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a b s t r a c t

This review analyses the design, manufacture and mechanical behaviour of sheet-based

gyroid structures with different gradients, made of the alloy AlSi7Mg0.6. Contrary to

most contributions, additive manufacturing was not used for the production of the metallic

lattices. The lattices were manufactured by microcast processing, which represents an

alternative manufacturing option for complex structures. Five different gyroid structures of

AlSi7Mg0.6, with a porosity between 40% and 80% and different gradients, are produced

and analysed. The special feature here is that, in addition to constant and linear gradients,

a non-linear gradient is also taken into account. With the introduction of a non-linear

gradient, a hardly considered structure is introduced. By introducing new gradients, the

structures can be better adapted to their environment.

The main focus of the mechanical behaviour analysis was on the possible energy ab-

sorption capacity. For this purpose, compression tests were performed. The plateau of the

resulting stressestrain diagram of structures with constant porosities of 80% and 60%

characterises an ideal course for energy absorption. However, graded porosity structures

with porosities ranging from 80% to 40% have a higher energy absorption capacity than the

structures with a constant porosity of 80%. The results show a new possibility that a tar-

geted adjustment of the energy absorption potential is possible through future topology

optimisation, which would be attractive in industries with crash safety areas.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

In engineering applications, lattice structures are often used

to obtain lighter and high-strength materials. These struc-

tures are often copied from nature, which has produced effi-

cient cell structures that are characterised by high stiffness

and strength, such as the bones, woods, or teeth. These

structures are also known as natural energy absorbers. A

characteristic property of natural structures is the fact that

they often have a complex shape with a density gradient [1,2].

An example of a complex structure that occurs in nature,

but does not necessarily have a density gradient, is the gyroid

structure, which belongs to the family of triply periodic min-

imal surfaces (TPMS) [3]. In general, TPMS can be defined by

mathematical functions that allow the adjustment of various

parameters such as the cell size, the number of cells and the

porosity. They are characterised by the fact that the mean

curvature is zero at every point on the surface. This results in a

complex shape, a non-intersecting curved surface, that re-

peats periodically in all directions [4,5]. These structures can

be based on either polymers or metals [6]. Due to this complex

shape, additive manufacturing (AM), such as selective laser

powder bed fusion technology [7], fused filament fabrication

[8], electron beammelting [9] or selective laser sintering [10], is

predominantly used. Their complex shape, copied from na-

ture, makes the structures interesting for a wide variety of
Fig. 1 e Strut-based (a) and sheet-based (b)
research applications and areas. Their topology, for example,

is similar to that of trabecular bones, which means that the

TPMS structures are attracting attention in the field of tissue

engineering [11].

In the topology of the gyroid structure, a distinction is

made between sheet-based and strut-based structures [12]. A

key difference between the two types of topology is that the

sheet-based structures have a larger surface-to-volume ratio

and a two-chamber system [13]. In Fig. 1, the respective

chamber system of the strut-based gyroid (1 a.2) and the

sheet-based gyroid (1 b.2) is marked.

In addition, various studies have shown that the me-

chanical properties of sheet-based gyroid structures are better

than those of strut-based structures [7,14,15]. For this reason,

this study focuses on sheet-based gyroid structures. The fact

that it is reproduced by its mathematical formulation is a

major advantage of the cell structure. The approximation

formula of the sheet-based gyroid structure (hereafter called

gyroid) is presented in equation (1) [16].

0 ¼
�
sin

2px
Lx

,cos
2py
Ly

þ sin
2py
Ly

,cos
2pz
Lz

þ sin
2pz
Lz

,cos
2px
Lx

�2
� t2;

(1)

with the number of cell repetitions in the x�, y� and

z� direction and the size of the unit cells (Lx, Ly, Lz) [17e19]. In
gyroid with marked chamber system.
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Fig. 2 e Contrary dependence between the porosity F and

the volume fraction v*: as the porosity increases, the

volume fraction decreases. Illustrated on gyroid unit cells

with a porosity of 40%, 60% and 80%.
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addition, the parameter (t) controls the wall thickness, which

has a direct influence on the volume fraction (v*) of the pore

phase and the porosity (F) of the solid phase [20,21]. F is

calculated according to the following equation [22,23]:

F ¼ ð1� v*Þ,100½%�; (2)

with

v* ¼ v
vs
; (3)

where v* is defined by v, the volume of the pore structure,

and vs, the volume of the solid structure. The relationship

between v* andF is inverse, whichmeans that a high porosity

implies a low wall thickness. This relationship is illustrated in

Fig. 2. For this purpose, three gyroid unit cells with porosities

of 40%, 60% and 80% are shown. The above parameters have a

significant influence on the mechanical properties [24].

The research and application areas of gyroid structures are

diverse. Their two-chamber system and high surface-to-

volume ratio favour applications where two media must

interact separately [25], an example of which is a heat

exchanger [26]. Another frequently considered area of

research is the consideration of gyroid structures as possible

crash structures. For this purpose, their energy absorption

capacity is considered [27]. However, the structures under

consideration are often characterised by uniform porosity

[15,20,27,28].

When structures with gradients are considered, the gra-

dients in cell size or porosity are usually in the linear range

[18,19,29]. The possible applications and areas of research

involving the use of gradient structures are diverse and

promising. Liu [19] used linearly graded cell size gradients to

mimic the natural environment of bone. In addition to Liu's
work, other research has introduced linearly graded pore

structures to achieve the best fit to the application domain.

Dawei Li ([18]), for instance, has taken a closer look at the

energy absorption potential of sheet-based and strut-based

gyroid structures. It has been shown that the graded, sheet-

based cellular structures have a better energy absorption ca-

pacity than the uniformand strut-based structures, which can

be confirmed by Zhang et al. [30]. In Zhang's study [30], sheet-

based gyroid structures with constant and linear profiles were

analysed. The linear profile structures exhibit a more stable

and longer plateau phase as well as a higher energy absorp-

tion capacity. Under compressive loads, the structures can

additionally achieve a larger damping ratio than structures

with constant porosity.

Despite the wide range of applications of gradient struc-

tures, non-linear gradients are rarely found in research. In

[31], the energy absorption of lattice structures with linear and

quadratic gradients (I-Wrapped Package, IW-P) is investigated

in comparison to uniform structures. It can be seen that the

structures with linear and quadratic gradients have a higher

energy absorption capacity, when exposed to a greater load.

This result highlights the fact that the introduction of non-

linear gradients is promising. A widely considered topic is

the control of the energy absorption capacity. In vehicle

safety, for example, thin-walled structures are usually used as

impact energy absorption elements. However, these can still

be improved in terms of their structural configurations to
maximize occupant safety [32,33]. Since the good energy ab-

sorption behaviour of gyroid structures has already been

shown in several studies [18,20,27], it is now interesting to

consider the behaviour of gyroid structures with non-linear

gradients, which is part of this work.

Since non-linear gradients have hardly been considered in

research papers so far, this research area is still very new and

offers a lot of potential. In addition to the study of energy

absorption, another possibility for the use of non-linear gra-

dients is the adaptation to the environment, for example, to

the bone environment. Furthermore, better application-

specific adjustments could be possible through non-linear

gradients. In this work, the focus is on the study of energy

absorption. For this purpose, gyroid structures with linear,

quadratic and constant gradients with porosities in the range

of 40%e60% are fabricated by microcast processing and are

investigated by compression tests. Thereby, the fabrication of

the structure represents a novelty. Usually, the structures are

fabricated using additive manufacturing processes. Microcast

processing is an alternative to the typical additive

manufacturing processes for both complex and simple

structures between 0.01 g and 30 g.
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Fig. 3 e Function curve of gyroid structures with a linear and quadratic porosity of the actual (points) and target porosity

function (line).

Table 1 e Theoretical porosity of the samples.

Sample type Calculated average porosity [%]

Constant 40 42

Linear 40-80 56

Constant 60 57

Quadratic 40-80 63

Constant 80 76
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2. Structure generation

The structures are generated with the help of a self-

programmed MatLab code [34]. For structures with gradients,

a maximum (starting) porosity and a minimum (target)

porosity are specified. Starting from the maximum porosity,

the structure is thickened in either a linear or quadratic pro-

gression. The quadratic progression represents a quasi

inverted parabola (see Fig. 3). The diagram shows the target

and actual function of the structure, with a linear and

quadratic porosity gradient over the cell size (x-axis) and the

porosity (y-axis). Here, the actual and target porosity deviate

slightly from each other. The course of the function shows

that the structure with the quadratic gradient is thickened

more slowly than the structure with the linear gradient. The

thickening of the structures takes place in the z-direction. The

specimens have a size of 25 � 25 � 25 mm3, with 10 cells per

spatial direction. The article byWallat et al. [35] providesmore

detailed information about the MatLab code.

For the following analysis, the sample dimensions and test

method are based on the international standard ISO

13314:2011 [36]. Sampleswith porosities from 40% to 80%,with

a quadratic and linear gradient, and with a constant porosity

of 40%, 60% and 80% are generated. Table 1 shows the calcu-

lated porosity from the stl files. Formula 2 is used to calculate

the porosity.

As shown in Table 1, three samples within a similar

porosity range (linear 40e80, quadratic 40e80 and constant 60)

are compared. The structures with a constant porosity of 60%

and the structures with linear porosities from 40% to 80%

theoretically have an average equal porosity of 60%. The

average porosity of the structures with a quadratic gradient is

slightly higher than 60%, which is due to the fact that the

structures with a quadratic gradient thicken more slowly, as

shown by the quadratic gradient function in Fig. 3. In general,

the porosity calculated from the stl files deviates from the
theoretical porosity by up to 4 percentage points. On the one

hand, this is caused by the slight deviation that occurred

during the generation of the structures and, on the other

hand, by the tessellation of the stl files, which affects the ac-

curacy [37]. In addition, the two extreme values ‘constant 400

and ‘constant 80’ are considered.
3. Microcast processing

In addition to additive manufacturing processes such as se-

lective laser melting (SLM) or selective laser sintering (SLS),

generative microcast processing can also be used to manu-

facture complex components. This method offers the possi-

bility to produce primitive and very complex structures, such

as TPMS structures, with a wall thickness of at least 0.12 mm

in large quantities, in a weight range between 0.01 g to

approximately 30 g. Furthermore, it is suitable for the devel-

opment and prototype phase of a product, as different ge-

ometry, design and material variants of a product can be

produced in one manufacturing step. The special feature is

that the original metal alloy such as copper-based, aluminium

and zinc alloys or steels are used for the cast processing. The

manufacturing steps of the cast processing are shown in Fig. 4,

using a gyroid structure.

First, wax models are produced, using a 3D printing pro-

cess, which are then attached to a casting tree. In the further

https://doi.org/10.1016/j.jmrt.2022.09.093
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Fig. 4 e Schematic representation of microcast processing, based on a gyroid structure.

Fig. 6 e Gyroid casting structure with marked sprue points

from the casting tree.
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manufacturing process, the casting tree with the added

components serves as a lost model, in which the structures

are embedded in a ceramic mass (in our case gypsum) and

burnt out. Then, molten metal is poured into the negative

molds, created by the firing process. After the destruction of

the ceramicmold, themetal parts can be removed. To achieve

complete removal of the investment material in the narrow

corridors of the TPMS structure, the structure are first blasted

with water. Then the parts are placed in an ultrasonic bath.

These two steps are repeated until no investmentmaterial are

left.

The gyroid structures are manufactured by the company

Nonnenmacher GmbH, €Olbronn Dürrn, Germany and are made of

the aluminium alloy AlSi7Mg0.6 (r ¼ 2,68 g/cm3, E ¼ 59 GPa).

Fig. 5 shows the surface of the computer-generated model of

the gyroid structure with a linear gradient and porosities from

80% to 40%, compared to the corresponding cast model. This

shows that the cast is so accurate that the model and the cast

can merge seamlessly.

Each casting structure has sprue points from the connec-

tion to the casting tree, which aremarked in the casting gyroid

cube with a linear gradient, shown in Fig. 6. These casting

points must be taken into account during the subsequent

component inspection.
Fig. 5 e Computer-based model compared to the cast model of
The presence of the sprue points partially explains why

some samples are slightly heavier than the theoretically

calculated weight, as shown in Table 2. Table 2 shows the

theoretical and actual weights of the samples and the weight
a gyroid structure, with a linear porosity from 80% to 40%.

https://doi.org/10.1016/j.jmrt.2022.09.093
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Fig. 7 e Missing mass substance of the gyroid structure

with a constant porosity of 80%.
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deviation in percent. Here, the actual weight of the samples

either deviates positively, if the sample is heavier than the

theoretical weight, or negatively, if the actual weight is lighter

than the theoretical weight.

When considering the theoretical and actual weight of the

samples, the largest percentage difference of about (�) 28% is

found at the constant porosity of 80%. However, since these

samples are also in the low weight range, a percentage devi-

ation of 28% means an absolute value of 2.1 g. Taking these

values into account, the manufacturing process provides test

samples with a good quality. For the gyroid structures with a

constant porosity of 80%, the samples all deviate negatively

from the theoretical weight. This is due to the fact that,

because of their filigree structure, the edges and corners have

already broken off before the test (see Fig. 7).

In contrast, a positive deviation is consistently observed for

the gyroid structure with a constant porosity of 40%, which

means that the specimens are heavier than their theoretical

value. This may be due to the sprue points, as the visual in-

spection did not reveal any significant gypsum residues in the

structure. The uniform structure with a porosity of 60% shows

the least variation. For the structures with a linear and a

quadratic porosity, the deviations from the theoretical values

are sometimes negative and sometimes positive.
4. Testing

To investigate the energy absorption capacity, compression

tests were carried out with the machine ‘inspekt 2000, from the

company ‘Hegewald & Peschke’. For all specimens, the
Table 2 e Theoretical and actual weight of the samples.

Sample type Sample number Theoretical w

Constant 40 P1 24.03

P2 24.03

P3 24.03

P4 24.03

P5 24.03

Linear 40-80 P1 18.42

P2 18.42

P3 18.42

P4 18.42

P5 18.42

Constant 60 P1 17.77

P2 17.77

P3 17.77

P4 17.77

P5 17.77

Quadr. 40-80 P1 15.45

P2 15.45

P3 15.45

P4 15.45

P5 15.45

Constant 80 P1 9.91

P2 9.91

P3 9.91

P4 9.91

P5 9.91
crosshead speed was 0.025 mm/s (initial length (25 mm) *

compression speed (10�3s�1)). Five gyroid structures of each type

were tested. The specimenswere placed on the lower pressure

plate, so that the sprue points were rested vertically on the

plate. The compression tests of the structures with a constant

porosity of 40% had to be stopped prematurely, because the

punch of the machine got into a one-sided oblique position

and wedged. Therefore, it was not possible to calculate the

energy absorption capacity of these samples. The wedging

during the compression test is shown in Fig. 8.
eight [g] Actual weight [g] Deviation [%]

24.71 2.82

24.78 3.12

24.87 3.50

24.95 3.83

25.49 6.08

17.52 �4,89

18.70 1.52

17.72 �3.80

17.74 �3.69

17.92 �2.71

16.89 �5,21

17.74 �0,17

17.77 0.00

17.05 �4,22

17.80 0.17

16.10 4.21

14.47 �6.77

15.30 �0.98

15.91 2.98

15.68 1.49

9.28 �6.79

8.17 �21.30

9.13 �8.54

8.83 �12.23

7.81 �26.88
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Fig. 8 e Course of the compression test (gyroid; constant 40%): 1. Initial state; 2. Unilateral fracture; 3. Wedging.
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5. Results and discussion

The results of the compression test of the stressestrain dia-

gram are shown in Fig. 9. The figure shows five samples for

each gyroid type (see Table 2).

As mentioned above, no statement about the energy ab-

sorption capacity could be made for the structures with a low

porosity (40%), because the mechanical tests had to be

stopped before reaching the first peak, due to a one-sided

failure of the samples. However, statements can be made

about the layer collapse in the stressestrain diagrams.

Compared to the other structures, the layer collapse occurred

more frequently and in a more intense form, even before

reaching the first peak of 50%, which is shown in the

stressestrain curve, by the sudden drop in stress. In the other

structures, the layer collapsed after this peak. In the gyroid

structures with constant porosities of 80% and 60%,minor cell

collapses are regularly observed on the plateau. Minor stress

drops are also evident in the gradient structures. In Fig. 10, a
Fig. 9 e Stressestrain diagra
structure of each gyroid type is shown for better clarity and

the layer collapse is marked.

Ashby's [38] observation that the initial loading curve is not

linear can be shared for all samples. This is due to the fact that

some cells already fail at low loads. In addition, Ashby de-

scribes that an ideal energy absorber is characterised by its

long plateau (a long, flat stressestrain curve). In use cases, the

plateau stress should be less than the stress of the object being

protected [38]. According to the ISO 13314:2011 standard [36],

the energy absorption per unit is calculated from the area

under the curve up to a strain of 50%, as shown in the

following equation (4):

W ¼
Z

εð50%Þ

ε¼0

sðεÞdε ½MJ
�
m3� (4)

The cumulative energy absorption per unit volume, W, is

composed of the strain ε [%] and the corresponding stress s

[MPa] during the compression test.According to Ashby, the

samples with a constant porosity of 80% and 60% show the
m of tested structures.
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Fig. 10 e Stressestrain diagram - Layer collapse.

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 2 1 : 1 7 9 8e1 8 1 0 1805
ideal course of an energy absorber. The function curve of

gyroid structures with a quadratic and linear plateau is not as

clearly visible, but has a higher energy absorption potential.

Table 3 shows the calculated energy absorption per unit vol-

ume. In addition, the mean value of the total samples is given.

It is noticeable that there is an outlier upwards, in the value of
Table 3 e Theoretical and actual weight of the samples.

Sample type Sample number Energy absorption [MJ/m3]

Constant 80 P1 309.1

P2 116.1

P3 256.4

P4 155.2

P5 150.2

av. 197.4

Constant 60 P1 560.4

P2 951.9

P3 745.0

P4 648.1

P5 760.7

av. 733.22

Linear 40-80 P1 2554.7

P2 2593.8

P3 3086.8

P4 3037.5

P5 2879.4

av. 2830.44

Quadr. 40-80 P1 1103.7

P2 1734.4

P3 1838.9

P4 2091.3

P5 1475.8

av. 1648.82
the energy absorption of each of the 5 samples, which is

written in bold in Table 3.

The samples with a constant porosity of 80% show the

lowest energy potential capacity, followed by the samples

with a porosity of 60%. The samples with a quadratic and

linear curve have the highest energy absorption capacity of

the samples listed. When considering the average values, the

linear sample has a 40% higher energy absorption capacity,

compared to the quadratic sample. However, it should be

noted that the quadratic sample has a higher porosity, which

is listed in Table 1. The most meaningful comparison is made

between the uniform gyroids ‘constant 600 and the linear

gyroids, since these lie in the same porosity range. When

considering the average values, the energy absorption ca-

pacity at a strain of 50% is more than three times lower for the

uniform gyroids ‘constant 60’ than for the linear gyroids.The

different curves of the energy absorption capacity can be

found in Fig. 11, which plots the cumulative energy absorption

per unit volume, W, versus strain. Furthermore, the graph is

divided into 4 regions. In the respective strain range, each

region is dominated by the energy absorption capacity of a

different structure.

It can be observed that area I [from 0% to approx. 12%]

shows the highest energy absorption of the uniform gyroids

‘constant 60’, while interval II [from approx. 12%e20%] shows

a dominant linear structure, which is followed by the

quadratic structure. In the last interval IV [from 35% to 50%],

the linear structure dominates again. The good energy ab-

sorption in the lower strain range of the constant structure

can be explained by its rapid plateau increase in the

stressestrain diagram 9. All samples initially have a flat,

almost linear region. The linear region of the quadratic and

linear samples ends after reaching a compressive load of

https://doi.org/10.1016/j.jmrt.2022.09.093
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Fig. 11 e Cumulative energy absorption per unit and strain [%].
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about 5%, while the linear region of the samples with a con-

stant porosity of 80% is longer. In the work of Dawei Li [18], it

was also found that the linear region of the samples with

linear gradients is hardly present. This is due to the more

pronounced plateau of the samples with a constant porosity

of 80%, shown in the stressestrain diagram 9.When looking at

the curves of ‘quadratic 40e800 and ‘linear 40e80’, it can be

seen that they are very similar. However, from the beginning

of region IV, the energy absorption of the linear sample in-

creases more rapidly. This can be explained by the fact that

the linear sample thickens faster, compared to the quadratic

sample, which leads to more stability earlier.

The failuremodes of the structures are compared in Fig. 12.

The structures with a constant porosity show a different

failure pattern than the structures with gradients.

For the gyroid structures with a constant porosity of 80%,

diagonal shear is a failure mode, as shown in Fig. 12. This

observation has also been made by Maskery [17] and by

Chenxi Lu [39]. They have investigated (sheet-based) gyroid

structures made of an aluminium alloy (AleSi10eMg), pro-

duced by selective laser sintering (SLS).In the linear (c) and

quadratic (d) gyroid structures of Fig. 12, the layered planes

with the higher porosity are compressed like an accordion,
while the cells in the lower part of the low porosity samples

appear to be unaffected by the forces. This type of failure can

be confirmed by the simulation results of the study by Wallat

et al. [35]. The simulations were performed in the linear

deformation domain, using the simulation software PACE3D.

The gyroid structures with linear and quadratic gradients are

unit cell structures. It was shown that the stress occurs on the

side with the highest porosity, while the structures with a

constant porosity show similarly distributed stresses on both

sides. In addition, the simulations showed that the ‘linear

40e800 and ‘quadratic 40e800 gyroid structures have a higher

maximum von Mises equivalent stress than the ‘constant 600

structures. However, the ‘constant 600 structures have a

higher normalised vonMises stress than the structures with a

gradient. Since the lower part of the structures with gradients

was not destroyed (see Fig. 12 c, d), it can be concluded from

the visual observation of the samples and the simulation re-

sults that the structure hasmore unstressed areas in the parts

where the porosity is lower. These overlapping results confirm

that simulations in the linear deformation domain can show a

trend towards a unit cell structure, which allows to make a

basic statement about the failure of the multicellular

structure.

https://doi.org/10.1016/j.jmrt.2022.09.093
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Fig. 12 e Failure modes of gyroid structures - (a) constant 80% and (b) constant 60%: diagonal shear failure; (c) linear gradient

40e80% and (d) quadratic gradient 40e80%: compression in higher porosity area.
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6. Conclusions

In this paper, gyroid structures with different gradient profiles

(constant, linear and quadratic) were considered and their

energy absorption capacity was analysed. For this purpose,

the structures were manufactured from an aluminium alloy,

using microcast processing, which represents an alternative

manufacturing option for complex structures. Compression

tests were performed and evaluated to investigate the energy

absorption capacity. With regard to the energy absorption

capacity, the following could be shown:

I The gyroid structures with a constant porosity of 80%

and 60% have a more significant plateau, but the energy

absorption capacity is significantly lower than that of

the linear and quadratic gradient structures.

II Overall, the samples with a linear gradient performed

best, in terms of energy absorption. These sampleswere

found to have three times the energy absorption ca-

pacity, compared to the samples with a constant

porosity of 60%.

III The samples with a constant porosity of 60% show the

best energy absorption potential in the lower strain

range [0% - 12%].
IV The samples with a quadratic gradient have good en-

ergy absorption in the medium strain range [20% - 35%].

V After the compression tests, the individual cells of the

constant samples were visibly more damaged than

those of the samples with a linear and quadratic

gradient.

VI In the range of linear deformation, simulations of a unit

cell structure can show a trend for a fundamental

statement about the failure of a multicellular structure.

These results indicate the high potential of structures with

gradients and open up the possibility of achieving the desired

energy absorption capacity in the future, by optimising the

topology of the gyroid structure. Adaptation to the energy

absorption capacity is a central issue in vehicle safety. The

gradient structure creates a new lightweight construction and

design option with new potential. In addition, the gradient

makes it possible to adapt a porous structure to its environ-

ment. This is interesting in the field of tissue engineering,

when a porous structure needs to be adapted to the bone

structure.

In the future, the performance of using the structures with

gradients as cores for devices will be a crucial issue of further

research. Yin [40] has integrated TPMS structures with con-

stant porosity into square tubes to demonstrate a reinforcing

https://doi.org/10.1016/j.jmrt.2022.09.093
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energy absorber. This study could be extended to structures

with gradients.

Furthermore, variation of the gradient functions enable for

a digital design of tailored porous structures specifically

developed for particular applications.

In order to be able to make a more precise statement about

the transferability of unicellular tomulticellular structures, an

investigation of the homomorphism of the gyroid structures is

a future research topic.

A detailled microstructure characterization and the

determination of phase composition under the processing

conditions of inert atmosphere as well as possible effects on

the mechanical properties are addressed in forthcoming

studies of microcast processing.
Data availability

The stl files of the structures as well as the simulative and

experimental results of the study are freely available in the

software Kadi4Mat. Kadi4Mat [41] is an open-source software

developed at the Institute for Applied Materials - Microstruc-

ture Modelling and Simulation (IAM-MMS) of the Karlsruhe

Institute of Technology (KIT). It is mainly used to manage

research data in the field of materials science. This should

make the exchange between scientists more transparent and

easier.
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