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Additive Design Mimics the Strength and Architect of Nature
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Abstract: It is believed that the best parts’ design and performance is that which mimics the creation of nature. Palm is a
very good example of an extra ordinary tree which must attract the attention of engineers and designers. In contrast with
other types of trees, palms have a vascular, jumble, and spongy tissue stem instead of a wooden one. This is the reason
why palm trees can with stand strong hurricanes while trees cannot. The stem of a palm is composed of three main
parts. Those are the main stem body, the central core, and the leaves growing from the central core in circular and axial
patterns along the core. This natural combination tissues of different construction provides an extra-flexibility to the main
stem, enhance the relative movement of these components, and as a result enables the palm to bend massively without
any catastrophic fracture. This exceptional construction inspired the author to design and manufacture a part which
mimics the most public tree at the home country. The model was additively manufactured from 316L, tested for bending
with and without heat treatment, and compare with cast part of similar material and dimensions. The aim was always to
achieve improved mechanical properties and performance of AM parts with complex geometry.

Keywords: Additive manufacturing, Laser powder bed fusion, 316L stainless steel, Bending testing, porosity,

Scanning strategy.
INTRODUCTION

When compared to cast material, metal products
that have been additively manufactured (AM) have
poor mechanical characteristics [1-5]. Physical,
chemical, and mechanical qualities fall under this
category like the high porosity, ductility, and tensile
strength. Examples of mechanical properties are elastic
modulus, ductility, and ultimate tensile strength (i.e.
surface quality, coloration, and dimensional accuracy).
The association between this effect and the input
processing parameters was examined in several
research studies [6-10]. The localized and high thermal
energy delivered in a very brief period of time (milli or
micro-second) that is utilized to melt the metal powder
is the main cause of the poor/low properties [11-14].
Extremely rapid cooling rates of up to 10" K/s [15] will
result from this. In an effort to lessen this impact,
research is being done. For example, monitoring and
controlling the amount of the laser input volumetric
thermal energy by modulating the processing
parameters to reduce the thermal gradient [16-19].
Other research work was focused on the post
processing of AM parts like the annealing heat
treatment for the thermal stresses release, controlled
chemical phase formation, and the ductility
improvement [20-23].
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It is believed that significant and sophisticated
designed engineering parts can always be inspired
from nature around us. This was always showing
robust success in designing interesting models in
aviation, automotive, marine and submarine industry
[24-26]. This study is focused on designing and
manufacturing a mechanical part which can represent
any metallic or non-metallic part exposed to bending
load. The design reflects the exceptional and unique,
external/internal construction of the palm which
enables the tree to withstand sever weather conditions
and hurricanes, Figure 1(c).

The apex of a palm tree has more than 50 mature
leaves but only one stem and no branches. When the
leaf first emerges from the stem body, it is relatively
wide in the area where it grows. Typically, when trees
develop, their leaves are removed. As opposed to the
stem, the root portion of a leaf is known as the "Karab,"
and it is made up of denser tissue (a, and b).
Compared to other wooden stem trees before they
fractured, the many spongy and fiber tissues provide a
flexible structure that is robust enough to resist and
bend during the wind.

FABRICATION AND EXPERIMENTAL PROCEDURE

A laser-powder bed fusion (L-PBF) metal printer
AconityMINI from Aachen, Germany was used to
produce the metal samples used in this study. The
316L stainless steel powder used was gas atomised
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Figure 1: (a) a comparison between the stem cross-section of a tree and a palm, (b) the architecture of a palm tree, and (c).

with particle size distribution (PSD) of Dq: 15.5 pym, UK.
Dso: 30 pm, and Dgy: 63 pym measured by using
Malvern Mastersizer 3000. The chemical composition
is listed in Table 1 as supplied by Carpenter Additive,

A cast sample of similar material was machined to
the same dimensions of 10 mm diameter and 60 mm
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Table 1: Chemical Composition of the 316L Stainless Steel in (wt%)

0.03 17.6 0.02 0.66 2.38 12.5

0.09 0.03 0.007 0.65 0.006 Bal

length for comparison. The additively manufactured
samples were designed in four different models. Two of
these models were modified to mimic the internal
construction of the palm tree which is mainly composed
of two main parts, the main stem body and the central
core. The latter itself is also composed of two parts; the
central rod and the karab. The other two sets of
samples were printed as solid cylinders. Each set of
these samples were manufactured by using a unique
scanning strategy and processing parameters. The
scanning strategy and processing parameters were
designed in two scenarios to produce (a) solid (high
density) part and (b) pore (low density) part as
explained below. The resulting Volumetric Energy
Density (VED) was calculated as:

Laser beam power (W)

VED (J/mm?) = - e - -
Scanning speed (E)xLaser spot size (mm)xHatch spacing (mm)

VED refers to the amount of thermal energy applied
to the metal powder during the fusion process. It is a
significant term which can be used efficiently to
compare a characterised property of an AM part. A
high VED level can lead to over-melting, keyhole
formation and then high porosity while low value can
result in lack of melting and parts may distorted during
the printing process.

As can be seen, the (solid) part was printed with
high laser beam power, low scanning speed and small
hatch spacing allowing for the overlap of the
consecutive laser beam tracks. This will result in a
relatively higher input volumetric thermal energy
compared to that of the pore scanning strategy and
then more melting of the metal powder is applied.
Additionally, the solid parts were produced by applying
an angular rotation increment of 67° in each fused
layer. In contrast, fixed scanning strategy with no laser

tracks rotation was applied during the fusion of the pore
parts (see the video attached in the supplementary
documents).

Moreover, two sets of palms were manufactured by
alternating the pore and solid set of parameters on the
(stem body) and the (core-karab) body. Another two
sets were produced by using the solid set of processing
parameters on one set and the pore on the other, see
Figure 6. The produced samples were tested for
bending in both as-built and after heat treatment
conditions. Zwick 50 kN machine was used during the
bending test with a test rate of 1 mm/min until fracture
and a support span width adjusted to 40 mm. The
testing machine is fitted with Zwick TestXpert software
which records the force applied versus the deflection of
the sample.

The heat treatment process was carried out by
heating the samples up to 500 °C in an argon gas
environment with heating rate of 10 °/min and holding
for 1 hour followed by furnace cooling. The following
Figure 2(a) shows the design of the two parts of the
palm with their assembly and (b) shows a cross-
sectional and magnified view of these parts.

Figure 3(a,b,c) shows the printing strategy from the
Aconity Studio software for the (a) solid (stem)-pore
(karab), (b) pore (stem)-solid (karab), and (c) shows
the interfering contours of the stem-karab parts. A 100
microns contour (off-set) was always applied on the
outside of the build part. This would results in 200
microns overlapping (OV) off-sets at the interface area
shown in Figure 3 (right).

A better view of the build process can be found in
the attached documented video.

Table 2: The Processing Parameters used During the Study

Microstructure Type Laser power Scan speed Hatch space Spot size Layer thickness VED
yp w) (mm/sec) (um) (um) (um) (J/mm?)
Solid 180 1000 50 70 40 51.4

Pore 140 1500 90 90 40 11.5
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Figure 2: CAD design of the two main parts of the 316L palm and their assembly.

Figure 3: The scanning strategy for the build of a single layer as can be seen in Aconity Studio software. Solid stem-pore karab
(left), pore stem-solid karab (middle), and overlapping contour (right).
The as-build and heat treated samples were tested RESULTS AND DISCUSSION
for 3-points bending test as shown in Figure 4 below
from the Zwick 50 testing machine. During the assessment and optimisation process,
the extra pores microstructure was avoided in order to
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Figure 4: The 3-Points bending experimental set up.

reduce the degradation in the mechanical strength of
the produced beams. The following Figure 5 is an
example of a beam produced with high porosity level
due to the lack of melting. It can be seen in this figure
that the overlapping contours off-set shows a
significant melting and improved density caused by the
remelting.

The optimised processing parameters employed in
this study were selected based on results from the

literature, previous studies for the author, and a
preliminary scanning test. The aim was always to
produce part microstructures with distinguished
densities. Those processing parameters are listed in
Table 2.

The following Figure 6 shows the printed parts after
removing from the AconityMINI metal printer. The parts
were then removed from the build plate by using wire
EDM machine.

The overlapping
contours of the stem

High porosity

karab/core

Figure 5: High porosity microstructure which is intentionally Produced on the karab/core portion on the beam sample.
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Figure 6: The produced samples after removal from the metal printer chamber.

The melt-pool temperature history during the entire
build process was obtained by means of a pyrometer
from KLEIBER Infrared GmbH. The pyrometer detects
the light emitted from the melt-pool in the infra-red (IR)
range of 1500 to 1700nm.

1.0

0.75

0.50

Figure 7: The live time melt-pool temperature profile as
recorded by means of IR pyrometer.

The melt-pool temperature difference observed
between the solid and pore parts melted in a single
build layer was found to be approximately 50% on a
normalised scale.

As a reference comparison, the cast material
sample exhibited a yield point at a force of 7 kN and
deflection of 1 mm. The tested samples showed a
variant bending performance with reference to the
scanning strategy and internal texture. Figure 8(a)
below shows the bending plot for the cylindrical
samples (no texture) printed in solid (sample no. 3) and

pore strategy (sample no. 4) without heat treatment
and sample no. 1 and 2 after annealing. Similar to the
results reported in the literature in testing AM parts for
tension and compression [27, 28], the tested samples
showed a clear reduction in the yield point and in the
total deflection value compared to that of the cast
material. This is an expected result for AM parts which
agree well with the literature. Moreover, a noticeable
enhancement in the yield point was noticed after heat
treatment which can be explained by the precipitation,
grain growth, and the more homogeneity in mechanical
properties aiding the strength of the tested metal.

On the other hand, the textured samples printed
with the stem-karab pattern exhibit significant
improvement in the bending strength with a yield point
of approximately equal or higher than the cast metal,
Figure 8(b). This result was noted for both scenarios
with and without heat treatment. Similar results were
obtained during testing the (solid-solid) and (pore-pore)
pattern cylinders indicating the compound effect of the
cavities (grooves) in the stem and the karab on
reinforcing the AM part. The curved geometry of the
karab with the elliptic cross-sectional area and the
normal distribution along and around the main axis of
the core contribute in the bending stress distribution
into multiple axes and circumferential components. In
this figure, sample no. 7 was produced with pore stem
and solid core/karab and sample no. 8 with solid stem
and pore core/karab both without heat treatment.
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Figure 8: The bending test results of (a) AM cylinders, and (b) AM cylinder pattern assembly.

Samples no. 5 and 6 are the heat treated samples of
the previous.

During the bending of cast and AM cylinders, it is
known that a compression stress is created on the
upper side of the cylinder while a tensile stress is
created at the bottom, Figure 9(a). Also, a positive
(clockwise) bending moment is created on the left of
the exerted force and a negative (anticlockwise) is on
the right side. The failure is most likely to be initiated at
the bottom side when the tensile stress exceeds its
maximum value.

In contrast, when the bending force is applied on
the AM palm cylinder with reinforcing karab (green
arrow in Figure 9(d)), a reaction force(s) will be
resulted on the opposite end of each karab on the core
axis. Also, the compression stress on the top surface
pushes the karab always to the left (the pattern
direction, blue arrows in Figure 9(d) while the stem
material in between resist that. The reaction forces
coming from the bottom of the karab versus the
compression forces on the top generates individual
negative moments on the top karab which reduces the
positive (anticlockwise) moment and enhance the



8 Journal of Material Science and Technology Research, 2023, Vol. 10

Muhannad Ahmed Obeidi

Bending force

Solid beam

Bending moment

/

ﬂ ﬂ Compression stress
I —

Deflection

[=hT= = b = bl Ll e fT= bl w L Te T T bl i le kaglw i te Eals Eatelafe bl Lyt

Tensile stress

WEsiolat o e RN TN NI O M XA DRI SRR DR s 0

AM beam assembly

AM core-karab

psehdldhe gatiaaicasipslobale N kel e hale gl AslC AR SNS 1O R SR IRl

Shear forces on the karab
Reactior‘lforces on t‘he stem material

Figure 9: The bending of solid and AM cylinders.

bending strength. Moreover, the inclined orientation
and the radial distribution pattern of the karab along the
core, contribute massively in dissolving the forces and
stress in multiple directions which are the main reason
for the enhanced yield point.

Keyence optical microscope images below show the
cross-sectional view of the AM beams. The images
were obtained for both the as-built and heat treated
samples. The melt-pool, laser tracks, and grain
boundaries were clearly noted on the as-built samples
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Figure 10: Optical microscope images (a) the stem body, (b) pore stem and solid karab, (c) bending and shear stresses
reorientation around the karab rib, and (d) heat treated sample cross-section.

as opposed to the heat-treated samples (Figure 10 a,
b, and ¢). This can be explained by the grain growth
and interfere between the neighbouring boundaries.

CONCLUSION

Nature is always the optimum inspiration resource
for smart, functional, and powerful designs. In this

study, an interesting design model was borrowed from
the palm trees to solve one serious problem in additive
manufacturing. The relative movement between the
different tissue besides, the flexible and elastic shear
occurring inside the palm, enable the tree to
compensate the great deflection due to bending
caused by hurricanes. This phenomena was used in
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this study to prove the force of nature and to mitigate
the reduced mechanical properties of an AM part. It
was noted that the compound construction of an AM
part (stem-karab) has a stronger effect than the
scanning strategy (solid-pore) on the improved
mechanical properties. By employing such thinking and
design, engineered parts with complex geometries
and/or special metal type which are difficult to be
machined, it is now possible to achieve the cast
material properties like stiffness, yield point and
ductility. The study suggests and encourages the use
of this design and other naturally created constructions
and geometries to solve serious problems in
aerospace, automotive, and biomedical industries and
produce parts of high performance, less weight, cost
and material involved.
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