|l =,

Hocnidxnceno eeomempuuni xapaxmepucmuxu 6KJi0-
UeHHS HA JAHUI0NHCOK NOP Y 36aPHOMY B 8 YMOBAX HECU-
Mempuuno0z0 mepmocuiosozo Hasawmaxcenus. JJocnio-
JHCEHA 3ANeHCHICMb 20CMP0O20 KYma 6KAOUEHHS HA PO3-
Kpumms mpiwjun HaexoJo exaouenHs ma y nopi. /Joc-
ai0xcena 3anexncHicmo cnocody Kpinaenns KoHCmMpyxuii
Ha po3Kpumms mpiwun 6 301i nop ma exatouenv. Ha nio-
cmaei memooy KiHyeeux eiemMenmis po3pooaena memoou-
Ka eu3navenns nasawmajxiceno-dedpopmosamnozo cmany y
depexmax muny <nopa> ma <eéxaouenns>. Memoouxa
0036015€ OUIHUMU 6 NPOCMOPT B3AEMHUN 6NIUE 2e0Me-
mpii 6KNI0UEHHS HA 3APO0NCEHHA MA POIKPUMMS MPIUUH
y nopi. Memoouxa 0036025€ 30itbMmumu mepmin excnaya-
mauii 36apHUX W16

Kmouosi caosa: exatouenns, nopa, mpiwuna, degop-
Mauyis, Hanpyza, 3aKpinaeHHs, 36aPHUIL W08, memnepa-
mypHe HABAHMANCEHHS, 2A3068UTL NOMIK
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Hccnedosanvt eeomempuueckue xapaxmepucmuxu
BKIIOUEHUSL HA UENOUKY NOP 8 CEAPHOM UBE 6 YCJOBUSX
HecuMmempuuHou mepmocunoeoi nazpysxu. Hecaedosana
3a6UCUMOCMb OCMPO20 Yela GKIIOUEHUS HA PACKpbimue
mpewun 0xoa0 éxatouenus u 6 nope. Hecnedosana 3aeu-
CUMOCMb Cnocoda KpenaeHus KOHCMPYKuuu Ha pacKpol-
mue mpewun 68 3one nop u eéxarouenui. Ha ocnosanuu
Memooa KOHeuHbIX deMeHmo8 paspadomana memoouxa
onpeoesieHUst HANPAHCEHHO-0ePOPMUPOBAHHO20 COCMOS-
Hus 6 depexmax muna <nopas u <exmouenue”. Memoouxa
no360J15em 6 NPOCMPAHCmEe OUEHUMb B63AUMHOE BJUS-
HUe 2e0Mempuu 6KAIOMEHUS HA 3apojcOeHue U Packpvimue
mpewun 6 nope. Memoouxa no3eonum yeeauuums cCpox
IKCNAYAMAUUY CEAPHBLX WB0E

Katouesvie cosa: exniouenue, nopa, mpewuna, dedop-
Mauus, Hanpaicenue, 3aKpenjieHue, C6ApHOIl W08, memne-
pamypHas Hazpy3Ka, :a308as cmpys
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1. Introduction
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Development of modern technology requires designing
new structures, the work of which is performed under the
action of multiple, asymmetrical force and temperature in-
fluences. The largest effect of loading in such structures is
felt by welded seams, seats of docking of structural elements,
technological holes.

In order to prolong the terms of the work of welded seams
with pores and inclusions, a method is needed, by which one
may identify the main loads that affect crack opening in a
chain of pores and inclusions.

2. Analysis of scientific literature and
the problem statement

In the paper [1] an approach is proposed based on the use
of a method of finite elements for calculation of thermoelas-
tic performance of a structure under symmetrical load, and
related formulation of the problem of thermoelasticity is also
considered. The results [1] allow considering only a working

plane, which decreases due to voids, and defining the assess-
ment of a planar problem, rather than a multi axle one.

The paper [2] proposes performing calculations of exter-
nal incisions for the calculation of thermoelastic behavior of
a structure under symmetrical load and considers associated
statement of the problem of thermoelasticity. Calculation of
the outer incision [2] does not determine behavior of a ma-
terial above and below the pore and inclusion and the result
passes into a planar solution of the problem. In the work [3]
they carried out calculation of external defects to calculate
the performance of a structure under symmetrical load and
low temperatures. Calculation of external defects [3] does
not allow identifying a spatial behavior of a crack. The paper
[4] proposed calculation of uniaxial load of external defects
under symmetrical load and low temperatures. The decision
of a planar problem in [4] does not allow proper discovering
full picture of cracking of pores and inclusions along the
length of the seam and the behavior of the crack (possible
coalescence, not opening). In the paper [5], calculation of
multi axle load of external defects under symmetrical load
and low temperatures was carried out. The results [5] do not
show dependency of temperature and pressure on the spatial




influence of the pores in a welded seam. The work [6] car-
ried out calculation of the multi axle load of the pores under
symmetrical load and high temperatures. The results of the
paper [6] give an assessment of the impact of major stresses
in the pores and inclusions, but not of the influence of shear
and tangential stresses on the development of cracks in the
pores. The papers [7, 8] proposed a solution to associated
problems of thermoelasticity under symmetrical load and
high temperatures. But in these works the issue that is asso-
ciated with asymmetric thermal force load was not tackled.
The work [9] used an approach based on the application of
engineering analysis for the calculation of statically loaded
structures. However, from the given results it is not clear
enough how a welded seam cracks.

The paper [10] introduced an approach based on the re-
sults of the tests and use of engineering analysis for the calcu-
lation of statically loaded structure. This method [10] allows
carrying out a qualitative analysis, rather than numerical,
confirming the efficiency of a weld. In the article we perform
numerical solution of asymmetrically loaded by pressure
and temperature structure according to different mounting
schemes. In the above mentioned works, the object of research
is axle symmetric design solutions, which might be obtained
with a 5 percent error by analytical methods. This paper pres-
ents a welded seam of two plates of different thickness, differ-
ent geometry, one of the plates is weakened by a hole, load on
the plates is caused by not just stretching and compression of
the weld, but by shear with torsion. Not only the assessment of
the average temperature of the plates on the defects is consid-
ered, but also exact distribution of the temperature gradient
by thickness and length of the weld. Obtaining a solution to
such a problem by simple analytical dependencies is difficult.

3. The purpose and objectives of the study

The performed studies set the goal of developing a
method of determining stresses in micro defects (pores and
inclusions) of welded seams of plate structures, subject to a
simultaneous action of temperature and force loadings.

To achieve the set goal, the following tasks were solved:

—to define geometric parameters of inclusions, with
which the results of calculations must be close to those re-
ceived by engineering methods;

— to determine an interval of the optimal number of ele-
ments for prompt obtaining of correct results;

— to create calculation schemes that define the limits of
the use of the finite element method.

4. Method of calculation of stress-strain state of
a structure

We analyze the stress in the micro defects of welded
seams of a plate structure under conditions of non-stationary
temperature and force influences.

Let us consider a plate structure in the form of a duct,
which consists of plates, locally pivotally-supported on the
bottom plate — mounting scheme 1. Pivotally supported on
the edges of the plates — mounting scheme 2. Pinching along
the edges of the plates — mounting scheme 3.

Assume that a process of deformation is not adiabatic
or isothermal, then there is an increase in the temperature
AT=T-T, where T=T(x, t) is the body temperature in the

point x=(x,,X,,X,) in time that is considered, and T,
is the body temperature in the same point in the initial
non-deformed state in the initial time.

With the change in temperature by the value AT=T-T,
in some point x = (X1, Xy, Xg) of the structure, the volume of a
small circle that surrounds this point will change in propor-
tion to AT; in this case thermal deformations occur

StijZO(ij(T*To), i,j=1,2,3, (1)
or, in the matrix entry

{e'h={o}(T-T), @

where 05 is the matrix of coefficients of thermal expansion
(1/degree).

For the case of isotropic body, expansion in all directions
is executed in the same way, therefore, we can write down

o= OLXSU',

where o is the coefficient of thermal expansion, &; is the
Kronecker symbol (;=1 at i=j, §;=0 at i%j).

For the orthotropic body, the coefficients of thermal
expansion can be different on the axles of elastic symmetry,
i. e. there is the equation

()C:(XiXSij,

Full deformation {e} in the point under consideration
equals the total of elastic deformation {€’}, caused by exter-
nal loads, and thermal deformation {e'}, i. e.

{e}= {8/}+ {8‘}.

Here we determine the value of elastic deformation

{e'}={ed-{e}

Thus, the stress in a linear-strain body can be defined by
the Hooke’s law (formula (6) from [10])

O :2H8ij+}“(8kk _YT)SU’ ©

where A, p are the Lamé constants; y is the thermomechani-
cal constant (y=(3A+2p)oy; oy is the coefficient of thermal
expansion; T is the temperature.

These are known ratios of Duhamel-Neumann.

Strain tensor components {€} are expressed by moving
u, (i =12, 3) of the relevant points of the body according to
the Cauchy ratios

€ _1 aui_{_& 4
i ox; 0x; | @

It is necessary to determine stress-strain state of elastic
plate under conditions of temperature and force influence,
that is satisfactory to the equation of motion

2
(k+2u)Aui—(k+u)aix(divu)—va%r—[) aatli'

-F =0,

the equation of thermal conductivity (2), ratios of Du-
hamel-Neumann (3), Cauchy ratios (4), the equations of



consolidation of deformations [10], as well as the initial and
border-state conditions.

The problem was solved by time.

We conduct a comprehensive analysis of the impact
of two pores and the inclusion of a range of diameters of
2.5+3.5 mm, the inclusion has a diameter of 2 mm. The pores
and inclusions are in the welded seam that connects two
plates with a 40 mm thickness each.

Consider different distances between the pores and
inclusions and conduct an evaluation of the magnitude of
acute angle of the inclusion on the development of cracks
in the welded seam. The method allows determining the
effect of micro defects on further opening of the cracks. The
above mentioned implies an ability to forecast the behavior
of micro defects on the overall picture of the strength of the
structure.

To solve the associated task of thermoelasticity, we use
the finite elements method.

Perform approximation of the temperature field (scalar
function) within the finite element

T=F xT, ={F}"{T}, k=1,2,...N, 5)

where N is the number of elements; {F} is the matrix (vector)
of functions of an element form; {T}= (T1,T2,...TN)T are the
temperature values in an element’s modes.

Here and below we use the rule of summation by indices,
which are repeated, that is an expression of the type type a;b;
should be considered as the sum of Za;b;.

Then the expression (1) takes the form

ey =0, xE x(T, = T,,), (6)
or in the matrix entry

{EY={a[{Fy (T} ~{To})], (N

where {To} is the vector of nodular values of the initial field
of temperature.

The system of equilibrium equations of a finite element
of elastic body in the presence of temperature action takes
the form

{Kpx{Ap={f}, ®)

where, as in [5], {K} is the matrix of body rigidity; {A} is the
vector of nodular displacement; {f} is the vector of efforts in
the nodes of elements, which are calculated by the formula
(in the matrix record)

{fy= [ qx{F)dV+ [ px{F}dS+ [ (B}x{D}x{e'}dV. ~ (9)

The last term in (9) is the load in the nodes of elements,
caused by temperatures’ field. The equations of equilibrium
for the whole finite element model of the structure will look
the same.

Thus, the ratios (7)—(9) provide a solution to the prob-
lem of thermal strength at the known distribution of current
and initial temperature of the body. Compared with the
usual calculation (excluding thermal action), in our case it is
necessary to assign additionally the matrices of coefficients
of thermal expansion that are used in the model of materials,
and nodular values of specified temperatures.

3. Source data for carrying out calculation by strength

Consider rectangular plates of the dimensions: plate 1
a=400 c¢m; b=2100 c¢m, thickness h=4 cm, plate 2 a=400 cm;
b=1100 cm, thickness h=3 cm. The material of the plates is
steel 10HSND.

Modulus of elasticity and Poisson’s ratio, accordingly,
equal E=2.1x105kgs/cm?; v=0.3. The density of the material
of the plate equals p,=0.0079 kg/cm?3. The density of the
material of inclusions (tungsten) equals p,=0.01925 kg/cm3.

A basic finite element model of the duct is designed using
three-dimensional elements of a “solids” type.

For the calculation of SSS with the action of internal
pressure and heating, we use a 4-layer model on the plates
with the thickness of 4 cm, a 3-layer — on the plates with the
thickness of 3 cm. On the welded seams we use 3-layer mod-
els, in the location of pores and inclusions we held thickening
of the elements, which consist of 200000-300000 elements.

For defining a stable solution, we used 4 models: mod-
el number one — 200000 elements, model number two —
240000 elements, model number three — 280000 elements,
model number four — 300000 elements. A finite-element grid
is depicted in Fig. 1.

Fig. 1. Finite-element body grid

Calculation is performed by the temperature load and
pressure on the lateral surfaces.

Consider the range of temperatures from 135-170 °C in
the welded seam. The pressure on the lateral surfaces is ad-
opted equal to Py=1,6 kgs/cm?and P»=-0,5 kgs/cm?.

Fig. 2 shows features of the mounting scheme 1.

local hinge leaning

Fig. 2. Mounting scheme 1



Fig. 3 shows features of the mounting scheme 2.

hinge leaning on the edges of plates

Fig. 3. Mounting scheme 2

Fig. 4 shows features of the mounting scheme 3.

clamping along the ribs of the plates

Fig. 4. Mounting scheme 3

Location of the pores and inclusions in the welded seam
is shown in Fig. 5.
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Fig. 5. Chain of pores and inclusions in the welded seam

6. Results of calculations of maximal stress in
the welded seam

The initial data and the results of the calculation are shown
in Table 1 for the pores with diameter of 2.5 mm, a-acute angle
of inclusion, which equals 45° and the mounting scheme 1.

Table

—_

Initial data and the results of the calculation for the pores
with diameter of 2.5 mm

Lom | eC | o S | e

0,875 159 3280 3350 3500
1,75 152 3300 3320 3400

2,625 148 3300 3300 3350
3,5 146 3300 3300 3300

Note: o0 is the maximal tension in the node of a pore with max-
imal temperature; Goq.° is the maximal tension in the node of in-
clusion with maximal temperature; Gy o, is the minimal acceptable
tension in the welded seam (on the border of proportionality); L is
the distance between a pore and inclusion

The initial data and the results of the calculation are
shown in Table 2 for the pores with diameter of 2.5 mm,
a-acute angle of inclusion, which equals 45° and the mount-
ing scheme 2.

Table 2

Initial data and the results of the calculation for the pores
with diameter of 2.5 mm

Lom | Tee |2 T | et

0875 159 5280 3350 3560
175 152 3300 3320 3440

2,625 148 3300 3300 3390
35 146 3300 3300 3330

Note: Gu40' is the maximal tension in the node of a pore with a
maximal temperature; (Seqz,z is the maximal tension in the node of
inclusion with a maximal temperature; Gy o, is the minimal accept-
able tension in the welded seam (on the border of proportionality);
L is the distance between a pore and inclusion

The initial data and the results of the calculation are shown
in Table 3 for the pores with diameter of 2.5 mm, a-acute angle
of inclusion, which equals 45° and the mounting scheme 3.

Table 3

Initial data and the results of the calculation for the pores
with diameter of 2.5 mm

Lom | ee | o S | e

0,875 159 3280 3400 3600
1,75 152 3300 3370 3550

2,625 148 3300 3330 3470
3,5 146 3300 3310 3390

Note: .4, is the maximal tension in the node of a pore with a maxi-
mal temperature; G.,,° is the maximal tension in the node of inclusion
with a maximal temperature; Gy, is the minimal acceptable tension in
the welded seam (on the border of proportionality); L is the distance
between a pore and inclusion

The initial data and the results of the calculation are
shown in Table 4 for the pores with diameter of 3.0 mm,
a-acute angle of inclusion, which equals 30° and the mount-
ing scheme 1.



Table 4
Initial data and the results of the calculation for the pores
with diameter of 3.0 mm

1 2

L, mm TC | gem? | keoem? | keotem?
0875 159 3280 3380 3580
1,75 152 3300 3340 3450
2625 148 3300 3310 3400
35 146 3300 3300 3330

Note: oeqz/ is the maximal tension in the node of a pore with maximal
temperature; G,,,° is the maximal tension in the node of inclusion
with maximal temperature; Gy o, is the minimal acceptable tension in
the welded seam (on the border of proportionality); L is the distance
between a pore and inclusion

The initial data and the results of the calculation are
shown in Table 5 for the pores with diameter of 3.0 mm,
a-acute angle of inclusion, which equals 30° and the mount-
ing scheme 2.

Table 5

Initial data and the results of the calculation for the pores
with diameter of 3.0 mm

1 2

L, mm TC | et | kgsrem? | kesrem?
0875 159 3280 3450 3660
1,75 152 3300 3400 3580
2,625 148 3300 3370 3490
35 146 3300 3320 3400

Note: 6oy is the maximal tension in the node of a pore with maximal
temperature; Gg,ﬂ,? is the maximal tension in the node of inclusion
with maximal temperature; Gy, is the minimal acceptable tension in
the welded seam (on the border of proportionality); L is the distance
between a pore and inclusion

The initial data and the results of the calculation are
shown in Table 6 for the pores with diameter of 3.0 mm,
a-acute angle of inclusion, which equals 30° and the mount-
ing scheme 3.

Table 6

Initial data and the results of the calculation for the pores
with diameter of 3.0 mm

1 2

L, mm TC | aom? | kgeem? | keeem?
0875 159 3280 3530 3750
1,75 152 3300 3480 3680
2,625 148 3300 3400 3590
35 146 3300 3370 3450

Note: 6,40 is the maximal tension in the node of a pore with maximal
temperature; Goq,° is the maximal tension in the node of inclusion
with maximal temperature; 6,5, is the minimal acceptable tension in
the welded seam (on the border of proportionality); L is the distance
between a pore and inclusion

Analysis of the results of the calculation by Tables 1-6
displayed:

— alocal mounting of the structure will not lead to rapid
cracking of a welded seam;

— hinging mounting of the structure will reduce the op-
eration life of the structure;

— clamping of the basis of the structure will lead to the
premature destruction of the welded seam.

7. Discussion of the results of the research

A finite elements method allows assessing not only the
compression and extension of a construction, but also the shift
and torsion at asymmetric thermo force loading. We have de-
termined that with the initial data that are examined, the shift
provides no great influence on the development of cracks. The
cracks develop under the influence of loads of extension, which
is a positive quality of the method.

To construct a model that describes the physics of the re-
search process, one needs a lot of time for manual building of
the elements of a “solids” type. The realization of correct weld
takes a lot of time and is a disadvantage of the specified method.

Maximal loads in four models with different number of
elements in the welded seam vary 6.q,'=3600-3602 kgs/cm?.

The calculation of the model 1 takes two hours. The
calculation of the model 2 lasts 3 hours, and the calculation
of model 3 lasts 3 hours and 30 minutes, the calculation of
model 4 takes 4 hours.

Presented research is a continuation of the development of
a method for determining stresses and deformations in welded
seams under the influence of asymmetrical thermal force load-
ing from [12].

8. Conclusions

Based on the obtained results when performing the pro-
posed calculations, we can make the following conclusions:

1. In the distance between the pore and the inclusion of
L=0.875 mm at a pore diameter of 3.0 mm and the inclusion
that has a diameter of 2 mm, there are preconditions for the
opening of the crack from the inclusion to the pore for the
mounting scheme 3.

2. Based on the fact that the difference in loads is less
than 0.1 per cent, then the optimal number of elements for the
calculation of the loaded state of the body is 200000 elements.

3. The most appropriate to the analytical calculations
is the calculation scheme number three, the distinguishing
feature of which is the absence of displacements and angles
of turning underlying the structure. The results of numerical
method in comparison with analytical method do not extend
beyond a 3 percent error.

4. In the pore with diameter of 3.0 mm, which is exposed
to the maximal temperature, the tension exceeds the adopt-
ed 0.q,'=3600 kgs/cm?. In the nodes around the inclusion,
the process of opening of the cracks will occur.

5.1t should be noted that of all considered calculation
schemes, the most dangerous for a weld is the mounting scheme
3. The mounting scheme 3 leads to greater stresses under the ac-
tion of thermo force loading in welded seams. With the mount-
ing schemes 1 and 2, the set-up has more degrees of freedom
due to which the tension is less than in the estimated scheme 3.

Special features of the research include identifying of
different stresses by time, by the depth of the plates, by the
length of the plates and welded seams.

In future we will consider the assessment of fatigue of
a weld taking into account changes in physical-mechanical
properties of the material around the inclusion and of the
material of the inclusion itself.
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