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Abstract - Auxetic structures are characterised by a negative Poisson’s ratio. There are a variety of auxetic structures out of which the
relevant ones are highlighted. After a simulative comparison of the thermal and mechanical properties, the most suitable structure and
topology is selected for the application in turbomachinery. A parameter variation of this topology leads to an analytical model that
describes the mechanical behaviour of the recursive lattice structure as a function of these geometric sizes: the recursive angle @, the
aspect ratio a, the normalised wall thickness £, the normalised radius x and the cell density n. Regarding the thermal properties, the so-
called resistance length Ry is introduced, which allows a good prediction of the thermal behaviour depending on the cell dimensions.
Finally, potential fields of application in the literature are outlined.

Keywords: Auxetic Structures; Turbomachinery; Finite Element Method; Intelligent Structures; Structural Mechanics, Material-model,
Additive Manufacturing

Nomenclature:

E [MPa] Young’s Modulus [ Normalised wall thickness

G [MPa] Shear Modulus e} [mm]  Displacement

H [mMm]  Length of vertical struts € [ Strain

Hiatice [mm]  Height of Lattice Structure ] [°] Re-entrant angle

L [mm] Is_te;ztgsth of horizontal re-entrant K [] Normalised radius

m [ko] Mass of the lattice structure v [ Poisson’s ratio

n [-] Number of cells o [MPa] Stress

R [mm Radius ocu [Mpay  MEXUM occrting siress under
T K] Temperature os. [MPa] gﬂha;x;rrnlzr:doccurrmg stress under
t [mm]  Wall thickness T [MPa] Shear stress

RL [mm]  Resistance length a [] Aspect ratio

1 Introduction to Auxetic structures
The Poisson’s ratio v indicates the ratio of the transverse strain to the longitudinal strain of a material, as shown in equation (1). For

most metallic materials, this Poisson’s ratio can be assumed to be v = 0.3. A positive Poisson’s ratio determines that a rod under tensile
load decreases its diameter. [1]

Etranserval
V= (1)

Slongitudinal

According to Evans [2], transverse contraction behaviour in auxetic structures is counterintuitive. The Poisson’s ratio is negative.
Thus, the diameter of a tension rod increases under load. The behaviour of an auxetic material is shown in Figure 1a. By loading in the
x-direction, the auxetic structure expands in the y-direction or increases its diameter under tension and vice versa for compression. [2]
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Similarly, auxetic structures contract under pressure. This behaviour is shown in Figure 1b and illustrates why auxetic structures are
particularly well suited to prevent intrusion: The auxetic structure increases the density at the point where the ball tries to break through
the top layer of the auxetic material. [2]

Furthermore, auxetic structures show a different bending behaviour than conventional structures. For example, Evans [2] describes
the shape that auxetic plates assume under bending stress as dome-shaped. This behaviour is also known as synclastic bending behaviour
that is shown in Figure 2.
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Figure 1. a) Schematic Poisson effect of an auxetic structure: [2] b) Auxetic resistance against intrusion: [2]
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Figure 2. Synclastic bending behaviour: [2]

Further differences between auxetic structures and conventional materials can be found in the literature summaries by Liu, Q. [3],
Liu, Y. [4] or Yang, W. [5]:
Increased shear modulus [6]
Increased intrusion resistance [7-9]
Increased fracture toughness [2]
Increased energy absorption capacity [8]

2 Selecting The Right Structure For Turbomachinery Application
There are many different types of auxetic structures. Below, an initial selection is made for the use of auxetic structures in engine
construction. The aim is to apply the auxetic structures, combining the simplest auxetic structure with the most straightforward
application. Therefore, the following criteria are chosen for an initial selection of the auxetic structure:
e Simple structure — the auxetic effect is visually comprehensible
Material — reliable model creation possible
No delicate joints — robust against high numbers of cycles
Implementation with metallic material (additive manufacturing)
Large auxetic effect perpendicular to the direction of force

Using these criteria and making practical considerations and comprehensive literature research, the auxetic foams, the structures
with rotating elements and the fibre composites are excluded. The cellular structures (chiral and re-entrant) are, therefore, most suitable
for the aero-engine application. But there is a multitude of these two classes of structures. Therefore, a geometry comparison should
generate basic knowledge of auxetic structures' static and transient behaviour under pressure and temperature. Furthermore, the difference
between the different geometries can be worked out, and a recommendation on using the structures can be given.

Since Rockel [10] already investigated cellular structures, the two most suitable structures from his work are used. In the following,
these structures are referred to as “R1” and “R2” in Figure 3. A topology optimisation by Borovinsec [11] generates cellular structures
with a particularly low Poisson's number and thus with a substantial auxetic effect. The design goal of this optimisation is, in addition to
minimising the Poisson’s number, a low stiffness from the direction of the force applied to the resulting direction of force. These two
parameters are summarised under the term “performance”, and this performance is maximised. Furthermore, the study shows that the
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auxetic effect of the recursive structure (R1) can be increased by introducing additional cross-connections. Consequently, two more
geometries are added to the geometry comparison: “R3,” the structure with the best performance from the topology optimisation and
“R4” derived from “R3” with additional connections. The following cell geometries result for the geometry comparison:

v b = |

Figure 3. Selection of geometries for the comparison

For better comparability, the structures R2, R3 and R4 are generated from the structure R1. Thus, the geometric sizes shown in
Figure 4 are valid for all four geometries:

) 141 ]

Figure 4. Basic geometry from which R1-R4 derive

2.1 Design of experiment for the geometry comparison
Considering the loads in aero engines, criteria have been worked out, with whose help the auxetic geometries are compared. These

criteria are:

e Auxetic effect

Behaviour under tensile/compressive load

Behaviour under shear stress
Thermal conductivity
Thermal stresses when the structure is heated

To be able to generate and compare the occurring stresses, the following tests are selected and performed in Abaqus CAE:
e  Pressure test
e  Shear test
e  One-sided heating

2.2 Model setup

Cell grids of the same density and size are generated to compare the geometries. The grids are approximately 200 mm long, 70 mm
high, 10 mm thick and weigh 200 g each for the chosen elastic material-data of Ti6Al4V. The variated wall thickness is 1 mm for R1,
1.1 mm for R2, 0.9 mm for R3 and 0.85 mm for R4. These grids are shown in Figure 5.
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Figure 5. Cell grids for the comparison
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The grids have restrained movement on the lower plate for the pressure and shear setup, and the loads are applied to the top plate.
The applied pressure is 20 bar(= 2 MPa), the applied shear stress is 0.5 MPa. For the thermal analysis, the grids top plate has the
property 800 K and the rest of the grid 295 K. The schematic model setups can be seen in Figure 6.

The mesh for the shear and pressure test is generated with CPS8 elements. It is a plane stress element with eight nodes. The element
size is 0.08 mumn for the whole grid except in the corners, where the mesh is refined with the option “curvature control” and the boundary
plates, where the element size is 1 mm. The mesh can be seen in Figure 7. For the thermal analysis, the same mesh is used only the
element type changes to DC2D8.

Additionally, a non-auxetic reference structure with the same size and density is introduced. The reference structure has ten vertical
beams from the top plate to the base plate for the thermal conductivity analysis and expansion investigation. The model setup with
boundary plates is not valid for the analysis of thermal stresses because the maximum stress results from expanding the heated plate.
Therefore, a grid with five columns, five rows and no boundary plates are “cut out” of the grids shown in Figure 5. The rest of the model
setup is just like the setup for the thermal conductivity test.

Ocompression — 2 MPa Topear = 0.5 MPa
RN RERRTNNARRY!

Figure 6. Implemented boundary and load conditions Figure 7. Mesh in the grid and boundary plates

2.3 Results and discussion
2.3.1 Pressure test:

Before going into detail, some general observations can be made: The cells with the lowest load are located at the top
and bottom in the middle of the cell grid. The cells, which are in the middle in both the horizontal and vertical directions,
show a medium tension level. The cells at the sides are the ones with the highest stress so that an H-distribution of the stress
in the cell grids is created. This H-distribution can be observed in all four structures. Looking at the deformation of the cell
grid, this H is also reflected in the deformation. The edge cells are strongly deformed. In addition, there is a contraction of
the cell grid in the middle (auxetic effect).
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Figure 8. Deformation under Pressure; scale factor 5: R1, R2, R3, R4

The structures R1, R3 and R4 behave very similarly. There is little difference between these three structures, particularly
regarding the maximum stress. Structure R2 is at a significantly lower level in relation to the maximum stress. The maximum
stress and compression load o;, for the different configurations is shown in Figure 9.
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Figure 9. Maximum stress o, under pressure

Since the cell grids are all equally heavy and the structure R2 has fewer struts, the struts are designed with a significantly
greater wall thickness. As a result, the structure is significantly more robust against the pressure load. This is also reflected
in the compression in the X and Y directions. Nevertheless, R2 has a significantly lower Poisson’s ratio than R1, R3 and R4.
The Poisson’s ratios v for the different geometries are shown in Figure 10 a). It is not the Poisson’s number alone that is of
interest for use in engine construction, but a combination of auxetic effect and absolute deformation, the term auxetic
performance (shown in Figure 10 b) is used as the deformation product in the x-direction and Poisson’s ratio. Analogous to
the optimisation by Borovinsek [11], the structure R3 shows the greatest auxetic performance, but the difference to R1 and
R4 is very small. R2 has an auxetic performance which is considerably lower.
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Figure 10. a) Poisson’s ratio v and b) Auxetic performance for small deformation

2.3.2 Shear test:

Configuration R2 is also the most robust structure in the shear test; this can be attributed to the greater wall thickness.
Compared to R4, R3 shows a slightly better robustness against shear. The maximum stress for R4 is approx. 14 % lower
than for R1. For R2 there is a 43 % reduction in the peak stress compared to R1. The additional struts in R3 and R4 give the
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structures more strength under shear stress compared to R1. For the structure R2, the greater wall thickness plays a significant
role in the robustness against mechanical loads (see Figure 11).
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Figure 11. Maximum stress og; for shear loading

2.3.3 Thermal conductivity and thermal effects

When the cell grid is heated, thermal stresses arise due to the inhomogeneous expansion of the structure. This inhomogeneity is very
strong, especially at the beginning of the heating process, so that the highest thermal stress level occurs here. With increasing time, the
expansion of the grid is homogenised, and the thermal stresses decrease. The structure R2 has an exceptionally high stress level. After
several minutes, the stress level of structure R2 is twice as high as that of the other three structures. The structures R1, R3 and R4 move
at a similar stress level; a slight thermal stress advantage can be observed here at R1. The stretching of the structures in the vertical
direction (y-direction) can be used, for example, for targeted changes in the diameter of a body through which the flow passes so that the
thermal expansion behaviour is an essential factor in the selection of a recursive structure geometry. In the area under consideration (500
seconds to 5000 seconds), the structure R4 expands the most in the y-direction. The difference to structures R1 and R3 is minimal. The
difference to R2 is approximately a factor of 2. The relative expansion in relation to the cell grid is relatively small. Since the cell grids
are 60 mm high and the maximum expansion (R4) after 5000 is approx. 0.45 mm.

The temperature curves on the lower side of the housing are displayed in Figure 12. The temperature on the bottom of the housing
is directly linked to the thermal conductivity since the heat is only supplied to the top of the housing so that a statement can be made
about the thermal conductivity or the insulation properties of the different structures. The non-auxetic reference structure shows the
highest thermal conductivity. Behind it are the auxetic structures led by R2. The structure with the lowest thermal conductivity or the
greatest insulation capacity is R1.
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Figure 12. Temperature T of the not heated lower housing

2.4 Selecting the right geometry

The structure R2 is robust against mechanical loads such as shear and pressure due to the higher wall thickness with the same
density. In structures R1, R3 and R4, no structure significant appears to have an advantage under pressure load. In terms of shear, the
additional struts at R4 show advantages in terms of the maximum occurring stress, even though, the level of R2 cannot be reached. The
reason for excluding the R2 structure, despite the good mechanical properties, is the poor auxetic performance and the low thermal
insulation capacity. In the last-mentioned point, the structure R1 is particularly promising. In addition, R1 is particularly robust against
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thermal loads. For these reasons, R1 is selected for a parametric study. Since the structures R1, R3 and R4 are similar, the results of this
parameter study can also, to a limited extent, be transferred to R3 and R4. For example, in an application with exceptionally high shear
stress and little thermal stress, structure R4 should be selected as the basic structure. Structure R1 should be selected for most other
applications. R2 can be used in exceptional cases where there is a particularly high-pressure load, and where only a minimal auxetic
effect is required.

3 Simulative parameter study on the two-dimensional re-entrant auxetic structure R1

In this chapter, the influence of five design parameters on the thermal and mechanical behaviour of the two-dimensional re-entrant
auxetic lattice structure R1 is investigated in detail. The simulative parameter study analyses the influence of the recursive angle 6, the
aspect ratio a, the normalised wall thickness 8, the normalised radius x and the number of cells n within selected value ranges. Here, the
parameters 3, and (8, are considered differentiated as normalised wall thicknesses of the vertical and the horizontal lattice struts,
respectively. The same applies to the separate variation of the number of cells in the horizontal n, and vertical n,, spatial directions.
The numerical evaluation of the designed recursive structure is carried out with the finite element method (FEM) in Abaqus CAE and
forms the core topic of this simulative work. The focus here is on the temperature development over time, the maximum stresses under
compressive g, and shear load oy, the effective Young’s modulus E and the shear modulus G, as well as the Poisson’s ratio v.
Furthermore, the results of the calculations are compared with the theoretical correlations, according to Gibson [12]. The behaviour under
temperature, pressure and shear loads is investigated explicitly in relation to the possible future use of auxetic structures in engine
construction.

3.1 Model setup

The basic geometry of the recursive single cell is in principle based on four variable basic design parameters (see Figure 13).
These are, according to Gibson [12], the height H of the vertical sidewalls, the length L of the re-entrant horizontal struts, the recursive
angle 8 and the thickness of the walls t. Furthermore, the radius R and the cell density n of the lattice structure are varied in this paper.

Figure 13. Modelled re-entrant auxetic unit cell

In analogy to Yang [13-15], it is not the absolute values that are primarily of interest but the normalised ratios of the design
parameters to each other. In this context, the ratio H/L is defined as the aspect ratio «, the ratio t/L as the normalised wall thickness
and k = R/L as the dimensionless radius. Together with 6 and n they are used as variable design parameters. Due to geometric
constraints, not all arbitrary value combinations of 8, a, and g are possible. For the structure used in this work, the geometric constraint
results according to equation (2).

Zﬁh _ ﬁv

cosf 2cos0

a > 2sinf + (2

The parameters are varied within the limits, considering the geometric constraint, as shown in Table 1 for the test numbers 1-5.
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Table 1. Limits of the varied design parameters for the Test numbers 1-5 from left to right

. Value test numbers
Design
t
parameter 1 ) 3 4 ,
0 60° 45° 30° 15° -
a 1.5 2.0 2.5 3.0 3.5
Bl BulB, 0.10 | 0.15 | 0.20 | 0.25 | 0.30
K 0.01 0.04 | 0.07 0.1 0.13
ninyn, 3 4 5 6 -

Only one design parameter is varied at a time, while the others are kept constant. The reference grid is a structure with a re-entrant
angle of 8 = 30°, an aspect ratio of @ = 2.5, a normalised wall thickness of 8 = B, = B, = 0.2, a normalised radius of k = 0.04 and
a cell count of n = 3 in the horizontal (n;) and vertical directions (n,). This allows a differentiated evaluation of the influence of the
individual design parameters on the thermal and mechanical properties compared with the reference structure.

Coupled thermomechanical simulations are conducted with Abaqus CAE to quantify the effect of the parameter variation on an
auxetic lattice structure’s thermal and mechanical behaviour. Based on the unit cell as presented in Figure 13, the 2D lattice structure is
generated in CAD with CATIA as a parametric model. The thermomechanical boundary conditions implemented are, apart from some
slightly different loads levels, analogously to the ones shown in Figure 6 for an exemplary 3x3 reference lattice structure (8 = 30°, a =
2.5, =0.2, k = 0.04, n = 3). T represents the temperature, ocompression the applied pressure force in negative x-direction (2 MPa)
and Tgpeqr (0.2 MPa) the shear force in positive y-direction. The implemented fixation of the lattice can also be extracted from Figure 6.

The selected material for the parameter study is the high strength Ti6Al4 titanium alloy. The mesh resolution ensures converged

temperature, stress, and displacement results. Particular attention is paid to the densification of the mesh at corners (see Figure 7).
Two test series are carried out for each variation of the dimensionless design parameters — except for the normalised radius x, as here the
change of mass due to the change in the normalised radius is negligible. First, all parameters are varied so that the mass m of the lattice
structure always remains constant. In the second series of experiments, the parameters are then specified under the condition of a constant
lattice height H, 4;:ic.- This is to prevent the lattice mass or the lattice height from influencing the thermal and mechanical properties to
be investigated. If not further specified, all the following results are given for a homogenous lattice temperature of
T = 293 K for a constant lattice mass m.

3.2 Results and Discussion

The primary outcomes and findings are summarised below, and suggestions for practical application are derived, considering the
available theoretical and simulative results of this work. All the recommendations are based on the results generated in the parameter
variation and must be adapted to the specific application.

3.2.1 Mechanical behaviour

It can be shown that the finite grid size leads to size effects, according to which the deviation of the vertical edge struts falsifies the
simulation results, especially the characteristic mechanical properties (E, G, v). This effect is particularly pronounced for cells with large
values for the length of the edge struts H and a simultaneously small wall thickness t,,. For this reason, the Poisson’s ratio v in this study
is always determined on an average single cell in the centre of the lattice structure. This ensures reliable and reproducible results. Any
deviations from other studies in the literature may be attributed to a different determination of the Poisson’s ratio.

The results of the mechanical calculations (E, G, v, g, gs;,) are independent of the absolute dimensions of the individual cells or the
lattice structure and the mass for all variations investigated, with constant loading. Despite different cell dimensions and masses between
the individual test series m = const. and H,,.ice = const., almost identical results are obtained with the same normalised design
parameters. Thus, for the complete characterisation of the investigated lattice structure, only the selected design parameters re-entrant
angle 0, aspect ratio « = H /L, normalised wall thickness = t/L and normalised radius ¥ = R /L are required. The actual dimensions
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do not matter if the load remains constant and is not adjusted to the absolute dimensions. Therefore, only the results from the test series
with a constant lattice mass m are presented in the following.

Modelling to a lattice structure with large angle 8, large normalised wall thickness S (especially for the horizontal struts ;) and a large
normalised radius k, as Figure 14 shows for the test numbers according to Table 1 is recommended to obtain the lowest possible stress
level at the inner radii under compressive loading. The stresses converge for the parameters mentioned, which means that increasing or
decreasing the design parameters only has a limited effect when a specific value is reached (compare limits in Table 1). The aspect ratio
a, together with the normalised wall thickness B, of the vertical struts and the cell density n/n;,/n,, only has a small influence on the
maximum stress under compressive load compared to the effect of a variation in the other design parameters (see Figure 14 a) and b)).

Similar tendencies can be found for the maximum stresses ay;, occurring under shear load, with the exception that these grow almost
linearly with increasing aspect ratio «, as Figure 15 shows. Furthermore, a different effect can be observed for the variation of the number
of cells in the vertical n,, and the horizontal n,, direction. While og;, increases with an increased number of cells in the vertical direction,
it acts conversely for the cell count in the horizontal direction. The combined increase or decrease of cell density has almost no effect on
og;, (see Figure 15 b)). For both load cases (compression and shear), the maximum occurring stress is independent of the lattice
temperature and therefore only investigated for T = 293 K.

To maximise the Young’s modulus E, cells should be designed with large angles 9, a large aspect ratio «, large normalised wall
thickness B (B, and B;,), a large cell density (minimal effect) and a tendency towards a larger normalised radius x, as shown in Figure 16
a) and b). Furthermore, E is found to be constant regardless of the level of the applied compression load for the elastic region.

Except for the aspect ratio a, the same tendencies apply to obtaining a large shear modulus G, as Figure 17 illustrates. Here, however,
G increases excessively with decreasing a. In addition, when the number of cells alone is varied in the horizontal n;, or vertical direction
n,, the shear modulus G shows a pronounced size effect (see Figure 17 b)). The variations of 8, and 3, contribute equally to the increase
of the shear modulus G with an increasing normalised wall thickness. In addition, E and G decrease with increasing temperatures
analogously to the material properties themselves.

By choosing the angle 68 ~ 45° (compare Table 1), a large aspect ratio a, a small normalised wall thickness S (especially 8;) and
small normalised radius x, a minimum Poisson’s ratio v (independent of temperature and load) is achieved, as Figure 18 illustrates. The
cell density n has almost no influence for n > 3 and v can assumed to be constant. The normalised wall thickness (3, of the vertical
struts also has a negligible effect on v, as Figure 18 b) shows.

The minimum Poisson’s ratio obtained in this work for the single cell is v = —1.1 at a stress level of ., = 525.4 MPa for a compressive
load. However, a small Poisson’s ratio is not necessarily synonymous with large values for E and G and a high load bearing capacity.
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Figure 14. Maximum occurring stress o, under compressive loading a) for the variation of the design parameters 0, a, 8, k, n
at the top and b) the separated variation of g, 8y, B, n, ny, n,, at the bottom
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Figure 15. Maximum occurring stress agg; under shear loading for the variation of a) the design parameters 0, a, 3, k, n at the
top and b) the separated variation of 8, B, B,, n, ny, 0, at the bottom
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Figure 16. Young’s modulus E for the variation of a) the design parameters @, a, 8, k, n and b) the separated variation of g, 81, B, 1, ny, 1y,
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Figure 17. Shear Modulus ¢ for the variation of a) the design parameters 0, a, 8, k, n and b) the separated variation of
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Figure 18. Poisson’s ratio v for a) the variation of the design parameters @, a, 8, k, n and b) the separated variation of
:B: :Bhv ﬁv: nnp Ny

3.2.2 Thermal conductivity

Regarding the thermal conductivity, the so-called resistance length R, is introduced as a meaningful parameter, which allows a
good prediction of the thermal behaviour depending on the cell dimensions relative to a reference lattice structure. Here, the minimum
distance from the heat source across the unit cell is determined as the decisive factor for the resistance to heating. This is referred to as
R, according to equation (3) and indicates the resistance length in millimetres (mm). Here, n,,,..r and R,..r are the number of cells in the
vertical direction and the radius of a reference grid structure with which the results are compared.

R, =(H + Lcos® — 2ty tan © — t,,(1 + sin 0))#:‘# + (Rrer — R) @A)

This relationship is derived from geometric dependencies on the unit cell, as shown in Figure 13. The resistance length can be

interpreted as the shortest path through a single cell. With the help of the formula, the temporal development of the temperature in the
re-entrant lattice structure can be determined in a first approximation compared to a reference structure. The smaller R, is, the faster the
auxetic lattice structure heats up.
The use of a lattice structure with small dimensions H and L, large wall thicknesses t,, and t;, large angles 6 and relatively large radii R
to achieve good heat conduction is recommended. The cell density n (also n,, and n,) has no influence, when n,, .., is considered for the
same dimensions of the lattice itself. The height of the total lattice structure H; ..+ has only an indirect influence, and results from the
variations of the absolute parameters described above in equation (3). The same applies to the design parameters a, 8, k and to the mass
m of the lattice. Furthermore, it can be stated that for the given experimental setup, a variable grid height H; ;... has a greater influence
on the temporal temperature development than a variation in the grid mass m.

4  Possible Applications Of Auxetic Structures In Turbo Machinery
The literature research shows that some applications of auxetic structures in engine construction have already been investigated.
Some aspects of the application examined are presented, and the results are summarised.

4.1 Fan blade with an auxetic internal structure to influence the vibration properties

Lira [16] examines fan blades with different internal structures: In a first step, a fan blade with a honeycomb structure without
auxetic properties is compared with a fan blade with an auxetic internal structure. The investigation shows that weight can be saved with
the auxetic internal structure on a blade with the same first natural frequency. The higher resonance frequencies are reduced. In a second
step, an auxetic gradient structure is created. The angle of the individual cells is varied over the height of the blade so that the auxetic
effect is not constant over the height. [16]

4.2 Auxetic containment

Due to the high energy absorption capacity of auxetic structures, they are particularly suitable for use in fan houses. Webb [17]
offers noise reduction, improved containment behaviour and weight reduction as advantages of auxetic fan housings. According to
Martin [18], auxetic internal housing structures can be manufactured additively.
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4.3 Compressor tip-clearance control

Rockel [10] investigates the passive gap maintenance of the blade tip gap in the high-pressure compressor by using auxetic structures
in the compressor housing. As load scenarios, Rockel simulates the cold start of an engine with acceleration to full speed and acceleration
and deceleration of the hot engine. His simulations show that the blade tip gap can be reduced using auxetic structures in the compressor
housing and thus the compressor efficiency can be increased. The effect is mainly based on the reduced thermal conductivity of the
auxetic structure. Martin [18] also lists the transient clearance as an advantage of auxetic housing structures in the patent application for
General Electric.

In a follow-up work at the Chair for Turbomachinery and Flight Propulsion at the Technical University of Munich Schmidt [19]
investigates the active clearance control with auxetic structures in a high-pressure compressor housing. The behaviour of the housing
should be actively controlled by changing the internal pressure and the temperature of the auxetic structures. The result of the
investigations is that the pressure variation has little effect on expanding the auxetic structure. A temperature variation shows a strong
effect. The blowing in of hot and cold air, therefore, leads to the desired expansion behaviour of the housing. [19]

5 Conclusion and Outlook

In this paper, different auxetic structures for turbomachinery applications are presented. One specific structure (R1) has suitable
thermal and mechanical behaviour for the different load conditions that can be found in modern aero engines or stationary gas
turbines. A parameter variation on the structure R1 exhibits the relationship between the geometry and the thermomechanical
behaviour but only for the investigated area. For the investigated area: The re-entrant angle @, the normalised wall thickness g and
the normalised radius k should be large for a low stress level. For a large auxetic effect (small Poisson’s ratio), the re-entrant angle
© must be around 45°, the aspect ratio a should be large and the normalised wall thickness 8 and the normalised radius x should be
small. The general effect of the cell density n is minimal.

Further investigation in terms of fatigue strength and constructional integration is necessary to exploit the advantages of auxetic
structures in future engines. Furthermore, a One-Factor-at-a-Time-Analysis as performed in this work is not able to fully display the
interrelationships between the factors and the geometry behaviour. A meta-model has to be generated to broadly understand the
structure and effects of the different parameters.

References

[1] H.-J. Bargel und G. Schulze, Werkstoffkunde. Berlin, Heidelberg: Springer Berlin Heidelberg, 2012.

[2] K. E. Evans und A. Alderson, ,,Auxetic Materials: Functional Materials and Structures from Lateral Thinking!®,
Advanced Materials, 2000.

[3] Q. Liu, ,Literature Review: Materials with Negative Poisson's Ratios and Potential Applications to Aerospace and
Defence®, 2006.

[4] Y. Liu und H. Hu, ,,A review on auxetic structures and polymeric materials: Institute of Textiles and Clothing, The
Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong.“, 2010.

[5] Yang W., Li Z.-M., Shi W., Xie B.-H. und Yang M.-B., ,,Review on auxetic materials“, Journal of Materials Science,
Nr. 39, 2004.

[6] X.Huangund S. Blackburn, ,,Developing a New Processing Route to Manufacture Honeycomb Ceramics with Negative
Poisson's Ratio“, Key Engineering Materials, 206-213, S. 201-204, 2001. [Online]. Verflighbar unter:
10.4028/www.scientific.net/KEM.206-213.201

[71 K. L. Alderson, A. Fitzgerald und K. E. Evans, ,, The strain dependent indentation resilience of auxetic microporous
polyethylene*, J Mater Sci, Jg. 35, Nr. 16, S. 4039-4047, 2000, doi: 10.1023/A:1004830103411.

[8] R.S.Lakesund K. Elms, ,,Indentability of Conventional and Negative Poisson's Ratio Foams*, Journal of COMPOSITE
MATERIALS, Jg. 27, 12 /1993, 1193-1202, 1992.

[9] X. REN, R. Das, P. Tran, T. D. Ngo und Y.M. Xie, ,,Auxetic metamaterials and structures: a review", Smart Mater.
Struct., Jg. 27, Nr. 2, S. 23001, 2018, doi: 10.1088/1361-665X/aaa61c.

[10] D. Rockel, ,,Zum Potenzial von additiven Fertigungsverfahren in zukiinftigen Triebwerksverdichtern®. Dissertation,
Lehrstuhl fir Flugantriebe, Technische Universitdt Minchen, Minchen, 2015.

[11] M. Borovinsek, N. Novak, M. Vesenjak, Z. Ren und M. Ulbin, ,,Designing 2D auxetic structures using multi-objective
topology optimization, Materials Science and Engineering: A, Jg. 795, S. 139914, 2020, doi:
10.1016/j.msea.2020.139914.

ICMIE 104-12



[12] L. J. Gibson und M. F. Ashby, Cellular solids: Structure and properties, 2. Aufl. Cambridge: Cambridge University
Press, 1997.

[13] D. Yang, S. Lee und F. Y. Huang, ,,Geometric effects on micropolar elastic honeycomb structure with negative Poisson’s
ratio using the finite element method“. Research Paper, Department of Mechanical Engineering, National Central
University, Taiwan, 2003.

[14] L. Yang, O. Harrysson, H. West und D. Cormier, ,,Modeling of uniaxial compression in a 3D periodic re-entrant lattice
structure®, J Mater Sci, Nr. 4, S. 1413-1422, 2013, doi: 10.1007/s10853-012-6892-2.

[15] L. Yang, O. Harrysson, H. West und D. Cormier, ,,Mechanical properties of 3D re-entrant honeycomb auxetic structures
realized via additive manufacturing™, International Journal of Solids and Structures, S. 475-490, 2015, doi:
10.1016/j.ijsolstr.2015.05.005.

[16] C. Lira, F. Scarpa und R. Rajasekaran, ,,A Gradient Cellular Core for Aeroengine Fan Blades Based on Auxetic
Configurations“, Journal of Intelligent Material Systems and Structures, Jg. 22, Nr. 9, S. 907-917, 2011, doi:
10.1177/1045389X11414226.

[17] W. H. Webb, “Fan Case with Auxetic Liner,” US 2015/0345320 A1 D 3 2015, Dez 3, 2015.

[18] A. Martin und A. Sibbach, “Casing with Tunable Lattice Structure,” US2019/0271237 A1, Sep 5, 2019.

[19] T. Schmidt, S. Eisenmann, V. Velikov und V. Giimmer, ,,Analysis of an Auxetic Casing Structure for Tip Clearance
Control under Various Temperature and Pressure Conditions: ISABE-2017-22629%, 2017.

ICMIE 104-13



