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Abstract

This study investigates the application of topology optimization (TO) in combination
with laser powder bed fusion (LPBF) to design a lightweight, high-performance
bicycle pedal crank using AISiT0Mg alloy. The optimization process was carried
out using Fusion 360 and nTopology, resulting in a 20% mass reduction while
ensuring compliance with the ISO 14781 standards for pedal cranks. The component
was characterized in terms of microstructure, surface roughness, dimensional
accuracy, powder distribution, and Vickers hardness. The microstructure exhibited
the characteristic melt pool patterns associated with LPBF, indicative of the
manufacturing process. Surface roughness measurements showed a mean value
of 23.4 um, with dimensional analysis revealing a mean deviation of 7% from
nominal dimensions. The powder distribution analysis indicated a narrow particle
size distribution, contributing to consistent print quality. The component’s hardness
was measured at 134 HV0.3, highlighting its promising mechanical properties. This
work demonstrates the potential of TO and LPBF to produce structurally optimized,
lightweight components with enhanced performance, providing valuable insights
into the application of Design for Additive Manufacturing for metallic materials.

Keywords: Bike crank; AlSi10Mg; Laser powder bed fusion; Design for Additive
Manufacturing; Topology optimization; Metallographic characterization; Roughness
dimensional analysis; Powder characterization

1. Introduction

Technological advancements continue to revolutionize the manufacturing sector, with
additive manufacturing (AM) at the forefront of these innovations. AM is poised to
significantly impact sustainability and society at large, offering transformative solutions
across various industries.! ISO/ASTM 52900:2021 defines AM as joining materials to
fabricate parts from three-dimensional (3D) model data, typically layer upon layer,
diverging from traditional subtractive and formative manufacturing methodologies.>*
This method facilitates the construction of lightweight structures with complex
geometries by emulating biological processes inspired by biomimetic principles.!
The principal advantages of AM include diminished production expenses, enhanced
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geometric versatility, customization potential, generative
design, and waste minimization.>® These attributes are
pivotal across environmental, social, and economic
dimensions.>”

Even with this, AM has limitations. It has not fulfilled
all prognosticated expectations despite being integrated
into the big data revolution. Compared to traditional
manufacturing techniques, challenges include mass
production scalability, size constraints, surface finishing
imperfections, and the costs associated with raw materials,
equipment, and initial capital.*

Various AM technologies have been broadly adopted,
including fused filament fabrication, powder bed fusion
(PBF), stereolithography, selective laser sintering, and
digital light processing.’®'! The selection among these
technologies is predicated on the desired functional,
esthetic, and mechanical outcomes alongside financial
considerations.'? Critical factors include part volume, layer
volume, material deposition rate, and the balance between
material flexibility and mechanical requirements. AM
materials span polymers, metals, ceramics, and composites
in diverse forms such as liquid, wire, powder, or sheet.”!*"*

AM furnishes extensive modeling capabilities through
various design instruments that enable engineers and
designers to forecast mechanical responses and economic
viability and automate part manufacturing processes.™
Among these, PBF systems, capable of utilizing either
electron beam or laser energy sources, offer exceptional
versatility. This article focuses on laser PBF (LPBF), an
AM technology classified by ISO/ASTM. LPBF employs
concentrated thermal energy from a laser to fuse materials,
depositing them layer by layer."

The LPBF process is initiated with a 3D computer-
aided design (CAD) model and machine programming,
encompassing material loading, thermal heating, and
environmental setup (either vacuum or protective gas).
A recoater deposits a powder layer onto a construction
plate, followed by selective laser melting of the powder
according to predetermined parameters. The construction
plate descends for each layer, replicating the process until
the component is complete. Post-processing involves
component removal, heat treatment, and finishing to
achieve desired performance standards.’

Raw material characteristics are vital in the LPBF
process, determining the final component’s mechanical
and physical properties. Spherical powders, produced
through gas atomization, are preferred for their enhanced
fluidity during deposition, contributing to reduced
porosity and satisfactory surface quality.'>® The spherical
geometry aids in stable molten pool formation and elevated

packing density — Van der Waals forces, particle radius,
and friction influence powder flowability. Smaller particles
with increased surface areas encounter augmented Van der
Waals forces and friction, impeding fluidity during layer
formation. Non-spherical shapes further augment the
surface area, adversely affecting flowability."”*!

AM technologies, such as LPBE, provide the flexibility
to fabricate complex geometries and intricate internal
features. By integrating Design for AM (DfAM), the design
process can be optimized to leverage these capabilities
fully, enabling the production of lightweight, highly
functional parts.”>** Topology optimization (TO) is used
in the DfAM approach, and it is a numerical approach
that identifies the optimal material distribution within a
given design space to achieve the desired functionality,
enhancing performance while minimizing material
usage.”? The TO approach algorithmically determines
the most structurally efficient design within a defined
space and under given constraints, resulting in organic,
optimized shapes that use material only where necessary
for structural integrity.?**%

The integration of TO (and DfAM) in AM enhances
components’ structural performance and material
efficiency and plays a significant role in improving the
sustainability of manufacturing processes. TO reduces
material waste, optimizes distribution within a given design
space, and ensures that only the necessary material is used
for structural integrity. This reduces both the material
consumption and the overall weight of the part, contributing
directly to sustainability. TO and AM technologies such
as LPBF contribute to energy efficiency.***! The ability to
fabricate complex geometries that would be impossible or
highly inefficient to produce using traditional subtractive
manufacturing methods allows for more efficient use of
resources. By reducing material usage and minimizing
waste during the manufacturing process, TO and AM
provide an effective strategy for lowering the environmental
impact of industrial production.>*

Previous studies, such as those by Mata et al.** and
Oliveira et al.,** have explored the successful integration
of DfAM and TO in designing various components,
showcasing how these approaches enable the creation
of highly efficient, lightweight structures. Mata et al.
optimized a metal door-handle design using nTopology
and AM, focusing on lattice structures and generative
design to reduce weight and enhance mechanical
properties. Similarly, Oliveira et al. applied DfAM and TO
to an office stapler, leveraging MEX technology for mass
reduction without compromising the part’s mechanical
integrity. These studies illustrate the effectiveness of DfAM
and TO in producing lightweight, efficient structures, a
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crucial aspect for applications in industries ranging from
aerospace to consumer products.

In this context, LPBF is particularly advantageous
for materials such as AlSil0OMg, an aluminum alloy
known for its low density, high thermal conductivity,
and good mechanical properties. This makes AlSi10Mg
ideal for creating lightweight, cost-efficient products. The
integration of DfAM and TO enhances LPBF by optimizing
material distribution within a design space, enabling the
creation of complex geometries, including internal lattices,
which are often impractical or impossible to achieve with
traditional manufacturing methods.****

This investigation endeavors to optimize a bicycle pedal
crank component for fabrication through AM, explicitly
employing LPBF with an aluminum alloy (AISil0Mg).
The objective is to substantiate its production viability and
catalyze interest for future integration into the market.

2. Materials and methods
2.1.TO and manufacturing

The first step in designing the bike component was to
model the conventional component. For this, the Shimano
SLX M7000 Hollowtech II Crank® was used as a base
model with a crank length of 170 mm. The conventional
model was developed to fit an 82/61 mm pedal. Figure 1
shows the model canvas and the resulting component.

From this point onward, the optimization process for
AM began to minimize the mass of the component while
ensuring a safety factor of 2 as per the typical design
standards. It was essential to define the design variables,
which were chosen based on a typical usage scenario for a
bicycle pedal crank and the requirements outlined in ISO
14764:2022.°¢ According to this standard, the deflection
of the crank arm should not exceed 20%. The standard
specifies that a fatigue test must be performed to assess the
component’s performance, with a dynamic force of 1300 N

55 mm

‘Xln:m
’/?mm

Figure 1. Model canvas and the resulting modeling component of a
conventional bike crank

applied over 100,000 cycles.* In this study, however, the
safety factor was not directly measured but retrieved from
industry standards and bibliographical sources that align
with the material properties and typical loading conditions
for similar components. This was used as a design criterion
to guide the optimization process.

The TO process used the GD module in Autodesk
Fusion 360 (San Francisco, CA, USA). The following
procedure was adopted to achieve an optimized design
suitable for AM:

1. Initial setup. The optimization began by defining the
geometries to preserve (parts of the component that
need to remain intact) and obstacle geometries (areas
where material could not be added). These parameters
were essential to ensure the final design adhered to
functional and manufacturing constraints

2. Design constraints and load cases. A set of boundary
conditions and load cases was applied, as prescribed
by ISO 14781."° These constraints included:

(a) Pin and fixed geometries: To simulate the
component’s attachment to the bike and fix its
orientation

(b) A 1300 N load was applied to the crank arm,
simulating the forces during cycling

(c) A safety factor of 2 was defined to ensure the
design met structural integrity requirements
under typical operating conditions

3. Material selection. The material selected for the
optimization process was AlSil0Mg alloy, chosen for
its low density and high specific mechanical resistance
(UTS/density, Young’s modulus/density), making it
ideal for LPBF applications

4.  Manufacturing constraints. The AM process was
defined with specific constraints:

(a) An overhang angle of 45° was allowed to ensure
manufacturability

(b) A minimum material thickness of 3 mm was
enforced to maintain the part’s structural integrity
during printing

5. Optimization and design generation. The optimization
process was executed using Fusion 360’s GD module,
which utilized the specified load cases and constraints
to generate the optimized crank model. The resulting
design aimed to reduce mass while maintaining the
required safety factor and ensuring functionality.

The study setup and the resulting best outcome are
shown in Figure 2.

After generating the optimized model, it was subjected
to a simulated static test in the software’s simulation
module. The same constraints and loads used for the
optimization were considered. Based on the resulting
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values and the designer’s critical opinion, some adaptations
were made to improve the component to improve the
safety factor to 5. When a safety factor of 5.24 was
attained, the component was transferred to new software,
nTopology. The topologically optimized was used to add
interior (Figure 3A) and external lattices (Figure 3B) to
the component. The lattices were introduced to increase
the complexity of the part in the study since this research
has developed as a hands-on teaching technique. The first
lattice was created in the solid part of the component,
and the exterior lattice was used to substitute the central
depression in the model, intending to decrease mass and
improve esthetic appeal.

In the TO process, the first step involved the
introduction of an internal lattice within the solid part
of the component (Figure 3A). This lattice structure was
specifically designed to optimize the internal support of
the crank while simultaneously reducing the overall mass.
Following this, an external lattice structure was applied to
replace the central depression in the crank (Figure 3B). The
external lattice not only aimed to reduce the weight further
but also contributed to the esthetic appeal of the part,
ensuring that both functional and visual considerations
were addressed in the optimization process.

Once the optimized design with the added lattices
was finalized, a final static test was conducted within
nTopology, maintaining the same load and displacement
constraints. The results of these tests will be discussed in
section 3.2.

The LPBF process was used to manufacture the final
component. The components were produced using

Force

Preserved / 1300 N
geometries \
¢

Obstacle
/ geometries

Figure 2. Study setup and the best resulting bike crank (the color scheme
displays the stress distribution on the safety factor defined)

&

Figure 3. Topology optimization of a bike crank. (A) Interior lattice
developed in the solid part of the component; (B) exterior lattice
developed in the central depression

a Renishaw AM400 machine (Wotton-under-Edge,
United Kingdom) at Hypermetal-Metal AM (Porto,
Portugal). The manufacturing process was prepared using
Renishaw’s software, which defined the part orientation,
added necessary supports, and adjusted the laser
parameters for optimal printing.

The part was printed using 30-micron layers with a
stripe strategy and block path. To conserve resources, the
bike crank was produced at a 1/5" scale. Once printed,
the supports were mechanically removed, and the part
was micro-sandblasted using a Guyson machine (North
Yorkshire, United Kingdom).

Despite the scale reduction, all static simulations were
performed with the accurate dimensions of the full-size
crank. The size reduction impacts only manufacturability,
as it could present challenges in ensuring adequate heat
dissipation in intricate features, such as lattices, which
could affect print success.

2.2. Powder characterization and chemical
composition of AlSi10Mg alloy

This study used powders of an aluminum alloy, AISi10Mg,
from Osprey (Sandvik, Sandviken, Sweden). The chemical
composition is shown in Table 1.

Figure 4 shows scanning electron microscopy (SEM)
images of AlSi10Mg metal powders supplied by Hypermetal
(Porto, Portugal), using Osprey powder as the feedstock
material. The powders were analyzed using SEM/energy-

Table 1. Chemical composition of AlSi10Mg alloy from
Osprey*”

Al Si Mg Fe Ti Mn Cu Ni
Balance 9-11 02-04 <055 <0.15 <045 <0.03 <0.04

Abbreviation: SEM: Scanning electron microscopy
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dispersive X-ray spectroscopy electron microscopy at
the Materials Centre of the University of Porto (CEMUP,
Porto, Portugal).

The study focused on three zones (indicated in
Figure 5), confirming the predominant presence of
aluminum, silicon, and magnesium in the matrix, which
aligns with the nominal chemical composition of the alloy.

2.3. Metallography and roughness measurement

To avoid the destruction of the topologically optimized
component in its mechanical characterization, Hypermetal
provided an additional cube with a prismatic shape,
produced under the same processing conditions as
the topologically optimized bicycle pedal crank using
LPBE. The prismatic sample was chosen to facilitate
microstructural characterization and surface roughness
measurements, which were more easily performed on
this simpler geometry than the pedal crank’s complex
geometry. Due to the pedal crank intricate shape, it was
challenging to achieve flat surfaces for accurate roughness
testing. A schematic representation of the experimental
procedure, including the use of both the prismatic sample
and the pedal crank, is shown in Figure 6.

The surface roughness analysis was achieved using the
LAX software and was conducted on two components,
aiming for a more precise construction of the topological
profile, considering different axial references. In parallel,
a non-destructive visual inspection test was performed
to detect possible surface defects. The cutting was done
with an abrasive disc in the equipment designated for this
purpose — Presi Mecatome T210 (Eybens, France). The
metallographic preparation comprised the steps of hot
mounting in acrylic resin, using the equipment Buehler
SIMPLIMET 1000 (Leinfelden-Echterdingen, Germany),
grinding to 4000 wm abrasive sandpaper, smoothing in

1 um cloth, and etching (0.5% hydrofluoric acid + 99.5%
water) for 1 min. Micrography was obtained using the
Leica® DVM6 (Wetzlar, Germany) equipment and its
analysis software — LAX. Thus, the melt pool size was
not directly measured in this study, it influences heat
distribution and solidification is a known factor in LPBE.
Understanding its potential impact on material properties
is important. While the precise measurement of melt pool
size requires further experimentation, this study focused on
optimizing process parameters that influence the final part
quality. The dimensions of the melt pools were measured
using the image processing software Image] on the
micrographs obtained. Finally, to complete the mechanical
characterization, Vickers microhardness measurements
were carried out with SHIMADZU M microdurometer
(Kyoto, Japan) and Duramin software (Kyoto, Japan) along
14 sample points, applying a weight of 0.3 kgf following
standard ISO 6507-1: 2011.

3. Results and discussion
3.1. Microstructure analysis

Figure 7 presents the microstructure of an AlSilOMg
component produced via LPBE revealing a characteristic
fish-scale pattern of molten pools that emphasizes the build
direction. The microstructure displays elongated cells along
the laser scan path, while cells appear more equiaxed in the
direction perpendicular to the scan path. Three distinct
regions within the melt pool microstructure are observable:
the core of the pool, which contains finer cellular structures;
an intermediate region characterized by coarser cells; and
the heat-affected zone, which exhibits a partially disrupted
cellular structure. The heat-affected zone is typically found
at the boundary of the melt pools, where the cooling rates
diverge significantly, leading to microstructural variation and
changes in material properties such as strength and porosity.*

Figure 5. SEM/EDS analysis of AISil0Mg powders. (A) SEM image shows the locations of the analysis areas marked as Z1, Z2, and Z3, selected for EDS
analysis. Scale bar: 20 um. (B) The corresponding EDS spectrum of the analyzed powder confirms the predominant presence of aluminum (Al), silicon
(Si), and magnesium (Mg), consistent with the nominal chemical composition of the alloy

Abbreviation: EDS: Energy dispersive X-ray spectroscopy; SEM: Scanning electron microscopy
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While melt pool size was not the primary focus of this
study, it is essential for understanding heat distribution
and solidification behavior during LPBE. As demonstrated
in previous studies,"'melt pool dimensions significantly
influence material properties, including porosity, strength,
and microstructural integrity. To accurately characterize
these effects, it is recommended that future investigations
employ single-track experiments, which provide more
precise measurements of the melt pool, especially at the
top surface (last layer), where no subsequent layers affect
the measurements.

1 A novel paradigm for feedback control in LPBF: layer-wise
correction for overhang structures

E. Vasileska, A. G. Demir, B. M. Colosimo and B. Previtali

Advances in Manufacturing 2022 Vol. 10 Issue 2 Pages 326-344

DOI: 10.1007/5s40436-021-00379-6

2 A Review on Discrete Element Method Simulation in Laser
Powder Bed Fusion Additive Manufacturing

H. Chen, Y. Sun, W. Yuan, S. Pang, W. Yan and Y. Shi

Chinese Journal of Mechanical Engineering: Additive Manufacturing
Frontiers 2022 Vol. 1 Issue 1 Pages 100017

DOI: https://doi.org/10.1016/j.cjmeam.2022.100017

Surface Roughness Dimensional Analysis

AlSi10Mg

Leica

DVMé
® -
Mecatome 7210 Surface
> Roughness
AlSi10Mg / /
Metallography

NI

A

Figure 6. Experimental procedure for microstructural and mechanical
characterization

Figure 7. An optical micrograph of melt pools perpendicular to the build
direction of AlSi10Mg shows the characteristic fish-scale pattern, with
elongated cells along the laser scan path and equiaxed cells perpendicular
to it. Scale bar: 100 um

In this study, melt pool dimensions were analyzed using
Image] software (Figure 8), revealing an average width (W)
of 153.6 um (in purple) and a depth (h) of 60.7 um (in
green). These values were obtained from the laser scan
tracks on the last layer, as these tracks are unaffected by
remelting during subsequent layers. For a more detailed
characterization of the melt pool, including its chemical
composition and morphological changes, we recommend
utilizing advanced techniques such as transmission
electron microscopy (TEM),” and SEM with electron
backscatter diffraction 44

3.2. Simulation of static test

The topologically optimized component (Figure 2), with an
initial mass of 886 g, underwent a static load test under a
1300 N load. The maximum local stress during static loading
under 1300 N is 214 MPa, which is below the yield strength
of AlSilOMg (240 MPa). This results in a safety factor of
1.12. While no plastic deformation is expected under typical
loading conditions, elastic deformation may still occur,
particularly in the lattice structure. Lattice structures, designed
to optimize material usage and reduce weight, behave
differently under load than solid components due to internal
voids. These internal voids lead to localized strain, resulting
in elastic deformation without exceeding the yield strength.
This deformation is reversible, and the material returns to its
original shape once the load is removed. While the simulation
suggests that the component will not undergo permanent
deformation under the applied load, the safety factor derived
from stress analysis may vary depending on the specific
criteria and calculation method. Simulation plays a crucial
role in predicting the mechanical behavior of components
and guiding design adjustments before manufacturing.
However, static simulations are not a substitute for empirical
mechanical testing. Fatigue testing remains essential to ensure

Figure 8. Melt pools’ dimensions. Scale bar: 100 pm
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compliance with industry standards and verify long-term
durability under cyclic loading conditions.

Figure 9A and B present the final component obtained.
Strain distribution in the component was relatively
uniform, with a maximum value of 0.0016. The maximum
stress, an important metric for evaluating permanent
deformation, was recorded at 214 MPa, below the material’s
yield strength of 240 MPa. This suggests that no permanent
deformation is expected under the 1300 N load.

Figure 10 shows the simulation results where some
local deformation is indicated in the region of maximum
stress, especially near the lattice structures. These regions
with stress concentrations warrant further investigation to
optimize performance and enhance the structural integrity
in these localized areas.

Lattices are commonly used in AM for their ability
to reduce weight while maintaining strength. However,
lattice design can be complex as cell geometry must be
carefully chosen to ensure structural performance and
manufacturability. In this study, a hive structure lattice was
selected, which achieved a nearly 50% weight reduction,
resulting in a final component mass of 458 g. This design
provides the required mechanical integrity while ensuring
manufacturability within the LPBF process.

3.3. Roughness analysis

Despite advancements in process optimization, surface
roughness in parts produced by LPBF remains highly
variable. Li et al.*? highlighted that laser energy density and
part orientation significantly influence surface roughness.
This characteristic is critical, as surface roughness directly
affects the component’s interaction with its environment,
performance in service, and manufacturing costs.

Given the anisotropic properties of AM components, a

Figure 9. Illustration of the final component obtained: (A) front view,
(B) back view

-l )
i

Max Stain:
1.16191e-03
Max Stress:
gl 213877402 MPa

Figure 10. Results of the static test held in nTopology (1300 N)

comparative study assessed the roughness of two surfaces
on the opposite sides of a complementary part. This analysis
examined the W-profile in both transversal and longitudinal
directions, and the same was true for the component. The
study adhered to the ISO 4287* and ISO 25178* Standards.
It is essential to note that only one profile was evaluated
per direction, and therefore, the reported values may only
partially represent the surface quality across the entire part.

The arithmetical mean roughness (Ra) and mean
roughness depth (Rz) are widely used parameters to
characterize surface roughness; however, more parameters
are needed to provide more insight into surface features.
Ra gives a mean value unaffected by surface variation and
does not account for the shape of the surface; profiles with
different geometries may share the same Ra. Similarly, Rz
does not fully capture surface fluctuation details. In this
study, the transversal direction exhibited a Ra of 6.71 um,
whereas the longitudinal direction had a Ra of 5.47 um
(Figure 11). The corresponding Rz values were 22.4 um
and 19.5 um, respectively. The maximum peak height
(Rp) in the transversal direction was 9.88 um; in the
longitudinal direction, it was 7.73 wm. The deepest valley
(Rv) reached 12.6 um and 11.8 um in the transversal and
longitudinal directions, respectively. The total roughness
(Rt) was 33.3 um in the transversal direction and 54.6 um
in the longitudinal direction, the latter exhibiting higher
roughness due to its alignment with the build direction.

On the opposite side of the part (Figure 12), lower
roughness values were observed, with a Ra of 3.56 um in
the transversal direction and 3.77 um longitudinally. The
Rz values were 12.8 um and 14.7 um, respectively. The
maximum peak heights (Rp) were 6.07 pm in the transversal
profile and 6.55 um in the longitudinal one. The deepest
valleys (Rv) were 6.75 um and 8.10 um, respectively. For
the total roughness (Rt), the values were 31.1 um in the
transversal direction and 23.1 um longitudinally, with the
higher roughness remaining in the longitudinal direction.

It was found that overall roughness values were higher
on the first face. However, these various are very common
in this technology since the roughness will vary with a
lot of factors, namely the position of the part relating
to the argon flow, part orientation (down skins vs. up
skins), and support location. Furthermore, the Roughness
Directional Coefficients (Rdc) was higher on the first face,
with values of 15.3 um in the transversal and 10.9 um
in the longitudinal direction, compared to 6.93 um and
6.54 um on the second face. These differences in section
height may have contributed to the disparity in roughness
measurements.

Tribological parameters, such as skewness (Rsk) and
kurtosis (Rku), provide additional insights into surface
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Figure 11. Cube with a prismatic shape face 1 W-profile: (A) transversal, (b) longitudinal

shape and height distribution. For the first face, the Rsk
and Rku values were —0.29 and 1.96, respectively, in
the transversal direction and —0.0702 and 1.91 in the
longitudinal direction. For the second face, the values were
—0.06 and 2.10 in the transversal direction and —0.0703
and 2.56 in the longitudinal direction. Negative Rsk values
indicate surfaces with predominantly valleys, typical of
sliding surfaces, whereas Rku values suggest compact
surface textures without significant peaks. This is consistent
with the post-treatment micro sandblasting process, which
removes excess material and creates a visibly rough surface.

For the printed component (Figure 13), the mean
roughness (Ra) values were 4.55 um and 4.13 um for
the transversal and longitudinal directions, respectively.
The maximum peak heights (Rp) were 5.36 um and
5.05 um, whereas the deepest valleys (Rv) were 8.02 wm
and 8.57 um. The total roughness (Rt) was 26.5 um in
the transversal direction and 39.5 um in the longitudinal
direction. The deeper valley in the longitudinal profile
suggests inconsistent application of sandblasting post-
treatment in that area.

Table 2. Comparison of the tribological values, Rsk and Rku,
between the three parts

Sample Rsk Rku
Cube with a prismatic shape face 1
Transversal -0.29 1.96
Longitudinal -0.0702 1.91
Cube with a prismatic shape face 2
Transversal -0.06 2.10
Longitudinal -0.0703 2.56
Produced Component
Transversal 0.208 2.17
Longitudinal -0.0732 2.48

Abbreviations: Rku: kurtosis; Rsk: skewness.

Tribological values, Rsk and Rku, were used to compare
the roughness of the three parts evaluated (Table 2). The
roughness values for the cube with a prismatic shape face 2
were very similar to those of the printed component, which
is expected since the parts were produced simultaneously
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Figure 13. Printed component W-profile: (A) transversal, (B) longitudinal
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Figure 14. 3D surface texture after micro sandblasting of AlsilOMg part:
(A) transversal, (B) longitudinal

and with the same laser parameters. The largest difference
in Rsk occurs in the printed components transversal
direction. The positive Rskin this section indicates a surface
with predominantly peaks and asperities characteristic of
a downskin surface, differing from the valley-dominated
surfaces of the other parts (upskin surface). The down
surface cloud’s quality is only improved with more
aggressive post-processing, such as a cycle on the vibratory
tumbler.

Additional topological analysis using a 3D optical
profilometer (Figure 14A and B for transversal and
longitudinal, respectively) provided a more comprehensive
representation of surface roughness than the 2D study.
Here, roughness was expressed using areal parameters
rather than directional profile measurements, with the
arithmetical mean height (Sa) and maximum height (Sz)
used instead of the profile-based parameters Ra and Rz.
The Sa values were 30.1 um and 25.2 um for surfaces 1 and
2, respectively, and Sz values were 229 um and 198 um,
respectively. The 15% reduction in roughness between
the two surfaces is attributed to the micro sandblasting
treatment and the natural fluctuations in the deposition
process. Face 2 exhibited greater homogeneity than face
1, though neither showed symmetrical height distribution
around the mean plane. Face 1 had a skewed height
distribution (Ssk) below the mean plane with a value
of 0.161, while face 2 had an Ssk of —0.604, indicating
remaining surface peaks on face 2. This observation is
consistent with the 2D data, where face 2 showed higher
peak values (Sp) of 133 um compared to 72.3 um for face
1, while the deepest valleys (Sv) were 95.5 um and 126 pum,
respectively.

For the printed component (Figure 15), the arithmetical
mean height (Sa) was 23.4 um, while the maximum height
(Sz) was 203 um. The height distribution skewness (Ssk)
was —0.812 - a higher value than that found in the cube
- indicating that the printed component had greater

150

Topography layer

Figure 15. The 3D surface texture of the printed component after micro
sandblasting AlsilOMg part

valleys than its average height. As expected, the printed
component displayed higher roughness than the cube,
which is more complex geometry can explain.

Khan et al.*® noted that roughness in LPBF parts is
highly dependent on geometry, build position, and support
volume. Horizontal surfaces typically have smoother
finishes than inclined or vertical surfaces, which are more
affected by the staircase effect. Larger volumes of support
structures help reduce surface roughness by improving
heat dissipation and reducing energy accumulation in
processed layers. However, areas where the support
structures are connected to the part often show localized
roughness. Post-processing methods, such as sandblasting,
significantly impact roughness on the surface. Mehta et al.*
reported a reduced Sa of up to 43.2% after sandblasting.
Parameters such as laser power and energy density can
be adjusted to improve surface roughness. Maamoun
et al.*” achieved roughness as low as 4.5 um by increasing
energy density to 65 J/mm?, though laser scanning speed
must be carefully controlled due to its inverse relationship
with roughness. Alternatively, surface treatments such
as polishing shot blasting, and shot peening can further
reduce roughness, with the latter reducing Sa by up to
79%.** However, these processes also increase production
time and costs. Finally, Chu et al.** observed that satellite
particles in the LPBF microstructure lead to defects such
as lack of fusion, contributing to surface roughness. Visual
analysis using Image] software and comparison to Chu
et al’s study suggests that the metallic powders supplied
by Hypermetal had sufficient flowability and sphericity
to produce a uniform topographic profile. The powder’s
narrow size distribution (d10, d50, and d90) did not appear
to hinder the compaction process, though further analysis
using laser diffraction could provide additional insights

Volume 4 Issue 1 (2025)

10

doi: 10.36922/MSAM025040003


https://dx.doi.org/10.36922/MSAM025040003

Materials Science in Additive Manufacturing

Topology optimization of an aluminum bicycle pedal
crank using laser powder bed fusion

Figure 16. Features are measured directly in the component with the
Leica® DVMS6 and the analysis software LAX. Scale bar: 10 mm

Figure 17. Technical drawing generated from the computer-aided design
model and measurements of the interest features measured

into flowability and agglomeration. This would help
address potential systematic errors in image processing
and ensure accurate particle size measurements.

3.4. Dimensional analysis

Dimensional analysis compared measurements taken
directly from the printed component using a Leica® DVM6
microscope with the dimensions specified in the original
CAD model.

Figure 16 presents the raw measurement data from the
Leica device, whereas Figure 17 shows the corresponding
technical drawing. Since the component was produced
at one-fifth of its original design size, all values in the
technical drawing were divided by five to facilitate an
accurate comparison. It is important to note that this
scaling introduces an additional source of error that must
be considered in the analysis.

For the linear dimensions (a to f), the mean difference
between the printed component and the CAD model
was 0.66 * 0.39 mm, with a maximum deviation of
1.15 mm observed in dimension c. This represents a
mean contraction/expansion of 3.34 + 2.82%. The greatest
contraction was recorded for measurement d (4.38%),
while the largest expansion was observed in dimension ¢
(8.35%).

The results indicate that the dimensional accuracy of
the printed component does not meet the requirements
for integration into a functional bicycle component, where
high precision is essential. The most problematic deviations
were observed in the holes intended for screw threads,
where significant reductions in available space could
compromise the components functionality. Achieving
greater dimensional accuracy is paramount, particularly
for applications where precision is critical.

Dimensional accuracy in LPBF can be influenced by
several factors, including powder quality, laser energy
density, scanning speed, layer thickness, and the parts
positioning relative to the assisted gas nozzle. In addition,
material shrinkage during solidification plays a critical
role, with the thermal expansion coefficient for this
material being 2.1 x 10" mm/°C."” Although the laser path
is typically programmed to account for this shrinkage,
variations in powder quality, which were not accounted
for in this study, may have contributed to the observed
deviations. Other sources of error in this analysis stem
from the manual nature of the measurements. Geometric
figures were drawn manually on images captured with the
optical microscope, as seen in Figure 17.

Furthermore, the conversion of dimensional values
before comparison introduces additional uncertainty.
These factors, combined with the laser spot diameter of
70 um used for this build, suggest that the reduced size
of the component led to lower dimensional accuracy, as
finer details could not be captured with precision. Despite
these challenges, the overall dimensional accuracy of
the component can be considered acceptable, given the
reduction in scale. However, the component should be
fully scaled and analyzed using a Coordinate-Measuring
Machine (CMM) to ensure the highest accuracy. A CMM
would enable reverse engineering of the printed part,
generating a new CAD model based on the actual
measurements of the printed component. This model
could then be compared directly with the original design,
allowing for a more thorough evaluation of dimensional
accuracy.

3.5. Hardness and material properties

In this study, the higher hardness of the AlSil0Mg
component compared to similar studies in the literature
can be attributed to differences in microstructure,
particularly the grain size or the number of different phases
(e.g., precipitates) formed during the AM process. While the
parts in this study and those in the literature exhibit similar
relative densities, and both sets of parts are defect-free with
no porosity, the microstructural features could contribute
significantly to the observed variations in hardness.
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Although the parts in this study and the literature
used optimized process parameters to achieve highly
dense, defect-free parts, it is possible that differences in
the microstructure, such as finer or coarser grains or
the presence of different phases, could lead to changes
in hardness. These factors influence the mechanical
properties of materials, including hardness, and may
explain the higher hardness in our study compared to
literature values.”*!

Thus, the higher hardness observed in this study is
not solely due to differences in powder characteristics
or densification but is more likely attributable to
microstructural differences, including grain size and
precipitates or other phases. Further studies focusing on
the microstructure characterization in both this study
and the literature would provide a more comprehensive
understanding of how these factors contribute to variations
in hardness and other mechanical properties.

4, Conclusions

This study explored a bicycle cranks TO and AM in
AlSi10Mg using LPBE The research successfully developed
a lightweight and structurally optimized component by
integrating advanced design strategies such as lattice
structures. Rigorous testing and analysis validated the
prototype’s compliance with standards, manufacturability,
and mechanical performance. The findings underscore the
potential of TO and LPBF for creating high-performance,
lightweight components while identifying areas for further
improvement. Key conclusions drawn from this study are
as follows:

e Component achievement:

e Successfully designed and manufactured a
topology-optimized bicycle crank in AlSil0Mg
using LPBF

e The single-part component complies with ISO
14781 and was validated through static testing

e A lightweight design of 458 g was achieved by
incorporating lattice structures into the topology-
optimized component

e Despite the production process’s complexity,
careful lattice cell selection ensured the successful
fabrication of a functional prototype.

e  Validation and testing:

e  Microstructure analysis:

e Revealed elongated melt pools aligned with
the scan direction, consistent with LPBF
technology

e  Confirmed the absence of excessive porosity,
ensuring manufacturing integrity.

e  Surface roughness analysis:

Highlighted the impact of process variables,
including part orientation, argon flow, supports,
and post-processing

Identified limitations in surface quality inherent
to LPBF technology, suggesting potential
improvements through optimized process
parameters or advanced post-processing methods
such as vibratory tumbling or electrochemical
polishing

Findings emphasize the importance of refining
process  parameters and  post-processing
techniques to achieve a smoother surface finish,
which is critical for improving esthetic quality
and tribological performance.

Tribological investigations:

Surface roughness is critical in tribological
performance, influencing friction and wear
behavior

The tribological behavior of the component
showed that surface roughness values directly
correlate with friction and wear performance.
Further optimization of the surface texture
through post-processing may enhance the
component’s durability and functionality in real-
world applications.

Dimensional analysis:

Demonstrated ~ variability in  dimensional
accuracy, with deviations of 0.66 + 0.39 mm for
lengths and 0.12 + 0.05 mm for circle radii
Suggested improvements through additional
supports,changesin partorientation, or adjustments
to the geometry for enhanced manufacturability.

Material and powder characteristics:

The narrow particle size distribution of AlSi10Mg
powders facilitated consistent production results
despite a 40% satellite particle presence.

Considerations for future studies:

Conduct more detailed roughness studies,
focusing on stair-stepping effects

Define dimensional tolerances for prototypes to
enhance validation accuracy

Investigate the effects of particle size distribution
and satellite particle percentages on the
component’s mechanical and surface properties
Explore scalability and economic feasibility for
potential industrial applications

Examine the tribological performance of the
component in greater detail, including wear
resistance and friction in operational conditions
Further, optimize post-processing methods
to enhance surface quality and tribological
performance.
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This research highlights the transformative potential of
TO and LPBF in producing lightweight, high-performance
components. It also identifies areas that need improvement
to encourage broader industrial adoption. Future studies
should concentrate on detailed microstructural analysis
and the influence of process parameters on mechanical
properties, particularly hardness. In addition, examining
factors such as residual stresses, thermal gradients, and
powder characteristics — such as particle size distribution
and packing density — will offer valuable insights into
optimizing component performance and consistency.
These efforts will help bridge the gaps in understanding
and enable more precise control over the manufacturing
process for industrial applications.
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