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Abstract. It is proposed to numerically model large deformations of porous specimens, using the 3D-
similarity principle in structural elements, which makes it possible to account for the inhomogeneity of
the stress-strain state due to the presence of pores and allows one to vary the number of representa-
tive volumes without changing porosity values and dimensions of the specimens. A methodology for
determining true deformation diagrams of materials, using the results of compression tests, has been de-
veloped. The efficiency of using the 3D-similarity principle is demonstrated by comparing the numerical
and experimental results for the example analyzing compression of porous specimens of an aluminum
alloy with free lateral surfaces and fixed in a rigid cartridge.
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Introduction

Porous materials are widely used in technology as they are characterized by low weight, high
thermal and electric conductivity and possess excellent damping properties. That is why stress-
strain state analysis of porous structures is a topical issue in designing various structures. The
majority of scientific works and articles treat porous materials as solid with equivalent strength
characteristics. In [1-7], empirical formulas are introduced for materials with porosity values of
0.2 to 0.4 that make it possible to evaluate the decrease of strength of a porous structure, knowing
the corresponding parameter of the basic material. However, no such evaluations are found in the
literature for porosities of over 0.4. The analysis where a porous structure is approximated with a
solid material with equivalent strength characteristics does not account for the inhomogeneity of
stress-strain state due to the presence of pores. It is noted in [12-13| that pore geometry affects
strength characteristics of a structure as a whole, testifying to the importance of accounting
for geometrical inhomogeneity when analyzing deformation processes in porous materials. This
problem is overcome by defining the internal structure of a porous body, using various methods
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of studying spatial porous structures [8-11]. Based on the information obtained, the geometry
of a representative volume is reconstructed. Modern numerical methods make it possible to
model deformation, based on a precise geometrical model of a porous structure [14-15]. In [14],
a geometrical model of the porous structure of a 0.4 7 0.4 7 0.4mm cube is described using
about 800 thousand finite elements. Such an approach requires a huge amount of computational
resources and is hardly practical in analyzing large structures.

Inhomogeneity of the stress-strain state of a representative volume can be accounted for
by using the 3D-similarity principle formulated by Kirpichyov [16] for elastic bodies and later
extended by Kick to elastoplastic materials. The principle can be formulated as follows: when
geometrically similar bodies of the same material are deformed in similar loading conditions, the
resulting stresses and strains in the structure are identical. This makes it possible to replace a
set of identical representative volumes with one structural element, geometrically similar to them
(see Fig. 1), where an average stress-strain state for the given set is implemented.

Fig. 1. Replacing a structural element with a geometrically similar one, using the 3D-similarity
principle

Such an approach makes it possible to account for the inhomogeneity of stress-strain state
in a structural element without changing the porosity value and characteristic dimensions of
the deformed body. This enables one to control the bulk of computational task by varying the
number of structural elements. Papers [17-18] demonstrate the effectiveness of the 2D-similarity
principle in numerically analyzing bending and stability of densely perforated plates and shells.

In the process of porous metal forming, with sintering and decomposition of the porous form,
the basic material is subjected to the effects of high temperatures and chemical reactions leading
to changes in its strength characteristics. Analysis of deformation of porous metals, taking into
account their geometrical inhomogeneity, requires knowledge of a true deformation diagram of
the basic material. Experimental determination of strength characteristics of basic materials
appears quite difficult. The numerical-experimental method [19, 20] developed in the Research
Institute for Mechanics, Nizhny Novgorod Lobachevski State University, makes it possible to
identify a true deformation diagram of the basic material, using modern numerical methods and
experimental data on compression of porous specimens in combination with the 3D-similarity
principle.
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The present paper describes a method of identifying strength characteristics of the basic
material of a porous material and presents the results of assessing the effectiveness of applying
the 3D-similarity principle to analyzing problems of static compression of porous specimens.

1. Identifying the deformation diagram of the basic material

A deformation diagram of the basic material is reconstructed using experimental data on
static compression of porous specimens in a rigid cartridge. 20 mm-high 30 mm-dia cylindrical
specimens were used in the tests. Initial porosity of the specimen in the experiment was defined
as a ratio of the porosities of the porous and solid specimens and amounted to 0.64. Maximal
values of engineering strain of compressed specimens were up to 45 %. No contact interaction of
the pore banks was observed. The deformation diagram of the basic material was reconstructed
using the methodology proposed in [19,20]. Due to the presence of cavities, porous aluminum
has a geometrically complex internal structure and as a result, a variable cross-section, both
in the non-deformed state and during compression. The true deformation diagram of the basic
material was reconstructed iteratively. At each iteration step, the relation between the intensity
of true stresses o; and the intensity of logarithmic strains ei was updated so that it agreed,
to an assigned accuracy, with the experimental relation between the compressive force and the
displacement of the gripping device of the testing machine. To this end, updating function «(e)

is constructed Fue)
ale) = ann(e) (1)

F.(e) is experimental relation between compressive force and relative change of the length of

the specimen, N;

F,m(e) is numerically modeled relation between the compressive force and the relative change
of the length of the specimen, N;

U

e=7 is relative change of the length of the specimen;

u is displacement of the upper end of the specimen, m;

L is initial length of the specimen, m; As a result of numerical modeling, the relation between

mar(e) and relative change of thelength of the specimen is

determined. The true deformation diagram is updated using the formula:

maximal value of strain intensity e

oi(ef""") = aoi(e"*?). (2)

Updating is iterated until relations Fi(e) and F,(e) agree to an accuracy of 5%.

A cubic structural element with an internal globular pore was chosen for modeling. The
porosity coefficient is defined as the ratio of the volumes of the cavity and of the cube defining
the structural element. The initial porosity of the specimen used in the tests was 0.64. The
required porosity value is obtained, choosing a cavity in the form of a cube with smoothed ribs
and apexes. Fig. 2 depicts a geometrical model of a structural element that made it possible to
account for loss of stability in the membranes between the pores.

In modeling static compression of a porous specimen in a rigid cartridge, it was assumed
that all the elements are deformed similarly. Thus, only one column of the five representative
volumes was used in the analysis. The height of the column was 20 mm. Compression of
the porous structure was modeled using the finite element method, with the Abaqus software
complex [21]. The finite-element model of one structural element consisted of 14240 cells. The
C3D8R lagrangian finite element was used in the analysis.
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Fig. 2. Structural element

Along the lower end of the analyzed column of structural elements, the value of vertical
displacements was assigned to be zero, whereas along the upper end, constant velocity of vertical
displacements was prescribed. The compression rate was equal to 1 mm/s, making it possible to
neglect any non-stationary effects. Along the lateral surfaces, zero values of normal displacements
and tangential stresses were assigned in the analysis. Time integration was done using the cross-
type explicit scheme.

Fig. 3a presents true deformation curves after 4 updating iterations; Fig. 3b shows the change
of the relation between compressive force and relative displacement of the upper end of the
specimen.

Fast convergence of the iterative process is observed, as only 4 iterations suffice to achieve
the accuracy of less than 5%. The described scheme makes it possible to identify the deforma-
tion curve of the basic material for porous specimens with initially homogeneous structure in
the presence of large strains and inhomogeneous stress-strain states of various types (tension,
compression, shear). If contact interaction of pore banks is taken into account, a deformation di-
agram may be constructed up to the moment of pore collapse and then continued with accounting
for friction of the contacting surfaces.

To assess the accuracy of the constructed deformation diagram obtained using five structural
elements, compression of columns of 10 and 20 representative volumes was numerically analyzed.
The dimensions of the elements were chosen so that the height of a column was 20 mm inde-
pendently of the number of structural elements. The relation between true stresses and strains
in the basic material was defined with a reconstructed deformation curve. The formulation of
the problem of numerical analysis is analogous to that for a column of 5 structural elements in
a rigid cartridge. Fig. 4 shows the diagram of the change of compressive force, reduced to the
cross-section area of the specimen, as a function of relative displacement of the upper end and
the number of structural elements along the compression axis. The results of the analyses using
5, 10 and 20 structural elements differ by less than 1%, and the difference between the calcu-
lated forces and the experimental data is within 5%. Thus, a column of 5 structural elements is
sufficient for reconstructing a deformation curve of the basic material.

Numerical analysis showed that, for geometrical models with the number of representative
volumes more than 5, the calculated stress-strain state is identical in all the structural elements
except for the boundary ones, where the 3D-similarity principle is violated due to the fact that
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Fig. 3. Iterative procedure of identifying the material properties

constant displacement velocity is assigned along their ends. Compression causes local loss of
stability along the membranes between the pores with the relative displacement of the mov-
ing end equal to 0.1. Local loss of stability takes place in all the internal structural elements

simultaneously.

The average dimension of a structural element in the tested specimen was about 0.3 mm. Use

=750 —



Valentin G. Bazhenov, Maxim N.Zhestkov = Computer Modeling Deformation of Porous Elastoplastic. ..

100

90

80

70

60

50

Force, kN

40

30

20

10

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
u/L

Fig. 4. Compressive force as a function of the number of structural elements: — experiment,
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of the 3D-similarity principle for the porous material made it possible to conduct the identification
of the deformation curve of the basic material, using a column of 5 structural elements. To analyze
a 2 Omm-high porous specimen without using the similarity principle, it would be necessary to
consider a column of 67 structural elements 0.3 mm high each.

2. Analyzing compression of porous specimens with free
lateral surfaces

Static compression of a porous body with free lateral surfaces was experimentally studied
using a 20 mm-high 70 mm-dia cylindrical specimen. As in the case of compression tests with a
specimen in a rigid cartridge, the maximal strain values did not reach the degree when interaction
of the pore banks takes place. Initial porosity of the specimen was 0.64.

The geometrical models for the analyses were constructed based on the form of the structural
element (Fig. 5) and the geometrical characteristics of the experimental specimen. The geome-
try of the structural element makes it possible to construct the analyzed region in the form of
a parallelepiped. That is why the geometrical models were constructed so that the height was
20 mm, and the cross-sectional areas of the constructed analyzed region and of the experimental
specimen closely corresponded to each other. The cross-sectional area of the constructed geo-
metrical model differed from that of the experimental specimen only by 6%. Geometrical models
with 9, 72 and 243 structural elements were considered. To minimize the computational task, the
geometrical symmetry was taken into account, and only 1/4 of the structure was analyzed. The
structural elements were positioned so that the surfaces cutting off 1/4 of the specimen crossed
the centers of the cavities. In that case, the geometrical model of a porous structure makes it
possible to account for local loss of stability in the compressed membranes between the cut off
pores. Fig. 5 depicts the analyzed geometrical models of the porous specimen.

Compression of the porous specimens was modeled using two ideally solid bodies located at
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a. 9 elements b. 72 elements b. 243 elements

Fig. 5. Geometrical models of a porous specimen

the ends of the specimen. Omne of the ideal solids moved at a velocity of 1 mm/s, while the
second one was motionless. The contact interaction condition over the surfaces of the bodies and
of the considered region, contacting one another, was defined, accounting for friction, which is
described by Coulomb law with the friction coefficient of 0.1. Over the surfaces cutting off 1/4
of the considered region, zero normal displacements and tangential stresses were assigned. The
loading scheme is presented in Fig. 6.

mmeovable 1igid body

Fig. 6. Loading scheme modeling compression of porous bodies with free lateral surfaces

The behavior of the elastoplastic basic material was described by a true deformation curve
that was identified based on the experimental data on compression of a porous specimen in a
rigid cartridge.

Fig. 7 shows compressive force reduced to the cross-sectional area of the experimental spec-
imen as a function of relative displacement of the upper end and the number of structural
elements.

Maximal inaccuracies of the numerical analysis (6%) as compared with the experimental data
are observed for the 9-element model. For the 72- and 243-element models, the computational
error for compressive force is within 5%. Numerical modeling revealed that, for geometrical
models with 72 and 243 representative volumes, differences in the stress-strain state in the
structural elements arise as the distance from the center of the geometrical model increases.
Local loss of stability in the membranes occurs when the relative displacement of the movable
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Fig. 7. Compressive force as function of relative displacement of the upper end of a specimen
with free lateral surfaces: — experiment, - 9 elements, & 72 elements, -m- 243 elements

end reaches 0.06. First, loss of stability takes place in the membranes of the structural elements
belonging to the lateral free surfaces. As compression of the specimen continues, the internal
structural elements lose stability. The membranes in the structural elements situated in the
center of the geometrical model lose stability at the last moment. The computational results
using 9, 72 and 243 structural elements differ not more that by 9%, their difference from the
experimental data being within 6Numerical analysis of compression of a porous specimen with
free lateral surfaces, accounting for the true dimensions of a representative volume (0.3 mm),
would require about 187 thousand structural elements. Use of the 3D-similarity principle made
it possible to conduct numerical analysis of compression of a porous specimen with a reasonable
accuracy, using only 9 structural elements.

Conclusion

The efficiency of using the 3D-similarity principle in the numerical analysis of compression of
specimens of porous aluminum was studied. The above principle makes it possible to account for
the inhomogeneity of stress and strain distributions in the presence of cavities and to reduce the
computational task by varying the number of structural elements, while retaining the porosity
coefficient and characteristic dimensions of the structure. In the numerical analysis of compres-
sion of a cylindrical specimen of porous aluminum in a rigid cartridge, using the explicit time
integration scheme, the application of the 3D-similarity principle made it possible to reduce the
computational task by two orders of magnitude, and in modeling compression of a specimen with
free lateral surfaces by 5 orders. It took only 4 hours to analyze inhomogeneous stress-strain
state of specimens of porous aluminum on a local 4-kernel PC.

The work was done with financial support from Grant Ne20-08-00667 of the Russian Fund for
Fundamental Researches.
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KoMmnbroTepHoe moaeimpoBaHne JepopMUPOBaHNS IOPUCTHIX

YIPYTOIIACTUYIECKNX MATEPHUAJIOB U UAeHTUMPUKAINA X
XapaKTEePUCTUK C UCIIOJb30BaHUEM MPUHIUIIA TPEXMEPHOTO

101001

Baneunrun I'. Baxkenos

Maxkcum H. 2KecTkoB
Huxeropocknit rocynapcrsennniit yausepcurer uM. H. V1. JIobageBckoro
Huxuuit Hosropon, Poccuiickas ®eneparmst

Awnnoranusi. [IpeniokeHo OCyIIeCTBAATL YUCITCHHOE MOJETIHPOBAHNE OOIBINIX J1ePOPMAIINil TOPUCTHIX
06pas3IoB C WMCIOJb30BAaHUEM IPUHIIAIE TPEXMEPHOTO IOJ00US B CTPYKTYPHBIX 3JIEMEHTaX, KOTODBIH
MO3BOJISIET YY€CTh HEOJHOPOJIHOCTh HAIPSI2KEHHO-1e(DOPMUPOBAHHOIO COCTOSIHUSI, BBI3SBAHHOT'O HAJIMYN-
€M II0p, W JIaeT BO3MOXKHOCTb U3MEHSITh KOJMUYECTBO IPEICTABUTEIbHBIX 00bEMOB, COXPAHsIsl 3HAYECHUS
IIOPUCTOCTH U pa3MepPbl 00pa3os. PaspaboraHa MeTOINKA ONpeeeHnusl UCTUHHON JuarpaMMbl 1edop-
MUPOBAHUSI MATEPUAJIA OCHOBBI IOPUCTOTO 06pa3Iia C UCIOJIb30BAHUEM PE3Y/IbTaTOB UCIBITAHWA HA CXKa-
Tre. Ha mpumepe 4ncIeHHOro MCCaeI0BaHnus CXKaTHs MOPUCTHIX 00pPa3IoB U3 aJIIOMUHUEBOIO CILIaBa CO
CBOOOIHBIMU HOKOBBIMU TIOBEPXHOCTSMU M 3aKPEIJIEHHBIX B *KECTKO# 060iiMe mokasaHa 3P HEKTUBHOCTD
MPUMEHSIEMOTO TIPUHITUIA TPEXMEPHOTO OO0 IIyTeM CPABHEHUS] YUCJEHHBIX U IKCIEPUMEHTATBHBIX
JAHHBIX.

KuroueBrle cioBa: nOpHUCTHII MeTal, JuarpaMMa JeOpPMUPOBaHUs, IPUHIUI TPEXMEPHOTO 11010014,
CTPYKTYPHBIH 3JIEMEHT.
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