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Abstract

Hybrid multiphase materials exhibit a wide range of desirable properties, which may be tailored to the needs of their user
or application. Modern solutions often use advanced smart materials with specific properties, which in some cases allow
the development of devices previously impossible to manufacture due to restrictions of conventional materials. There is
ongoing research on multiphase materials composed of phases with differing Poisson’s ratios, which have increased elastic
modulus compared to their respective monophase components. Precise analysis of multiphase materials composed of periodic
microstructures is possible with the use of multiscale modeling methods and numerical homogenization of individual phases’
geometric structures into homogenous materials retaining the properties of their representative volume elements. Auxetic
materials behavior under loading differs from conventional materials. Their Poisson’s ratio value is negative, which means that
when they are uniaxially stretched they both elongate and expand laterally, and while uniaxially compressed they both shorten
and shrink laterally. While seemingly changing volume, their density remains constant in microscale. Deformation causes
the gaps in auxetics patterned structure to change shape and size, but the actual material of the structure remains unchanged.
This paper presents the results of development of a multiphase hybrid material with auxetic phase, in two variants. First, with
the goal of maximization of the material’s elastic modulus. Second, to obtain a zero-value effective Poisson’s ratio. Different
patterns of phases distribution in the material were analyzed. A few different auxetic structures were taken into consideration.
Optimization utilized numerical simulation based on finite element method.
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1 Introduction umbrella term for both its original meaning and more broadly,

like for example galvanized steel—indivisible material from

Modern material engineering allows for development of
hybrid materials and multimaterials, consisting of various
phases of different materials in specific shapes and scales. By
combining two or more conventional materials it is possible
to obtain hybrid materials with specific sets of properties,
often very different than those of their components. This
allows for development of new advanced devices, which pre-
viously might have been impossible to manufacture due to
restrictions of conventional materials. It also allows to tai-
lor material properties to a specific application, for optimal
design. In this approach the word “material” is used as an
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which a given object is manufactured or a representative
of a given microstructure with specific set of properties
(Kromm et al. 2002; Ashby and Bréchet 2003). In scope
of this paper the term “material” is used in its conventional
meaning in regard to bulk material and additionally as phases
with specific sets of material properties obtained via mul-
tiscale modeling of specific periodic microstructures. By
“hybrid material” the authors of this work refer to the mate-
rial obtained by combining two phases with different periodic
microstructures mentioned above.

Auxetic materials, in contrast to conventional materials,
behave counterintuitively when mechanically loaded. Uniax-
ial tension causes them to elongate and widen, and uniaxial
compression — to shorten and shrink, seemingly changing
volume. This behavior stems from specific geometries of
their internal structures, which are similar to lattice struc-
tures with internal gaps. Mechanical loading causes beams
of those structures to move about each other, causing the gaps
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to enlarge in case of tension or to shrink in case of compres-
sion. Density and total volume of the bulk material remains
the same during elastic deformation, even though auxetics
seemingly change their volume. The term “auxetic” comes
from Greek aOENTLKOG (transliteration: auxetikos), meaning
“that which tends to increase”. It was introduced in 1991 by
Evans (Evans 1991) and is used to refer to materials with
negative Poisson’s ratio.

Material parameter which describes the extent of auxetic
effect is the Poisson’s ratio. In isotropic conventional mate-
rials its value is in the range of 0 to 0.5 (0.3 for steel) and
in auxetics its values are negative, up to — 1.0 for isotropic
auxetics. The value of Poisson’s ratio, so also the extent of
auxetic effect, is mostly dependent on geometry of internal
structure of specific unit cells and the influence of bulk mate-
rial properties is mostly negligible. There are many types of
auxetic unit cells, characterized by different geometries, aux-
etic effect and stiffness, and their geometry can be modified
to tailor those properties to some extent (Elipe and Lantada
2012; Bhullar 2015; Lim 2015).

Multiscale modeling allows to significantly reduce com-
putational resources requirements of precisely solving prob-
lems in which phenomena occurring in different length
scales need to be taken into account. In solid mechanics
it is used, among others, in analyses of macroscale com-
ponents manufactured from materials with specific micro-
or nano-structures. While material properties of bulk mate-
rial from which those micro- or nano-structures are known,
they are not identical with mechanical properties of those
lower scale structures. Hence, first a representative volume
element (RVE) of a given structure is modeled and ana-
lyzed, its mechanical properties are determined and later
are applied as material properties in macroscale analysis
(Horstemeyer 2009). One of notable examples of multiscale
modeling application is biomechanics and strength analyses
of bone tissue (Garcia-Aznar et al. 2021). In scope of this
paper, multiscale modeling is used to obtain material proper-
ties of selected periodic microstructures based on geometries
of their respective unit cells.

A study with the goal to maximize the effective Young’s
modulus of a two-phase composite material by exploiting
the Poisson effect was conducted with success by Long et al.
(2016). In this study a three dimensional cube composed of
two phases; conventional and auxetic, was considered and
distribution of composite phases was optimized in order to
maximize the effective Young’s modulus of the cube. The
values of Poisson’s ratio of composite phases were taken
arbitrarily and were equal to 0.4 and — 0.9 for conventional
and auxetic phases respectively, and the values of Young’s
modulus were assumed to be equal to 1.0 for both phases and
in case of one example the value of Young’s modulus of the
auxetic phase ranged from 3.0 to 9.0, while for conventional

@ Springer

phase it remained at 1.0. While such values might be possi-
ble to obtain within the broad spectrum of many known and
potential auxetic structures, the authors of this paper wanted
to perform a similar study using material properties obtained
via multiscale modeling of microstructures based on known
auxetic unit cells.

This paper presents the results of development of a hybrid
material with auxetic phase, composed of two periodical
microstructures, with the goal to maximize the value of effec-
tive Young’s modulus and, independently, to obtain effective
Poisson’s ratio equal to 0. Multiscale modeling, FEM simula-
tion and optimization were conducted with the use of Ansys
Workbench Mechanical 2023 R1 software.

2 Methods
2.1 Multiscale modeling

Material properties of analyzed phases were determined
based on geometries of singular unit cells via multiscale
modeling. First, 3D CAD models of microscale unit cells
with 1 pm thickness were generated in Autodesk Inven-
tor program. Then, obtained representative volume elements
(RVEs) were imported to Material designer environment of
Ansys software, which was used to determine the material
properties of phases composed of microscale unit cells. 4 unit
cells were considered; uniform honeycomb, which served as
conventional phase and 3 types of auxetic structures: hex
reentrant, 4-vertice star and 2 x 2 “S” cell.

Hex reentrant is one of the most popular auxetic geome-
tries and is widely used in research focusing on auxetic
structures in applications of impact energy absorption, some
examples include works of Gohar et al. (2021), Wang et al.
(2020) and Tan et al. (2021). 4-vertice star is an example of
isotropic unit cell and part of a larger “family” of unit cells
composed of an orthogonal cross, which arms are connected
by compliant geometries, such as tetra-petal geometry con-
sidered by Wang et al. (2019) and its many variations. 2 x 2
“S” cell is based on the auxetic structure with reduced stress
concentration proposed by Meena and Signamneni (Meena
and Singamneni 2019). Both, 4-vertice star and 2 x 2 “S”
cell were previously analyzed as individual cells and 5 x 5
structures in regard to auxetic effect in the previous work of
the authors (Zawistowski and Poteralski 2023).

Maximum mesh sizes of 0.3 wm were assumed for uni-
form honeycomb and hex reentrant unit cells, and of 0.15 pm
for 4-vertice star and 2 x 2 “S” cell unit cells. ABS poly-
mer from Ansys material database was selected as the bulk
material. Analyzed unit cells with dimensions are given in
Fig. 1.
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Conventional phase
Uniform honeycomb
|

Auxetic phase
4-vertice star

Fig. 1 Dimensions of analyzed unit cells (in pum)
2.2 Hybrid material analysis

Effective Poisson’s ratio and Effective Young’s modulus of
the hybrid material sample were calculated based on the
effective strain (proportional deformation) of the sample:

ALgyg

Eeff = T (21)

where g.¢y is the effective strain, L is the initial total length
of the sample in the considered dimension and AL is the
averaged increment of length in the considered dimension,
measured on the sample external edges.

The formula for effective Poisson’s ratio is given as fol-
lows:
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where v.sr is the effective Poisson’s ratio, and er.rr and
eaefr are the effective strains in transversal and axial direc-
tions, respectively.

Effective Young’s modulus was determined based on
effective strain (2.1) and effective stress:

~

Ocff = (2.3)

> |

where o,y is the effective stress, P is the loading force and
A is the sample cross-section area. In scope of performed
analyses, both P and A were constant and equal to 50 N and
100 mm?, respectively. Due to this, the effective stress o, ff
was also constant, and equal to 0.5 MPa.
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Fig.2 Sample dimensions and boundary conditions
Table 1 Material properties of ABS polymer
Property Value
Density p [kg/m?] 1030
Young’s modulus E [MPa] 1628
Poisson’s ratio v 0.409
Formula for effective Young’s modulus:
Ocff 0.5MPa
Eepr = = (2.4)

EAcff  EAcff

eaefy (effective strain in axial direction) is the effective strain
in the direction of loading.

The analysis boundary conditions were as follows: a rect-
angular 2D sample with dimensions 100 x 100 mm with
1 mm thickness was considered, consisting of conventional
phase and auxetic phase regions was considered. Auxetic
phase region was composed of two intersecting rectangles
centered on the sample’s middle point. Dimensions of aux-
etic phase region were parametrized. Roller support was
applied to the bottom edge of the sample, while uniform
load with magnitude P = 50 N was applied to the top edge of
the sample. Mesh of uniform quadratic quadrilateral 1 mm
finite elements was applied. Analysis boundary conditions
are illustrated in Fig. 2.

Assumed material properties of ABS polymer are given
in Table 1.
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Table 2 Material properties of analyzed phases

Phase type Conventional phase Auxetic phase
Unit cell Uniform honeycomb Hex reentrant
Geometry

Density p [kg/m?] 209.27 324.55
Young’s modulus 18.70 7.49
E. [MPa]
Young’s modulus 19.78 40.54
E, [MPa]
Poisson’s ratio v 0.87 —0.38
Phase type Auxetic phase Auxetic phase
Unit cell 4-vertice star 2 x 2“S” cell
Geometry >
|
\\ )
‘\\ /, 1\
Density p [kg/m3] 124.31 150.85
Young’s modulus E 0.46 0.10
[MPa]
Young’s modulus E), 0.46 0.34
[MPa]
Poisson’s ratio v —0.57 —0.39

2.3 Optimization

After initial analysis of auxetic region dimensions’ influ-
ence on the sample effective Young’s modulus and effective
Poisson’s ratio, simple built-in Ansys optimization tool was
applied to obtain the desired variants of hybrid material via
parametric optimization. Optimization ranges of geometric
parameters were specified based on the results of the initial
analysis.

First solution variant was maximization of sample’s effec-
tive Young’s modulus. Objective function was as follows:

Eyerr(a, b, ¢, d) = max (2.5)

Second solution variant was to obtain zero-value effective
Poisson’s ratio. Objective function was as follows:
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Table 3 Analysis results for selected combinations of auxetic region dimensions and phase types

Phase type Dimensions of auxetic Area percentage of auxetic Effective Young’s modulus Effective Poisson’s
phase region [mm] region [%] [MPa] ratio
a b c d
Reference - - - - 0 19.782 0.919
(honeycomb)
Hex reentrant 30 10 30 10 5 21.280 0.889
Hex reentrant 80 50 80 50 55 35.930 — 0.067
Hex reentrant 90 85 90 85 80.75 45.502 —1.271
4-vertice star 55 5 10 5 3 19.012 0.893
4-vertice star 60 15 30 10 10.5 18.605 0.859
4-vertice star 40 35 40 35 15.75 13.037 0.694
97 cell 95 5 10 5 5 18.606 0.870
57 cell 30 20 30 20 8 15.970 0.805
S cell 55 20 55 20 18 10.455 0.699

Table 4 Hybrid material with maximized effective Young’s modulus

Phase Dimensions of
type auxetic phase [%]
region [mm]

a b c d

Area percentage of auxetic region

Effective Young’s modulus [MPa]  Effective Poisson’s ratio

Hex 90 51 94 89
reen-
trant

85.03

47.90 — 148

v(a, b,c,d) =0 (2.6)

3 Results
3.1 Material properties of analyzed phases

Material properties of analyzed phases obtained via mul-
tiscale modeling in Ansys Material Designer are given in
Table 2. There is a considerable difference of stiffness
between pairs of uniform honeycomb and hex reentrant cells,
and 4-vertice star and 2 x 2 “S” cell. Uniform honeycomb
and hex reentrant cells have comparable values of Young’s
modulus, while for 4-vertice star and 2 x 2 “S” cell those
values are lower by two orders of magnitude.

3.2 Hybrid material

Analysis of auxetic region’s geometric parameters influence
on the sample’s effective Young’s modulus and Poisson’s

ratio was performed via series of simulations with incre-
mental increases of a, b, ¢ and d parameters by 5 mm, in
the range of 5 to 95 mm, for each type of auxetic phase.
It quickly became evident that obtaining increased effective
Young’s modulus or auxetic behavior of the sample is impos-
sible in case of 4-vertice star and 2 x 2 “S” cells, due to their
significantly lower stiffness in comparison to the uniform
honeycomb. In case of hex reentrant unit cell, it was possible
to obtain both increased effective Young’s modulus and neg-
ative effective Poisson’s ratio, as well as near-zero value of
effective Poisson’s ratio of the sample. Results for selected
combinations of parameters values and phase types are given
in Table 3.

3.3 First variant - maximized effective Young’s
modulus

Optimization range for first hybrid material variant was set
based on preliminary analysis results; a, ¢ in the range of
[80, 95] mm, b, d in the range of [50, 90] mm. Results
are given in Table 4. Comparison of vertical deformation,
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Reference sample
Uniform honeycomb

Hybrid material
Uniform honeycomb + hex reentrant (85% area)

Vertical deformation [mm]

25276 Max
22467
1.9659
16851
14042
11234
084253
056168
028084

D Min

1,8643 Max
1.6443
14244
1.2044
0.98445
0.76449
054454
032458
0.10462
-0,11534 Min

Horizontal deformation [mm]

1,1609 Max
0.90296
064497
038698
0.12899
-0.12899
-0.38698
-0.64497
-0.90296
-1,1609 Min

0,5 Max
I 0.5 Min

0.17328
0,019852 Min

1,197 Max
0.93101
066501
039901
0.13301
-0.133
-0399
-0.665
-0.931
-1,197 Min

Equivalent stress (Huber-von Mises-Hencky) [MPa]

1,4007 Max
1.2473
1.0938
0.9404
0.78698
0.63355
048013
03267

Fig.3 Comparison of reference sample and hybrid material with maximized Effective Young’s modulus

horizontal deformation and equivalent stress distributions in
reference sample and hybrid material with maximized effec-
tive Young’s modulus is given in Fig. 3. A relative increase
of 18.15% of effective Young’s modulus in relation to hex
reentrant phase was obtained.
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3.4 Second variant - zero-value effective Poisson’s
ratio

Optimization range for second hybrid material variant was
set based on preliminary analysis results; a, ¢ = [50, 95] mm,
b, d =[5, 50] mm. Results are given in Table 5. Comparison
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Fig.4 Comparison of reference
sample and hybrid material with
zero-value effective Poisson’s
ratio

Reference sample Hybrid material
Uniform honeycomb Uniform honeycomb + hex reentrant (51% area)
Vertical deformation [mm]

2,1555 Max
1916

16764

14369

1.1974

0,95782

0.71828

047874

02392
-0,00034275 Min

Horizontal deformation [mm]

088769 Max
11609 Max 069043
090296 049316
064497 02959
038698 0.098637
0.12899 -0,008626
-0.12899 -0.20589
-038698 -049315
-0.64497 fraint
*0.90298 -0,88768 Min
“1,1609 Min

Equivalent stress (Huber-von Mises-Hencky) [MPa]

2,5276 Max
2.2467
1.9659
16851
14042
11234
084253
056168
0.28084

0 Min

1,3694 Max
1.2186
10678
0.91697
0.76616
061535
046454
031373
0.16292
0.012109 Min

0.5 Max
l 0.5 Min

Table 5 Hybrid material with zero-value effective Poisson’s ratio

Phase Dimensions of Area percentage of auxetic region  Effective Young’s modulus [MPa]
type auxetic phase [%]

region [mm]

Effective Poisson’s ratio

a b [ d

Hex 87 39 94 31 51.45 34.15
reen-

trant

0.003

@ Springer
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of vertical deformation, horizontal deformation and equiva-
lent stress distributions in material with maximized effective
Young’s modulus is given in Fig. 4. Lowest value of effective
Poisson’s ratio equal to 0.003 was obtained.

4 Summary and conclusions

This paper presents the results of development of a hybrid
material with auxetic phase. Performed simulations confirm
that it is possible to obtain both a hybrid material with
increased effective Young’s modulus and a hybrid material
with near-zero value Poisson’s ratio by combining conven-
tional and auxetic phases with material properties obtained
via multiscale modeling, made from the same bulk material.
However, it is only possible when stiffnesses of conventional
and auxetic phases are comparable. In both solutions vari-
ants it was possible to obtain satisfactory results with hex
reentrant auxetic phase.

Material properties of analyzed phases obtained via mul-
tiscale modeling differ significantly for each microscale unit
cell, even though they were all made from the same bulk
material (ABS). Differences in effective material properties
stem only from geometries of specific unit cells. It is possible
to customize and tailor properties of a structure by modifying
the geometry of its unit cell. Of course, technological limita-
tions apply and need to be taken into account during design
stage of manufacturing.

In first variant an 18.15% increase of effective Young’s
modulus in relation to the stiffer of compound phases was
obtained. Also, effective Poisson’s ratio of the sample was
equal to — 1.48 which is significantly lower than Poisson’s
ratios of both compound phases. Effective Poisson’s ratios
lower than — 1.0 can occur in anisotropic materials, which is
the case of both compound phases and the resulting hybrid
material.

In second solution variant an effective Poisson’s ratio
equal to 0.003 was obtained. The value was obtained by
taking into account the averaged deformations of sample
external edges. As one can observe in Fig. 4, the sample sides
did expand laterally in the middle of sample height, and con-
tracted near top and bottom edges. It might be possible to
obtain a more uniform deformation distribution also result-
ing in near-zero effective Poisson’s ratio with more complex
distribution patterns of auxetic region in the sample.

Obtained results show that in case of auxetic structures
application in hybrid materials development, it is important
to pay attention not only to their effective Poisson’s ratio
values, which is the measure of their auxetic effect, but also to
their stiffness, which needs to be comparable with stiffnesses
of the other phases. As such, one might question the popular
development direction of maximizing the auxetic effect and
reducing the internal stress of auxetic structures in favor of
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a less intuitive approach, which would focus on obtaining
sufficiently stiff auxetic structures with a wide range of elastic
deformation.
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