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Abstract: The mechanical behavior of AA6082 Kelvin cell foams under compressive tests
has been investigated in this work. The lost-PLA replication technique, a simple and cheap
technique, has been adopted as the production method. Six Al alloy samples have been
made and successively subjected to compressive tests in order to examine the mechanical
response and the repeatability too. The manufactured foams show good morphology
and surface finishing, replicating the PLA 3D-printed foams with adequate accuracy. The
experimental density of the foam has been found in good agreement with the theoretical
one. When subjected to static compression, the Kelvin cell foams exhibit a load—strain
diagram characterized by the initial linear stage followed by two plateaus at successively
increasing load levels. Final densification occurs when there is no more space available for
further plastic deformation and the load sharply increases. The specific absorbed energy
has been calculated from load—strain curves: the average measured value was found to be
23]/ cm?, and standard deviation in the six compression tests was 0.3 J/ cm?.

Keywords: 3D cellular structures; Al foams; Kelvin cell; mechanical properties; compression
behavior; experimental tests

1. Introduction

The need for lightweight structures that guarantee high mechanical strength and
superior overall performance is continuously rising in various engineering fields [1,2],
both in static and dynamic conditions [3]. Accurately controlling the porosity’s ma-
terials [4-6] is fundamental in achieving and combining these apparently contrasting
requirements [7-9]. Thanks to additive manufacturing technologies [10,11], it is possible
to manage and built integrated components entirely or partially made of lattice cellular
structures with suitable and optimized geometries [12-14]. The transportation [15,16]
and civil engineering [17,18] fields have benefited mainly from the chance to create free-
form and lightweight components, in which weight reduction is fundamental. The high
energy absorption capacity [19,20] and the previously mentioned advantage of weight re-
duction [21,22] make these structures interesting for the automotive sector, where they are
also used as acoustic dampers [23,24]. The high surface area that the porosity generates also
guarantees excellent properties in the field of heat exchange to the metal foams. Managing
a lattice cellular structure with optimized geometry is a complex task [25-27]. However,
additive technologies represent the state of the art in the manufacturing of cellular metal-
lic structures thanks to their incredible versatility of use [28,29] and their outstanding
mechanical properties [30-32].
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Metal cellular structures are materials exhibiting a controlled level of porosity; they
can be made of a network of interconnected cells or voids. A first kind of classification [33]
may be based on the geometry and morphology of the microstructures. Cellular materials
can be divided in two main categories: stochastic structures, usually known as metallic
foams (structures with open or closed cells) [9] and non-stochastic structures [34], obtained
by periodic repetition in the space of lattice structures [35,36]. In the initial scenario, the
porosity of the distribution is random, whereas in the latter case, it shows periodic charac-
teristics. Numerous studies indicate that utilizing non-stochastic open-cell structures can
result in enhanced and predictable mechanical and thermal characteristics in comparison
to stochastic foams [37,38]. Hassanli et al. [20] demonstrated that a correct modification
in pore distribution can significantly improve the mechanical properties of the fabricated
foam. The elevated surface-to-volume ratio renders this type of material ideal for the
production of high-performance heat exchangers [39-41]. Research has demonstrated that
periodic cellular structures provide a heat transfer coefficient that outperforms that of metal
foams [42-44].

A simple and economical approach for producing metal porous structures, suitable
for both functional and structural purposes, with the predetermined design of a periodic
cell, has been demonstrated in earlier research [14]. The main processing steps are reported
in the following. Beginning with a 3D computer model (CAD), the part is fabricated
using fused deposition modeling (FDM), which allows for the utilization of thermoplastic
materials (PC, ABS, and PLA) that have relatively low melting points. In the FDM printer,
the filament is heated until it reaches a semi-liquid state near the nozzle and is then extruded
layer by layer onto the moving platform. Each successive layer bonds with the previous
one until the final component solidifies. Several parameters of the process, including layer
thickness, printing orientation, raster width, and angle, can be adjusted to enhance the
overall quality of the printed pieces. The set-up is characterized by its low cost, high speed,
and ease of use.

The manufacturing of the metallic lattice structure is performed through the replication
of the PLA model in a similar way as used in the past, such as in lost wax casting. However,
Poly Lactic Acid (PLA), a biodegradable polymer, is employed instead of wax. Once the
printing process is completed, the PLA model, placed inside a mold, is filled up with liquid
plaster. After plaster drying, the PLA is removed in a suitable furnace with a burnout
process. In the next step, molten Al alloys replace the voids left free by the PLA, followed
by alloy solidification. After that, the plaster can be easily removed, and finally, the lattice
structure replicating the starting geometry of the printed PLA can be obtained. Thanks to
the experience gained using the technique, many problems have been solved, as detailed
in an earlier work [14]. The materials and experimental techniques used are described in
detail in the next paragraph.

This research work analyzes the manufacturing process of metallic lattice structures
with a Kelvin cell, and after production, their mechanical characterization was also analyzed
through compression tests. It deals with the production of EN AW 6082 cellular structures
manufactured by the lost-PLA technique. The aim of the work is the analysis of the energy
absorption capability of Al metal foams with a predetermined structure (Kelvin cells).

2. Materials and Methods

The lost-PLA technique was derived from a foundry process well known in ancient
times as lost wax casting. In particular, to adopt the lost-PLA technique, a 3D model of the
structure needs to be produced. Such a model is usually designed with the CAD program
and, once the design on the computer is completed, the file is saved in STL format, allowing
the 3D printer to obtain the design data. The prototypes of the cellular structures were
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PLA model

(b)

manufactured in PLA by a 3D printer of the FDM type with a double extruder (nozzle
diameter equal to 0.4 mm), which has a printing volume of 230 x 190 x 200 mm?. Ten
hours is the time required for printing, depending on the set-up of the layer height and
the required surface finishing. After that, the PLA model was covered with a mixture of
water and plaster specifically employed for metal casting. However, the model cannot
be completely encased in plaster without leaving vents as there would be no way for the
PLA to be removed and the metal to take its place. Therefore, additional plastic material
was added to the model to form the sprues. Once the plastic material that forms the vent
channels (the straws) is removed, they will form a tunnel from the outside of the covering
to each corner of the model. The model was placed inside a stainless-steel container, which
was then filled with plaster and dried. After plaster drying (24 h), the general assembly
was placed in the oven for thermal treatment (burning of the PLA model and sprues,
1 h), leaving the final negative shape with a perfect imprint of the design. Meanwhile,
in a suitable crucible, the AA6082 was melted using another oven. When PLA burning
was completed and the AA6082 became molten, the Al alloy was poured in the stainless-
steel container replicating the starting shape of the PLA lattice until solidification of the
alloy (5 min). Once at room temperature, the final Al lattice was pulled out from the
plaster. A sketch of the manufacturing process is shown in Figure 1a—f. Further details
regarding the optimization of the manufacturing process are described in earlier works of
the authors [12-14].

Plaster mold Metal structure

(d) ()

Figure 1. (a) CAD model; (b) 3D-printed PLA model; (c) plaster casting; (d) burnout; (e) gravity
casting; (f) final AA 6082 structure.

By using this production process and appropriately setting the parameters of interest
on the CAD program, it is possible to reproduce a great variety of geometries knowing
a priori the theoretical values of the surface and volume required for the structures after
printing. The technique is extremely flexible and versatile for the manufacturing of the
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required cellular structures. In this work, in particular, it was decided to characterize a
cellular structure obtained through the coupling of 33 Kelvin cells (truncated octahedron).
The number of cells was decided based on the size of the molds available in the laboratory.

Kelvin Cell Selection

Kelvin cells (Figure 2a) are polyhedrons made of fourteen sides, with six quadrilaterals
and eight hexagons as faces. For centuries, such a structure has been considered the best
way to divide three-dimensional space into cells with the same volume, minimizing the
surface area of the cell walls. The Kelvin problem, posed by Lord Kelvin in 1887, is to find
an arrangement of cells so that the total surface area of the walls between them is as small as
possible. The problem is relevant in nature, for example, for bone replacement materials due
to the honeycomb-like structure of the bones. Kelvin suggested the solution to his problem
as a structure with six square faces and eight hexagonal faces, named truncated octahedron
(Figure 2b). The structure designed for compression tests is reported in Figure 3a, while the
structure built-up with the support for printing is reported in Figure 3b.

(a) (b)

Figure 2. (a) Full Kelvin cell; (b) hollow Kelvin cell.

(a)

Figure 3. (a) Structure of Kelvin cells for compression tests; (b) structure of Kelvin cells for compres-
sion test with printing support.

To create the structure, it was necessary to use both extruders of the 3D printer present
in the laboratory as the sample to be reproduced has oblique edges and therefore requires
supports, in PVA, to be obtained without the presence of defects.

The following parameters were chosen for samples printing, reported in Table 1:

Speed 40 mm/s (PLA) and 60 mm/s (PVA);

Temperature 200 °C (extruders) and 60 °C (printing plate);
Layer thickness 0.25 mm;

Fill density 20%.
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Table 1. Material weight for printing samples.
PLA PVA Weight PLA  Weight PVA Weight Tot
Sample
[m] [m] [g] [g] [g]
Kelvin 2.53 4.69 20.0 374 57.4

The relative density p* for a cellular structure is defined as the ratio between the
density of the cellular structure p.;; and that of the solid filled structure p;:

x _ Peell _ Meell (1)

Ps ms

Since the densities are calculated for the same unit volume, it is possible to express p*
also as a ratio of the masses, and since the material does not change, it is possible to express
p* also as a ratio between the volumes. By exploiting this last relationship, it is possible
to easily obtain the value of theoretical p* (Table 2). S is the external surface of the lattice
structure calculated with the CAD program.

Table 2. Ideal sizes obtained for the samples.

\" S S/IV * . p* Theoretical
Sample [mm?] [mm?] [mm-1] p* Theoretical [%]
Kelvin 9139.5 23,920.1 2.62 0.277 27.7

After printing, the PVA support was removed; the sample was left in water at room
temperature for approximately 5 h; and then, the PLA model was left to dry. Once the PLA
sample was dry, the straws were inserted, and the mixture of water and plaster could be
prepared inside the mold. Following the instructions of the plaster manufacturer, a mixture
of water and plaster with a ratio of approximately 40:100 was prepared. After the mixture
reached the right consistency, it completely covered the sample, leaving only the casting
channels and the straw vents free. Once this step was completed, the assembly was left to
dry for at least 24 h.

When the plaster mold was dry, the oven was turned on and the mold was inserted
into it until 900 °C was reached. The aluminum alloy billet, EN AW 6082, was inserted into
another furnace, setting a final temperature of 875 °C. When both ovens reached the pre-
established temperatures, it was possible to proceed with casting by applying vibrations to
the mold to encourage gas escape and avoid clogging of the casting channels.

As soon as the melt solidified, the sample was quickly immersed in water. Once cooled,
the model was cleaned by removing the excess plaster and eliminating the bases and
allowances formed during casting. All samples were subjected to compression tests with a
tensile—compression MTS Machine (maximum load 50 kN). Each manufactured sample
was inserted between compression plates, preloaded at 100 N; after that, compression tests
were carried out with the following parameters: crosshead speed 6 mm/min, sampling
frequency 10 Hz, and maximum applied load (final densification) 48 kN.

Both the printed and cast samples are analyzed with a stereo microscope. Pictures are
reported on Figure 4. As shown from the images, the casting process faithfully reproduces
the details of the surface morphology.
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(a)

Figure 4. (a) Macrograph of Kelvin cells in PLA 3D-printed samples. (b) Macrograph of Kelvin cells
in AA6082 cast samples.

3. Results

In this work, six samples with the same geometry (Kelvin cell) were manufactured with
the lost-PLA technique. The sample weights are reported in Table 3, sizes and geometries
are summarized in Table 4. From compression tests, load—displacement data were acquired
as raw data. Stress—strain curves were obtained for all samples, dividing the load by the
section and the displacement by the starting height of the foams. To calculate the o-¢
curves, it is necessary to identify the resistant section of the samples. Due to the geometry
of the Kelvin cell, the specimens were subjected to variations in the resistant section during
the compression test. For this reason, an increased area equal to the area subtended by
the perimeter of the structure was considered. By using an overestimate of the resistant
section (Figure 5), it was possible to safely underestimate the values of o and the values
of absorbed energy. Taking into account the properties of the material, it was possible to
calculate the theoretical weight of the structure after casting.

Table 3. Weight and relative density of the Kelvin cellular structures.

Samples Weight[g] Weight CAD[g] AW I[gl AW I[%] AW [%] 1/t [%]

K1 238 18 7 25.7
K2 20.7 3.9 16 233
K3 207 3.9 16 233
K4 215 24.6 31 13 15 242
K5 182 6.4 26 205
K6 21.2 34 14 23.9

Table 4. Geometrical characteristics and weight for the Kelvin cellular structures.

Samples Ly [mm] Ly [mm] H; [mm] Sg [mm?] W; [g] 1/ro [%]

K1 48.4 424 404 228 25.7
K2 48.0 424 39.3 20.7 233
K3 47.8 26 420 20.7 233
K4 482 431 43.0 1409.1 215 242
K5 48.0 418 412 182 20.5

K6 48.1 42.7 41.6 21.2 23.9
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Figure 5. (a) Identification of the resistant section for Kelvin cell specimens; (b) top view of the
manufactured AA6082 samples.

As evidenced from the data in Table 3, it is evident that the printing and casting
processes introduce an average error up to 15% in the final weight. The best filling was
achieved for sample n. 1, while n. 5 was damaged during the cleaning phase, losing part of
the three upper cells. After the compression tests, the samples were reweighed and in five
out of six samples, and a minimal weight loss was found due to the detachment of debris
from the structure.

The following symbology was used in the subsequent tables (Figure 6):

Lyx = maximum length of the specimen along x;
Ly = maximum length of the specimen along y;
H; = initial height of the specimen;

Hg = final height of the specimen;

Wi = initial weight of the specimen;

W; = final weight of the specimen;

SR = resistant section.

Figure 6. Ly (red) and Ly (green) identification for the Kelvin cell structures.

The removal of the bases was carried out using a cutting machine; therefore, the
difference in the height values of the samples can be attributed to the precision of the cut.
All Kelvin cell samples, intact and otherwise, were compressed in the same direction in
which the PLA prototypes were printed by the 3D printer; therefore, the planes of the layers
were orthogonal to the applied load. The geometrical characteristics and weight before and
after the compression tests are reported in Table 4 and Table 5, respectively.
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Table 5. Characteristic sizes for Kelvin samples after the compression tests.
Samples  H¢ [mm] AH [mm] e [%] ge[%] Welgl AWIgl AW gl

K1 114 —-29.0 —72 22.6 —-0.2

K2 10.3 —29.0 —74 204 -0.3

K3 10.2 —31.8 —76 74 20.6 —0.1 01
K4 11.1 -31.9 —74 B 21.3 -0.2 e

K5 10.1 —31.1 —75 18.1 —0.1

Ké6 10.8 —-30.8 —74 21.2 -0.0

Compression load-strain graphs for the six Kelvin cell structures are individually

reported in Figure 7a—f in order to show, with greater details, the whole trend. All man-

ufactured samples exhibit similar trends for their compression curves. After the initial

linear part of the curve, a huge plateau-like part has been evidenced, in which the load is

nearly constant or slowly growing. The extension of the plateau stage is up to 65-70% of

the total strain. All curves show more or less evident load variation (fall of load) ascrib-

able to the deformation method of the structure and the plastic collapse occurring on the

weaker planes, followed by further successive growth of the load. In Figure 8, the whole

comparison of all the curves is reported; in Figure 9, photograms at successive compression

steps are reported.
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Figure 7. (a—f) Compression test results for six Kelvin cell structures.
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Figure 8. Load-strain curves (comparison) for the six manufactured Kelvin cell structures. The red
arrows indicate the areas where the plateaus occurred on average for the six analyzed samples.

Figure 9. Successive compression steps of the Al Kelvin cell structure.

4. Discussion

As can be observed from Figure 8 good repeatability of the load-strain graphs in the
six manufactured samples has been achieved. As a consequence of that, except for some
small fluctuations in the load associated with the progressive strain of the structure, the
behavior of the material is clearly predictable. After the first linear stage, a huge plateau
load at a nearly constant value extends up to 65% of strain; after that, a sudden increase in
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the load shows that final densification is occurring, with the final strain up to 74%. The
results from the tensile tests are reported in Table 6, specifically, the first plateau load (L)
and the second plateau load (Ly). In the same table, corresponding loads (Lp; and L)
have been reported. These results are in good agreement with the results of the study by
Gong et al. [45]. According to this work, Kelvin cell foams under compressive load exhibit
cell ligament buckling. As a consequence of that, the mechanical behavior is dependent
on anisotropy of the structure and multiaxiality of the applied loads. In all considered
samples, a more or less extended post-buckling response has been highlighted, and two
plateaus can be easily identified. Their values are reported in Table 6.

Table 6. Plateau load and strain values in compression tests for KC structures.

Samples Lpl [N] 8P1 (o/o) Lp2 [N] 8p2 (OA))
K1 2536 4.5-6.5 8173 43.1-50.3
K2 3100 5.4-10.3 5636 26.5-45.0
K3 3241 12.0-19.4 6059 30.2-414
K4 3100 10.2-24.3 5495 33.8-45.5
K5 3664 7.4-16.7 5777 30.2-46.7
K6 2114 19-7.3 7327 35.6-45.5

The specific energy absorbed before reaching the final densification was then calcu-
lated. The value was obtained by considering the area subtended by the o-¢ curve up to
60% for all samples. The results are reported in Table 7 in terms of specific absorbed energy
(single value), average value, and standard deviation.

Table 7. Specific absorbed energy in the Kelvin cell structure.

K1 K2 K3 K4 K5 K6

Espec [J/cm3] 2.73 2.27 1.92 2.29 2.04 2.55
Espec [J/cm?] 2.3
Dev stand 0.3

5. Conclusions

Kelvin cell AA 6082 cellular structures have been manufactured using the lost-PLA
replication method, a simple and economical way for producing metal porous structures.
Such a process is extremely flexible and versatile, allowing the parameters of interest to
be set in the CAD program and a great variety of geometries to be reproduced. For such
manufactured porous structures, mechanical characterization has been performed using
static compression tests on six samples with the same geometry. From the analysis of the
load-strain curves, the following conclusions can be drawn:

(1) The geometrical characteristics and weight for the Kelvin cellular structures exhibit
good repeatability of the manufacturing process for all samples. The theoretical geo-
metric and physical values (from CAD) and the measured ones are in good agreement
with each other;

(2) Compression tests carried out in static condition show the classic behavior of an open-
cell cellular structure, characterized by a linear stage at the beginning, followed by
two plateaus at increasing load, in which the planes collapse while plastic deformation
proceeds. Final densification occurs when there is no more space available for further
plastic deformation, and a sharp increase in the compressive load is evident;

(3) Load-strain curves show good repeatability and evidence that this manufacturing
technique can be easily reproduced and the production process is stable;
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(4) Specific absorbed energy values are almost well distributed in the six tests, with a
relative standard deviation lower than 15%.

Further developments of this research will involve manufacturing different kinds of
open-cell structures (i.e., Weaire-Phelan) with the same lost-PLA technique in order to make
a comparison between them in terms of mechanical behavior and energy absorption using
compressive tests. Experiments are underway and will be the focus of subsequent work.
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