM 3BaptoBasibHOMO
Tepmoumkny. ToMy He0bXiAHO OLiHWTY 3BaptOBaHICTb CTasi MEBHOMO XiMiYHOrO CKNagy, Wob BMOGpaTH oNTUMaNnbHUIA
Cnoci6 i TeXHONOTiYHI NapaMeTpu pexxmMMy 3BaproBaHHS A1 BUTOTOBEHHS KOHKPETHOI METANIOKOHCTPYKLi. 3 MeTO
3HWXKEHHS MaTepiafbHUX BUTPAT MOXHA BMKOPUCTOBYBATM aHaNITUYHI METOAM PO3PaxyHKy, sKi 6ynu po3pobneHi
B IHCTUTYTI enekTpo3BaptoBaHHs iM. E.O. MNaToHa. BoHM 6a3yroTbcs Ha aHanisi nitepatypu Ta BMBYEHHI 6M3bKO
150 piarpaM TepMOKiHETMYHOro po3nafy aycTeHiTy. MaTemMaTuMuHi Mofeni A03BONSTb 3 AOCTAaTHbOK TOYHICTHO
NporHo3yBati Ga3oBMii CKNAA i MEXaHIYHI BNAaCTMBOCTI BUCOKOTEMNEPATYPHOT 30HM TEPMIYHOTO BM/IMBY B 3a/1€XKHOCTI
Bif, XiMIYHOrO CKNafy i 4acy OXONOMKEHHS MeTasy, HarpiToro 4o MakcumanbHoi Temnepatypu 1350 °C., B pianasoHi
Temnepatyp 850-500°C. OgHak Taki BUNpobyBaHHSA € LOCUTb [OPOTMMM | HE [LO3BONAKOTb ONTUMI3yBaTW BNACTUBOCTI
3BapHOro LWBa Mpu 3MiHi peXuMy 3BaplOBaHHS, 3BaplOBa/ibHUX MaTepianiB Ta iHWMX OCHOBHUX TEXHOMOFIYHUX
dakTopiB. Y 383Ky 3 LMM CTaBMIOCS 3aBAAHHSA OLIHWMTM HAAIMHICTb 3aNpONOHOBAHOI METOAMKM NPU AOCAIAXKEHHI
3BaplOBAHOCTI CyaHOBYAIBHOI CTani NiABMLLEHOI MiLHOCTI kaTeropii E36, ans Havicnabworo T (nonepeyHoro) — opieHTaLii
nucta ToBLMHOK 50 MM. BUCOKI MOKA3HUKKM KaTeropii ctani 4ocaratoTbCsl 06MeXXeHUM 30ibLEeHHSM BMICTY altOMiHit0
abo iHwux enemeHTiB (Nb, V, Ti), wWo 3ab6e3neyye po3mip ayCTEHITHOrO 3epHa He Binble m'aToro 6ana. [locnigkeHHs
MOKa3sanw, Wo aHaniTMYHi METOAU PO3PAXYHKY MEXAHIYHUX XapaKTEPUCTUK BUCOKOTEMNEPATYPHUX AinsHOK 3TB 3a
XiMIYHUM CKNafOM 3 ypaxyBaHHSM LUBMAKOCTI OXONOMXKEHHS MiCNs 3BaploBaHHA 3abe3neuyloTb AOCTATHIM A4
MPaKTUYHOIO 3aCTOCYBaHHSA PiBEHb LLOCTOBIPHOCTI Ta MOXYTb OYTW peKOMEHLOBaHI A1 MEPBUHHOI OLiHKM BNACTUBOCTEN
3BAPHUX 3€LHAHb, IUCTIB BEMKOI TOBLLMHM 3i cTani kaTeropii E36 (T-noaibHa opieHTauis). YoapHa pobota (KV-40)
BMCOKOTEMMEPATYPHMUX 30H TEPMIYHOIO BMIMBY HE NiANArA€ aHANITUYHIN OLiHLI 3 HEOOXiAHMM ANS BUPOOHUYOI
MPAKTUKKM CTyNeHeM TOYHOCTI

KntouoBi cnoBa: ctanb Kateropii E36, ouiHKa 3BaptoBaHOCTI, aHaNiTUYHI METOAM PpO3PaxXyHKY B 3BapOBaHHI, KOMMIEKCHI
MeXaHiyHi BUNpoOYBaHHS, MeXaHI4YHI BNAaCTMBOCTI, yAapHa BA3KiCTb, TBEPAICTb CTaNi
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