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RESUMO

Atualmente, a tecnologia de impressao tridimensional esta se desenvolvendo rapidamente. Isso se deve
a necessidade de criar produtos de formas complexas, cuja producéo pelos métodos padréo existentes € muito
trabalhosa e desvantajosa e, as vezes, tecnicamente impossivel. O objetivo do estudo é estudar o problema da
estabilidade de temperatura de uma estrutura cilindrica de paredes finas sob exposi¢cao térmica local nao
estacionaria, simulando o movimento de um ponto de feixe de laser ao longo de uma das extremidades. Para
resolver o problema, foi utilizado o método dos elementos finitos. Como as areas geométricas do calculo foram
parametrizadas, para cada conjunto de parametros, sua prépria malha de elementos finitos foi usada para todos
os tipos de analise. Foi construido um modelo de elemento finito espacial paramétrico de um invélucro cilindrico
preso ao longo da extremidade inferior. O fluxo de calor em movimento local atua no lado oposto, simulando o
movimento do feixe de laser durante a formagao aditiva do elemento de parede fina. Sdo obtidas as solugdes
numeéricas do problema de condugéao de calor dindmico nao estacionario, dependéncias de temperatura espago-
temporais e solugbes do problema quase-estatico da perda da estabilidade local e completa do estado de
equilibrio do cilindro em varios instantes de tempo devido a ocorréncia de tensdes compressivas locais durante
aquecimento intenso. Sao obtidas as dependéncias da poténcia critica do fluxo de calor correspondentes a perda
de estabilidade na espessura da parede do cilindro e sua altura. Os resultados acima podem ser usados como
parametros de calibragdo do processo de criagcao de estruturas de paredes finas, usando as tecnologias aditivas
da classe Laser Melting para produtos que exigem requisitos maiores de precisdo de fabricagao.

Palavras-chave: tecnologias aditivas, capacidade de carga, corpos em crescimento, modelagem completa,
temperatura de alto gradiente.

ABSTRACT

Presently, three-dimensional printing technology is developing rapidly. This happens due to the need to
create products of complex shape, the production of which by existing standard methods is very difficult and
disadvantageous, and sometimes technically impossible. The study aims to investigate the problem of
temperature stability of a thin-walled cylindrical structure under unsteady local thermal exposure, simulating the
motion of a laser beam spot along one of the ends. To solve the problem, the finite element method was used.
Since the geometric areas of calculation were parameterized, then for each set of parameters, its own finite
element mesh was used for each type of analysis. A parametric spatial finite element model of cylindrical shell
pinched at the bottom end was constructed. The local moving heat flux acts on the opposite side, simulating the
movement of a laser beam during the additive formation of a thin-walled element. Numerical solutions of the non-
stationary dynamic heat conduction problem were obtained, spatiotemporal temperature dependences were
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obtained, and solutions of the quasistatic problem of the loss of both local and complete loss of stability of the
equilibrium state of the cylinder at various times due to the occurrence of local compressive stresses during
intense heating were obtained. The dependences of critical heat flux power corresponding to the loss of stability
on the cylinder wall thickness and its height were obtained. The above results can be used as calibration
parameters of the process of creating thin-walled structures using additive technologies of Laser Melting class for
products that require increased requirements for manufacturing accuracy.

Keywords: additive technologies, load-bearing capacity, growing bodies, full-fledged modeling, high-gradient
temperature.

AHHOTALMUA

B HacTosllee BpeMsi TEXHONOMMN TPEXMEPHOW NeYyaTu pasBMBAETCA CTPEMMUTESNbHbIMU TeMnamu. ITo
CBSI3aHO C HEOBXOOUMOCTBLIO CO3[4aBaTh M34EeNUs CNOXHOW (POpPMbl, MPOU3BOACTBO KOTOPLIX CYLLECTBYHOLLUMU
CTaHOapTHbIMW METO4aMK BeCbMa TPYAOEMKO U HEBBLIFOAHO, @ MOPOM U TEXHUYECKN HeocyLlecTBUMO. Llenbio
nccnenoBaHus SBNSeTCA uccnegoBaHme 3agayn TeMnepaTypHon YCTOMYMBOCTU TOHKOCTEHHOW LUITMHOPUYECKON
KOHCTPYKUMM MPU HECTaUMOHAPHOM JIOKaNbHOM TEMSIOBOM BO3AEWCTBMM, MOLENVPYIOWMM ABWXKEHWE NATHA
Na3epHoOro nyyka BAONb OOHOrO M3 TOpuOB. [Ans pelleHus 3agayn Obinl UCMNONb30BaH METOA KOHEYHOro
anemeHTa. Tak Kak reomeTpuveckme obrnactu pacdeta ObIM NapaMeTpu3npoBaHbl, TO ANsi Kaxaoro Habopa
napamMeTpoB WCMoONb30OBanacb CBOS KOHEYHO-3MIEMEHTHasi ceTka Ans Bcex TWUMoB aHanusa. [locTpoeHa
napameTpuyeckass  MPOCTPAHCTBEHHAs  KOHEYHO-3NIEMEHTHas  Mofdenb  LUUNMHOPUYECKOW  ODOMOMKM,
3alleMMeHHOW MO HwxHemy Topuy. Ha npOoTMBOMOMOXHYK CTOPOHY AEWCTBYET nOoKanbHbIA ABWXYLLMICS
TENMI0BOW NOTOK, MOAENVPYIOLLMIA OBWXKEHME Na3epHOro nyya npyv agauTMBHOM (hOPMMPOBAHUN TOHKOCTEHHOTO
anemeHTa. [lony4veHbl YUCMEHHbIE pEeLleHNs HecTauMOHaApPHOW AMHAMWYECKOW 3adayu TennonpoBOOHOCTH,
nony4eHbl NPOCTPAHCTBEHHO-BPEMEHHbIE 3aBUCMMOCTM TEMMNEPATYpPbl U NOMyYEHbl PELIEHUS KBa3uCcTaTUYeCKom
3ajayn O noTepe Kak MECTHOW, Tak M MOMHOW NOTepU YCTOMYMBOCTM PABHOBECHOIO COCTOSIHWUS LMNIvMHApa B
pasnuyHble MOMEHTbl BPEMEHM BCMEACTBME BO3HWKHOBEHWSI NOKAlbHbIX CXUMAKLIUX HaNpsKeHun npu
WHTEHCMBHOM HarpeBe. [lonyyeHbl 3aBUCUMOCTU KPUTUHECKOWM MOLLIHOCTM TEMNJTOBOrO NOTOKA, COOTBETCTBYOLLNE
notepe YCTOMYMBOCTM OT TOSNWMHBI CTEHKM UMNMHAPA WU ero BbICOTbl. [lpuMBeAeHHble pe3ynbTaTbl MOryT
NPUMEHSITbCA B KayecTBe KanmbpoBO4YHLIX MapaMeTpoB MNpoLecca Co3daHUsi TOHKOCTEHHbLIX KOHCTPYKLMNA
MeTodaMu agauTMBHBIX TexHonorun knacca Laser Melting gna nagenun, Tpebyrowwmx NoBbILWEHHbLIX TpeboBaHui
K TOYHOCTU U3roTOBMNEHUS.

KnioueBble cnoBa: addumueHble mexHOIo2uUU, Hecyuwiass CriocobHocmb, pacmyuwjue mesa, KOHEYHO-
anemeHmMHoe ModenuposaHue, 8bICOKO2padueHmMHbIe memrepamypHble rosis.

1. INTRODUCTION: deformations  (Buchbinder et al, 2015;
Gerasimenko et al., 2017; Leicht et al., 2018;
Fedorenko et al., 2019), which reduce load-
bearing capacity of products, as well as hardly
predicted distortion of the initial shape that occurs
during molding (Simagina, 2017; Formalev et al.,
2018a; Bahaadini and Saidi, 2018; Kurbatov et al.,

2018; Matveenko et al., 2019; Faizan et al., 2019).

Attempts  to
mathematical model
associated  with

Presently, three-dimensional printing
technology is developing rapidly (You et al., 2017,
Jacobs and Lin, 2017; Park et al., 2017; Smith et
al., 2018; Tyburec et al., 2019). This happens due
to the need to create products of complex shape,
the production of which by existing standard
methods is very laborious and disadvantageous,
and sometimes technically impossible (Kinash et
al., 2017; Boitsov et al., 2018; Du et al., 2018). A
large number of works have been done on the
topic of use of additive technologies, in particular
a review (Uriondo et al., 2015; Chen et al., 2017;
Etienne and Timiryazev, 2018; Kasatkin et al.,
2019; Ostroukh et al., 2019; Teslenko et al., 2019).
Additive technologies allow us to create products
with mechanical characteristics close to the

develop  high-quality
of growing bodies are
problems of adequate
comprehensive formulation and large
computational resources (Gao et al, 2018;
Nahmany et al., 2017; Formalev and Kolesnik,
2019; Kopecki et al., 2019; Cetin and Baykasoglu,
2019). At the same time, full-fledged modeling
based on classical models of mechanics of
deformable solids appears impossible or

features of products obtained by traditional
methods (Kablov, 2015; Sokolov and Razov,
2018). It is worth noting that, in addition to
advantages, additive technologies have a number
of disadvantages, residual stresses and

insufficiently accurate (Lomakin et al., 2017; Jin et
al., 2017; Rzeszut and Voronoi, 2018; Wen et al.,
2018; Xin et al., 2018; Bai et al, 2019).
Nonetheless, taking into account high-gradient
temperature stresses associated with
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heterogeneity of the temperature fields during the
synthesis of the product is also possible based on
relatively simple models (Khoshdarregi and
Altintas, 2018; Li et al.,, 2018; Li et al., 2019;
Gokhale et al, 2019; Sun et al, 2019). In
particular, the presence of local areas of
compressive stresses can lead to loss of stability
of thin-walled products (Ogibalov and Gribanov,
1968; Falta et al, 2018; Iwicki et al., 2019;
Basaglia et al., 2019; Ma et al., 2019).

The study aimed to investigate the problem
of temperature stability of a thin-walled cylindrical
structure under unsteady local thermal exposure,
simulating the motion of a laser beam spot along
one of the ends.

2. MATERIALS AND METHODS:

The linearized problem of loss of stability of
thin-walled cylindrical shell under local edge
heating by high-intensity radiation source
simulating the action of the laser beam was
considered, and the critical power of the source for
its different positions on the circuit was calculated
(Formalev et al., 2018b). The shell panels in form
of circular cylinder in the three-dimensional
quasistatic formulation of thermoelasticity problem
were considered. External influence follows from
solutions of the problem of unsteady heat
conduction. Equations of the static equilibrium
have the form (Equation 1). Kinematic
relationships correspond to geometrically linear
theory (Equation 2). The defining equations of
linear thermoelastic medium have the form
(Equation 3), where the temperature field follows
from the solution of the heat conduction problem
described below.

Boundary conditions correspond to rigid
termination of one of the ends of cylinder; the
remaining surfaces are free of bonds (Equation 4).
The heat conduction problem can be considered
in a non-stationary setting (Equation 5). At
boundary conditions corresponding to the
absence of heat exchange with the external
environment (Equation 6) and in homogeneous
initial conditions (Equation 7). At the upper end of
the cylinder, the field of heat flux vector with a finite
carrier is set, directed along the normal, and
decaying according to exponential law. The
position of non-zero flux is defined by the point
modeling center of the spot of the laser beam
(Equation 8) (Rabinskiy and Tushavina, 2019a).
The accepted law of distribution of amplitude of
heat flux over time is presented in Figure 1. The
solution to the heat conduction problem has a
general form T=T(x,y,z,t).

The geometric model represents a
cylindrical shell with the height and wall thickness
specified parametrically ~ (Rabinskiy = and
Tushavina, 2019b). Tasks can be solved using the
finite element method. Since the geometric areas
of calculation were parameterized, then for each
set of parameters, its own finite element mesh was
used for each type of analysis. Volumetric
tetrahedral four-node elements formed the grid.
The number of nodes for each option was not less
than 150.000 (Figure 2).

In the heat conduction problem, initial and
boundary conditions (6)-(7) were applied to all
surfaces. At the upper limit at point (R, 0, H), heat
flow (8) is used. The problem is solved in a
dynamic setting. The solution to the problem of
heat conduction is a temperature field set table at
points corresponding to the nodes of the finite
element grid T=T_(i,k) (i is the node number, k is
the time instant) (Rabinskiy et al., 2019). The
linear thermoelasticity problem can be solved
numerically in three-dimensional formulation.
Lower side surface is rigidly pinched (4). The
temperature field is used as a load at a fixed
moment of time in accordance with the solution of
previous problem.

The obtained solution of thermoelasticity
problem corresponds to the subcritical state of the
simulated system. The issue of stability of the
equilibrium state for the discrete analog of the
original problem is considered in bifurcation
formulation; that is, it can be reduced to the
eigenvalue problem for the operator of
homogeneous initial-boundary value problem of
bending deformation under strains corresponding
to the thermoelasticity problem. Then, the
temperature field generated by source (laser) and
causing subcritical stress state acts as one-
parameter loading of the system. The load
parameter will be the coefficient at the amplitude
of heat flux, i.e. (Equation 9).

The result of solving the spectral problem
can be a set of eigenvalues and eigenvectors of a
discrete analogue of the original problem, while
the smallest positive value is taken as critical.

3. RESULTS AND DISCUSSION:

The problem was solved for various
combinations of wall thickness and cylindrical shell
height parameters. The result of integrating the
equations of unsteady heat conduction was a
solution in the form of isothermal contours similar
to concentric circles. At the same time, the density
decreased with increasing time (temperature
gradients decreased). When calculating linear
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thermoelasticity tasks, the obtained stress fields
had high gradients at the initial time points, which
sharply reduced over time. Since the overall
heating of structure increased, the stresses in the
embedment zone increased. When solving the
task, the effect of the transition of form of loss of
stability from local (at short times and high-
temperature gradients) to general (at large times
and general heating of the structure) was
revealed. The various first forms of buckling are
demonstrated in Figures 3-4.

The results of solving the spectral problem
have demonstrated that over time the value of
critical effect decreases, and asymptotically tends
to a fixed minimum value. Figure 5 illustrates
typical curves for parametric interaction critical
values. Based on the results obtained, the
following conclusions could be made.

1) when solving the problem, allocation of
the model parameter ranges is realized, in which
using of given laser heat source with a fixed
exposure time at a point is unacceptable (A<1)

2) solving the problem allows us to develop
methods for predicting the behavior of thin-walled
products during growth, reducing the possibility of
appearing of “leashes” and changing the required
geometric characteristics at the output.

4. CONCLUSIONS:

Numerical solutions were obtained for the
problems of stability loss by thermoelastic thin-
walled cylindrical structures during high-intensity
edge heating by moving heat source. This problem
is an approximation of the model of additive
formation of the thin-walled structure by selective
laser sintering. The questions were solved by the
finite element method in three-dimensional
formulation. At the same time, the source was
modeled as a field of heat flux vector normal to the
side surface of the shell with an amplitude that is
isotropically attenuated exponentially.

The quasistatic problem corresponding to
heating the structure at various points in time was
considered. In the bifurcation formulation of the
stability loss problem, the critical values of heat
flux power were determined depending on
geometric parameters of the model, and the
duration of heat source influence. Zones of
changes in the form of loss of stability from local to
general were identified. It was demonstrated that
in the process of laser synthesis, instability zones
arise that do not allow using the laser sintering
method. The obtained dependencies make it
possible to determine the permissible time of

exposure to a laser beam of one zone, taking into
account the power of the input stream and
geometric dimensions of the product when
developing an additive process for thin-walled
structural elements based on selective laser
sintering.
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Figure 1. The accepted law of distribution of amplitude of the heat flux in time

Figure 2. General view of model

Figure 3. Local form of loss of stability
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Figure 4. General form of loss of stability

Figure 5. Typical curves of dependence of the critical value of amplitude of heat flux on time
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