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REVIEW ARTICLE

A review on development of eco-friendly natural 
fiber-reinforced composite filaments for 3D 
printing: Fabrication and characteristics

Raviduth Ramful*
Department of Mechanical and Production Engineering, University of Mauritius, Réduit, Mauritius

Materials Science in 
Additive Manufacturing

Abstract
Additive manufacturing (AM), commonly referred to as 3D printing, has revolutionized 
the modern manufacturing world by providing comprehensive benefits in terms 
of mass customization, automation, design optimization, quick prototyping, and 
reduced lead times among other factors. Given the increased popularity, rapid 
development, and implementation of AM technologies in numerous engineering 
applications, new methods to enhance the AM process for improved efficiency 
and to attain sustainability goals are being considered. One approach to achieve 
sustainability in AM is by considering greener input materials such as natural fiber-
reinforced composite filaments (NFRCFs) with lower embodied energy. This review 
focuses on the latest advancements made in the research and development of 
advanced NFRCFs for the AM process. In the first section, the rationale of using 
natural fibers in modern NFRCFs is outlined, followed by a description of the key 
stages of their fabrication process involving the pre-processing of fibers and the 
addition of plasticizer to enhance their performance. In the second part of this review, 
a detailed overview of the typical fibers and matrices used in the development of 
NFRCFs is provided, and some of the typical challenges encountered when utilizing 
natural fibers, such as their lack of homogeneity, are highlighted. The fiber-matrix 
interaction and corresponding properties are further discussed, and means to 
achieve homogeneous NFRC filament are outlined. Finally, the degradability 
characteristics and recycling methods for NFRCF are discussed, and further means to 
optimize their performance for increased usage in AM and related applications are 
presented. To address and overcome the foregoing limitations posed by present-day 
NFRCF, further research for breakthrough solutions is still required. Further research 
and development in this area is a prerequisite to attain sustainability in AM, which 
will also promote the usage and integration of sustainable AM parts into a wider 
range of engineering applications in our modern society.

Keywords: Natural fiber-reinforced composite filament; 3D printing; Natural fibers; PLA 
matrix; Mechanical performance; Biodegradable

1. Introduction
The general method of conventional manufacturing is at its turning point in time 
with the advent of new manufacturing technologies in line with Industry 4.0, whereby 
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intensive manual operations are being replaced by 
automated processes and advanced technologies as 
displayed in Figure  1. Additive manufacturing (AM), 
commonly referred to as 3D printing, is a layer-by-layer 
technique that has comprehensive benefits in terms of 
material usage for design optimization in comparison 
to conventional construction techniques. This non-
conventional type of manufacturing has shown significant 
benefits in numerous fields with convincing results in 
pioneering applications ranging from medical implants to 
advanced composite developments.1-4 Prospects involving 
3D-printed constructions are substantial in key areas 
of development whereby conventional means would 
be inefficient, such as the establishment of temporary 
housing in remote areas.5 Regardless of the significant 
advancement in AM, the realization of reliable 3D-printed 
structures of acceptable engineering standards through 
design optimization still demands notable attention for 
further research.5

AM enables the conceptualization of complex 
geometries with the added benefit of design optimization 
for improved performance in terms of strength-to-weight 

ratio. The bio-inspired solution in AM has been considered 
to enhance printing patterns7 but, most importantly, to 
generate final components with comparable strength and 
hardness as observed in nature, such as the honeycomb8 
and seashell structures.9-11 From the literature, the intricate 
structure of natural materials such as bamboo was 
successfully reproduced by AM for various applications 
ranging from crash-absorbing components12 to optimized 
lightweight bionic beams.13 Likewise, the fabrication of 
complex lattice structures such as the body-centered cubic 
lattice,14 which is seemingly intensive through conventional 
means, is simply rendered possible by AM.15 Additional 
lattice structures which can be machined by AM, namely 
the hierarchical honeycomb,16 cube vertex centroid, and 
hex prism diamond, are displayed in Figure 2.

AM technologies have drastically expanded in the last 
decade, and the utilization of commonly used materials 
such as plastics,4,8,11 cement,17-21 and metals,22,23 have all 
yielded up-to-standard results. To cater for the surge in 
demand for 3D-printed products in numerous fields of 
applications, AM technology has been developed and 
transformed into a multitude of distinctive systems.24 

Figure 1. Advent of new manufacturing technologies in line with Industry 4.0, including additive manufacturing technology6

Figure 2. Lattice structures which can be machined by additive manufacturing, namely the (A) hierarchical honeycomb,16 (B) Tet-vertex-centroid, and 
(C) hex-prism-diamond structures

CBA
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Some of these developed systems include material 
extrusion (Figure  3A), vat photopolymerization 
(Figure  3B), binder jetting process, material jetting, 
powder bed fusion (Figure  3C), sheet lamination, and 
directed energy deposition24 techniques. The fused 
deposition modeling (FDM) process is one noteworthy 
technique under the material extrusion category of AM, 
which has gained significant interest from industries 
and mass consumers in recent years. Besides their ease 
of implementation, reliability, and affordability, this 
material extrusion-based process uses ready-made and 
off-the-shelf filament reels as input material, as shown 
in Figure 4.

The basis of AM, which is conceived from the layer-
by-layer material deposition technique, predominantly 
depends on its material characteristics. Some of these 
notable physical and mechanical material characteristics, 
which are prerequisites for AM, include viscosity, density, 
coefficient of thermal expansion, melting point, durability, 
stiffness, ultimate strength, and ultimate strain, among 
other factors.25-27 For instance, 3D-printed filament 
materials with high viscosity will increase the load on 

the extruder as more extrusion force will be required. On 
the other hand, filament materials with increasingly low 
viscosity can lead to a lack of precision in the deposited 
layers as they will be difficult to control due to excessive 
flowability. Hence, achieving the optimum characteristics 
in filament material is key to securing the best results in 
AM.

A classification chart for commonly used filament 
materials in the FDM process is outlined in Figure  5. 
As evidenced by this figure, most developed filament 
materials for the FDM process are of a non-biodegradable 
nature. The specifications, characteristics, and application 
of commonly used non-biodegradable filament polymer 
materials developed in recent years for the FDM process 
are given in Table 1. Table 2, on the other hand, displays 
the specification, characteristics, and application of the 
few biodegradable filament materials that have been 
investigated in the literature.

Even though the material characteristics account for 
the main factor for optimum performance in 3D-printed 
parts, other factors pertaining to the printing settings 

Figure 3. Developed additive manufacturing technologies and corresponding input material to suit the needs of specific engineering fields, namely the 
(A) material extrusion also known as fused deposition modeling, (B) vat photopolymerization, and (C) powder bed fusion techniques6

CBA
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can also influence the quality of 3D prints and their 
corresponding structural features in the FDM process.40 
For instance, the infill pattern and cross-sectional features 
are generally associated with the shell outline of 3D-printed 
parts for optimum structural stability. Commonly applied 
infill geometrical patterns in AM involve grid, cross, 
cubic, hexagonal, and concentric patterns. In addition to 
the foregoing features, other printing parameters such as 
layer thickness and print path among others, also affect 
the print resolution, bonding strength, and deformation-
resisting ability.18,19,41 Therefore, printing parameters, as 
a consequence, influence the structural performance of 
3D-printed constructions.5

In recent years, alternative materials have been 
considered for the development of composite filaments 
with enhanced cost, performance, and durability traits. 
One such example is fibers derived from natural or 
synthetic sources that are processed and integrated with 
the various types of polymer-based matrix, as highlighted 
in Tables 1 and 2. In contrast to synthetic fibers which are 

non-biodegradable, natural fibers have gained notable 
interest in composite development in general, given their 
distinctive, sustainable characteristics and biodegradable 
nature.42

Natural fibers derive their strength from their unique 
structural arrangement composed of primary and 
secondary cell walls.42,43 Microfibrils which are composed 
of key plant derivatives, namely cellulose, hemicelluloses, 
and lignin,44 have a determinant role in the corresponding 
mechanical performance of natural fibers. The mechanical 
characteristics were found to largely depend on the 
alignment of microfibrils in plant cell walls.45,46 Even 
though animal fibers have been considered in the past, 
most natural fibers are derived from plant fibers, and their 
sources include bast, leaf, fruit, seed, and grass fibers.42,47,48

2. Rationale to use NFRCFs in AM
In recent years, alternative materials with sustainable 
attributes such as natural fibers have been considered for 
the development of advanced composites through the AM 

Figure 4. Overview of the fused deposition modeling process in additive manufacturing from the fabrication to specimen generation stage

Figure 5. Classification chart for commonly used filament materials in the fused deposition modeling process

http://dx.doi.org/10.36922/msam.8533
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process. The general consensus to consider natural fibers in 
the specialized field of AM, besides its numerous and well-
known advantages ranging from the fabrication of complex 
parts to quick prototyping, is to foster the production of 
sustainable parts.49 From an economic perspective, the 
abundance of natural fibers in the environment makes 
them an attractive and affordable alternative to synthetic 
composites.50,51 Natural fibers, along with synthetic fibers, 
have been widely considered in the recent past for the 
development of advanced composite materials,50 and their 

applications can range from medical science52 to aerospace 
engineering.53 The specific stiffness, impact energy 
absorption, and enhanced durability attributes of some 
of the developed composites have transformed them into 
excellent alternatives to conventional concrete, steel, and 
timber materials.50

In terms of physical characteristics, natural fibers bear 
a relatively low density and are lightweight in nature. 
This feature further strengthens their consideration and 
selection for high-strength-to-weight ratio components 

Table 1. Specification, characteristics, and application of commonly used non‑biodegradable filament polymer materials in the 
FDM process

S. 
No.

Specification of 
non‑biodegradable 
filament polymer

Characteristics Applications References

1 ABS High rigidity, medium impact strength, 
heat‑resistant, and ease of fabrication 

Widely used in FDM given its cost‑effectiveness, 
used in moving parts, automotive parts, and 
functional parts

28

2 Nylon (synthetic 
polyamide)

Chemical‑, wear‑ and UV‑resistant; strong and 
durable; flexible with low friction coefficient

Used in FDM to produce semi‑flexible and 
mechanical parts (industrial components)

29

3 PET Good chemical resistance and mechanical 
properties, good dimensional stability, and heat 
resistance

Suitable for producing water‑resistant products 
in FDM, it can be used to create custom tools 
and fixtures

30

4 ASA Exhibit better UV resistance than ABS; good 
impact strength and resistant to harsh weather 
conditions

Suitable for general‑purpose 3D printing 
applications, including prototyping and tooling

31

5 TPU Has good shock‑absorbing characteristics; 
flexible and durable

Widely used in applications whereby flexibility 
and rubber‑like parts are required, namely hoses, 
sleeves, and flexible joints

32

6 PC PC samples tend to display strong anisotropy 
as a function of raster orientation – suitable for 
higher temperatures and strong impacts

Can be used for prototyping and in functional 
components

33

Abbreviations: ABS: Acrylonitrile butadiene styrene; ASA: Acrylonitrile‑styrene‑acrylate; FDM: Fused deposition modeling; PC: Polycarbonate; 
PET: Polyethylene terephthalate; TPU: Thermoplastic polyurethane; UV: Ultraviolet.

Table 2. Specification, characteristics, and application of commonly used biofilament polymer materials in the FDM process

S. 
No.

Specification 
of biofilament 
polymer

Characteristics Applications References

1 PLA Biodegradable, high dimensional 
stability, and odorless

Multipurpose material used for a wide variety of 
applications, including in the medical field

34,35

2 Impact PLA Grey Biodegradable PLA with high strength 
and rigidity

Can be used to produce spare parts, tools, and prototypes 36

3 PLA and PLA‑PHA Biodegradable PLA Used for marine structures 37

4 PBS and PBSA Good thermal stability, biodegradable, 
high viability for FFF process

Can be used in 4D printing to create complex 3D 
architectures

38

5 PCL Biodegradable, semi‑crystalline 
polyester having a low glass transition 
temperature and melting point

Used in AM techniques to produce PCL scaffolds for various 
tissue engineering applications, including bone, muscle, 
cartilage, and skin

39

Abbreviations: AM: Additive manufacturing; FDM: Fused deposition modeling; FFF: Fused filament fabrication; PBS: Polybutylene succinate; 
PBSA: Polybutylene succinate ran adipate; PCL: Polycaprolactone; PHA: Polyhydroxyalkanoate; PLA: Polylactic acid.
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in advanced engineering applications. The harvesting 
and processing of natural fibers is notably less intensive 
than other conventional materials such as concrete and 
metals. The energy requirement to process the material 
is subsequently lower, which translates into a relatively 
lower processing cost for natural fibers.54 As a result, the 
use of natural fibers in the development of biodegradable 
composites in the production phase was advanced to 
lead to reduced embedded energy in the developed 
products.54

Besides their mechanical and physical attributes, some 
of the outstanding features of natural fibers that render 
them attractive for AM are their sustainability attributes. 
Given the potential of AM in numerous engineering 
applications, it is imperative to optimize the process for 
improved efficiency and attainment of sustainability 
attributes. One approach is to consider alternative input 
materials from greener or recycled sources at the expense 
of conventional ones. Besides, the use of greener or 
recycled input materials will address the growing ecological 
concerns as the promotion of renewable resources has 
a minimized environmental impact. In addition, such 
resources will possess a notably lower carbon footprint 
given their reduced embodied energy, hence addressing 
the issue of climate change.50

Product developers and manufacturers are looking at 
the entire lifecycle of products, including their disposal and 
recyclability, to address the growing issue of waste disposal 
around the world. The disposability of modern developed 
materials, which can have a reduced impact on the 
environment, is therefore regarded as a key requirement to 
attain sustainability. The conventional composite filaments 
used in the present-day AM process, which are mainly 
composed of non-biodegradable components, add to the 
challenge of recycling. The consideration of natural fibers 
for NFRCF development can address some of the foregoing 
issues encountered in the use of conventional filaments in 
the AM process.

The shift toward greener materials such as NFRCFs 
also aims to address the significant surge in the usage of 
non-biodegradable composites such as synthetic plastics. 
Their extensive usage has resulted in the accumulation 
of non-degradable material in delicate environments 
such as in the ocean, thereby greatly affecting the Earth’s 
ecosystem.55-59 Further research involving natural fiber-
based composites aims to look at alternative measures that 
can enhance the degradability of conventional composites, 
thereby minimizing the impact of waste disposal on the 
environment. The use of natural fibers in NFRCF, which, 
however, poses numerous challenges from fabrication to the 
end of the lifecycle stage, is further examined in this review.

3. NFRCF fabrication
Unlike other materials, natural fibers that are derived from 
organic sources tend to exhibit significant variability as a 
result of maturity, environment, and harvest period, among 
other factors. Thus, specific considerations are needed 
when processing and when transforming natural fibers into 
alternative forms to ensure consistency during production. 
In their raw and unmodified state, natural fibers have a 
tendency to absorb moisture content while displaying overall 
lower mechanical and durability attributes.50,60,61 Besides 
their limited physical and mechanical characteristics, 
natural fibers have a relatively low thermal stability which is 
below 200°C.54 Therefore, specific treatment modifications 
are normally required in the pre-processing stage to prepare 
natural fibers, while care must be taken to ensure that the 
effects of thermal treatment do not lead to permanent 
alteration to their structure. Moreover, the lack of relevant 
standards regarding the fabrication and validation of 
3D-printed materials and structures, respectively, adds to 
the list of challenges observed in the emerging field of AM.62

The fabrication of filament materials from natural 
fibers for use in the FDM technique has been successfully 
realized as reported in previous studies.63,64 In one study, 
NFRC components were successfully produced via the 
FDM technique by considering two types of natural 
fibers involving hemp and New Zealand flax, which were 
impregnated in a polymeric matrix composed of lignin.63 
Before the filament fabrication stage, the natural fibers 
were subjected to an alkali treatment consisting of NaOH 
solution followed by a digestion cycle of around 30 min at 
160°C.63 Finally, the fibers were thoroughly washed with tap 
water, subjected to drying in an oven for 48 h above 100°C, 
and mixed in an intensive mixer consisting of two rotating 
shafts and a heated chamber set at 185°C.63 A polylactic 
acid (PLA) binder in the form of power was used in the 
mixing stage. The mixed composite material was then 
subjected to a granulation stage followed by an extrusion 
process, which would produce continuous filament wire.63

One of the key parameters to control filament production 
is the cross-section of the filament wire.63 To achieve a 
filament cross-section of acceptable tolerance, the electric 
spooling machine could be utilized to precisely control the 
extrusion and rotational speed of the filament spooling 
machine. The detailed outline of the filament fabrication 
process is given in Figure 6. The filament extrusion stage, 
which precedes the spooling stage, as displayed in Figure 6, 
is another decisive stage in the process of achieving 
a filament end-product with consistent mechanical 
properties and diameter. Even though both twin-screw 
extruders and single-screw extruder are widely considered 
for the filament extrusion process, the former was found 
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to offer better features in terms of mixing capabilities, 
temperature control, and throughput efficiency.65 Some 
of the commonly used extruders for filament fabrication 
include the Wellzoom desktop single-screw extruder66 
and the HAAKE Mini CTW Micro-Conical Twin Screw 
Compounder.67

As reported in several studies, a filament diameter of 
1.75 mm was considered when extruding the biofilament 
material, which also corresponds to the standard filament 
diameter used in FDM printers.68,69 Moreover, the 1.75 mm 
filament was mainly considered for further investigation 
as reported in previous studies, as they tend to provide 
finer details and better print quality overall.70 Besides, the 
1.75 mm-sized filament, which offers better compatibility 
with small-sized nozzles, was found to be less susceptible 
to breakage given their enhanced flexibility in contrast 
to large-diameter filaments. In the fabrication process of 
wood flour-PLA filament, a two-stage extrusion process 
was considered whereby a twin-screw extruder was used 
in the first place for pelleting followed by a single-screw 
extruder which was used for extrusion molding to generate 
the 1.75  mm in diameter filament material.71 In another 
study, a two-stage extrusion process, consisting of a single 
screw and corotating meshing twin-screw extruders, was 
also considered in the filament formation involving PLA 
and biodegradable plasticizer.64 The extrusion temperature 
of FDM filaments, which can vary over a wide range 
of temperatures ranging between 160°C and 230°C, is 
dependent on the properties of the source material from 
which the filament is derived.72

3.1. Pre-processing of fibers and addition of 
plasticizer for filament fabrication

In the AM process, the final strength of printed components 
largely depends on the characteristics of the filament 
material. Similar to the fabrication of conventional natural 
fiber composites, the utilization of natural fibers in the 
fabrication of filament material poses common challenges, 
namely incompatibility with the polymer matrix, 
susceptibility to moisture absorption, and inhomogeneous 
distribution of fibers among others.61,73,74 To address the 

foregoing challenges and for consideration in filament-
based material in AM, most natural fibers would, 
therefore require further treatment modification so as to 
improve their surface adhesion with the polymer matrix.75 
Natural fibers are thus subjected to a pre-processing stage 
consisting of chemical or thermal treatment modifications, 
which is an indispensable stage in the fabrication of 
filament material from natural fiber-reinforced polymer 
composites.49 Typical pre-processing stages, which could 
have a direct impact on the characteristics and usability of 
the final filament material, include sieving of fibers, drying, 
and mixing methods. For instance, drying methods and 
surface treatment have been reported to promote good 
adhesion between natural fibers and polymer matrix 
in the NFRC mix, thereby enhancing their mechanical 
properties.73

To further enhance the properties of natural fiber-
reinforced composite filaments (NFRCFs), additives 
are generally considered.73 Typically used additives for 
this purpose can be classified in terms of compatibilizer, 
plasticizer, and toughening agent.73 The addition of 
plasticizer in the composite mix for filament formation, for 
instance, was found to result in a notable improvement in 
their interfacial bonding.76 The inclusion of plasticizer was 
thus found to improve printing parameters such as layer 
adhesion and surface finish.73 In another study, the addition 
of plasticizer to polymeric filament was found to be beneficial 
to 3D-printed products as it had a positive impact on their 
thermal properties and shape stability, hence reducing the 
warping effect.64 In one investigation, the use of glycerol as 
a plasticizer in wood flour-PLA filament was found to be 
most suited for extrusion processing of composite filaments 
as they exhibited a higher melt index.71

Besides their noteworthy contribution to the 
improvement of printing parameters, the inclusion 
of plasticizers in NFRCFs was found to significantly 
enhance their mechanical characteristics. On the other 
hand, another plasticizer, namely tributyl citrate (TBC), 
was found to enhance the mechanical properties, water 
absorption, and thermal stability of the wood flour-PLA 
filament despite resulting in an inferior melt index.71 In 

Figure 6. Detailed outline of the filament fabrication process through the twin-screw extruder device
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another study, the crystallization behavior was further 
investigated to probe into the effect of the addition of 
plasticizer, namely polyethylene glycol (PEG), on the 
mechanical and physical properties of filament materials 
produced through the fused filament fabrication (FFF) 
technique.77 The addition of PEG plasticizer was found 
to result in 3D-printed parts with crystallinity values 
of up to 18% greater as compared to neat PLA, which 
also translated into improved mechanical and physical 
characteristics.77 The inferior mechanical properties 
observed in neat poly(3-hydroxybutyrate) and PLA (PHB/
PLA) blends were found to be significantly improved 
upon the addition of plasticized blends based on esters of 
citric acid.64 Moreover, the inclusion of such plasticizers 
in the filament material blend led to a notable increase 
in the softening effect in the filament structure, thereby 
resulting in a significant increase in their elongation at 
break.64

4. Fibers and matrix selection for 
biodegradable NFRCFs
In previous studies, diverse types of natural fibers have been 
considered in the production of natural fiber-reinforced 
composite filaments.73 Examples of such natural fibers 
consisted of rice straw, bamboo, hemp, sugarcane, and flax 
fibers.63,73,78-80 The fiber content by weight in the NFRCFs 
was found to range between 15% and 30%.63,73,78-80 Table 3 
summarizes the specification, composition, characteristics, 
and applications of commonly used composite-based non-
biodegradable filament materials for 3D printing. Even 
though the filament material developed in these studies 
displayed satisfactory mechanical performance, they 
were not fully biodegradable as a result of their polymeric 
matrix, which lacked the degradability trait. ABS is one 
such example that has poor degradable characteristics 
but nonetheless displays high tensile strength while being 
resistant to physical impacts.49,81

Besides the use of natural fibers, many studies have 
considered fibers in powdered form as an alternative 
reinforcement component for filament fabrication. One 
example is bamboo-plastic composite wires, which were 
developed through the FDM technique by considering 
printed wires made of bamboo flour, PLA matrix, and 
plasticizers.76 Another powder-based material, namely 
wood flour, was considered to produce wood flour-PLA 
filament at a composition ratio of 1:2.3.71 Before the 
filament fabrication, sieved wood flour from 140-mesh 
to 160-mesh size was mixed with PLA and distilled water, 
while experimental reagents, namely glycerol and TBC, 
were considered and added as plasticizer.71 In another study, 
3D printing composite filaments from agro-industrial and 

polymeric wastes were developed by considering cocoa 
bean shells and recycled polypropylene, respectively. 
The combination of these two materials in the filament 
production was found to result in a reduced shrinkage 
and warping behavior, thereby further enhancing the 
dimensional stability of the sample during the 3D printing 
process.68

Moreover, the development of biodegradable composites 
through 3D printing technology from the derivatives of 
natural fibers, namely cellulose, hemicellulose, and lignin, 
has also been realized in the recent past.84 For instance, the 
optimum amounts of other naturally derived components, 
namely hemicellulose and lignin, which could be added in 
the preparation of composite filament for 3D printing, were 
found to be 25% and 5%, respectively.69,85 In other studies, 
cellulose-based composite filament wire was successfully 
prepared by combining cellulose nanofiber (CNF) and 
PLA.67 In contrast to pure PLA filament wires, the inclusion 
of cellulose reinforcement in the PLA-composite filament 
wires was found to yield an increase in its tensile strength.84 
Besides improvement in their mechanical properties, 
CNF-based biocomposite filament was also found to have 
enhanced thermal stability.67

4.1. Challenges of using natural fibers in NFRCFs for 
fused deposition modeling

The challenges associated with the consideration of natural 
fibers in the fabrication of biodegradable composite 
filaments and their utilization are further discussed in this 
section. One of the main concerns observed when dealing 
with natural fiber-based filament material during the 
AM process is the lack of homogeneity in the deposited 
layers.73,86 The lack of homogeneity was found to arise due 
to the combined effects of several factors originating from 
the printer hardware, printing parameters, and material 
composition as outlined in Figure 7. For instance, it is to 
be noted that the homogeneity of 3D-printed structures 
is normally affected by the print direction, which has a 
significant impact on their load-bearing capacity, thereby 
resulting in an orthotropic behavior.21,87,88

In terms of material composition, the inhomogeneous 
mix of natural fiber composite for filament material can 
lead to a lack of homogeneity in the final product. As 
reported in previous studies, it is unfeasible to achieve 
a near-perfect homogeneous mixture of natural fiber 
composite for filament material in line with existing 
technologies. It is thus common to have an agglomeration 
of the reinforcement components or particles in the 
composite mix, thereby further contributing to the 
inhomogeneous and anisotropic nature of the 3D-printed 
parts.73 Other issues that could potentially arise during the 
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Table 3. Specification, composition, characteristics, and application of commonly used composite‑based non‑biodegradable 
filament materials in the FDM process

S. No. Specification of 
composite‑based 
non‑biodegradable filaments

Composition Characteristics Applications References

1 ABS+jute 5 wt.% of jute fiber Improved the amount of plastic 
deformation – increasing the strength at 
fracture by 28%

Lightweight 
reinforced filament

82

2 ABS+rice straw composite 
feedstock filament

5 – 15 wt.% of rice 
straw fibers

Flexural properties increased at 15 wt.% 
of fiber content; water absorption of the 
composite increased with increasing fiber 
content

Cost‑effective 
filament to produce 
low‑cost prototypes

78

3 ABS+OPF 5% mass fraction of 
OPF

Filament displayed enhanced tensile 
strength

Provide a solution 
for cost‑effective 
fabrication method

81

4 PC+continuous CF bundles 12k bundles of CF 
were used

PC with CF displayed a modulus of 
elasticity which was 85% higher than neat 
PC specimens

Applications for 
improved and 
stronger parts

83

Abbreviations: ABS: Acrylonitrile butadiene styrene; CF: Carbon fiber; OPF: Oil palm fiber; PC: Polycarbonate.

Figure 7. Detailed outline of factors originating from the printer hardware, printing parameters, and filament material composition, which affect the 
natural fiber-reinforced composite filaments performance due to a lack of homogeneity, thermal degradation, microstructural changes, and increased 
brittleness

deposition of an inhomogeneous mix of filament material 
are poor layer adhesion and uneven surface layers.63 The 
former, also referred to as interlayer bonding, which can 
be affected by void formation and porosity, was found to 
affect the overall structural homogeneity and strength of 
3D-printed components,20,89 Moreover, the formation of 

voids and microvoids within the composite structure can 
notably affect their mechanical properties.90,91

From previous reports, the lack of homogeneity was 
found to be exacerbated by the small-sized nozzle located 
at the end of the extruder, which is typically in the range 
of 0.05  mm – 0.4  mm, resulting in frequent clogging.73 
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Clogging was commonly observed during the FDM process 
due to the presence of large-sized particles in the natural 
fiber composite mix.86 Blockage in the extrusion process 
was reported to occur in filament material consisting of a 
weight percentage of fibers from 20% and above.63 In line 
with the above, the presence of a higher amount of fibers in 
the filament material due to a non-homogeneous mixture 
was reported to lead to other printing issues besides 
blockage at the nozzle section.92 For instance, an increase 
in the fiber content in the composite mix of the filaments 
would lead to an increase in their melt viscosity, thereby 
raising their power requirement for extrusion.92 Moreover, 
another barrier associated with the excessive increase in 
the fiber content and a corresponding reduction in the 
binding matrix material was reported to accentuate the 
brittleness nature of the produced filaments.93 Figure  8 
displays the schematic outline of the filament extrusion 
process based on varying fiber content and varying fiber 
specifications.94

The full potential of natural fibers in filament material, 
namely their renowned tensile strength along their 
length, has not been fully exploited due to manufacturing 
restrictions. In one study involving composite-based 
biofilaments, a trial was made by integrating continuous 
flax fibers into a PLA matrix.95 The prefabricated 
continuous flax yarns, which had a linear density of 68 
Tex, yielded enhanced mechanical performance in terms 
of increased tensile modulus and strength values. On 
the downside, however, the transverse strength of the 
developed filament material was found to be inferior 
in comparison to similar flax-PLA thermocompressed 
composites.95 Part of the weaknesses observed in the 
mechanical behavior of such filament material was 
attributed to poor dispersion and imperfect impregnation 
of flax yarns within the PLA matrix as a result of the fiber 
bundle organization.95

Besides fiber-related factors such as fiber treatment, 
composite preparation, and inclusion of compatibilizer 
agents, which can exert diverse influence on the FDM-
based 3D printing process, the quality of the final 3D 
print largely depends on the printing parameters.73 Some 
of the main printing parameters which are associated 
with the quality of natural fiber-reinforced polymer 
composites in FDM-based 3D printing are the printing 
temperature, layer height, and infill percentage, among 
others.73 Besides the quality aspect, the mechanical 
properties of 3D-printed products in general have been 
reported to be affected by the layering technique, which 
also tends to result in a highly anisotropic material 
behavior,96,97 as shown in Figure  9. In addition, layer-
by-layer printing often leads to void formation that also 
affects the structural soundness.73

4.2. Matrix for biodegradable NFRCFs

As reported in the foregoing literature review, the binding 
matrix material plays an important role in NFRCFs 
fabrication as well as in the AM process. First, it is an 
indispensable component used to consolidate filament 
strength by solidifying the latter into a homogenous 
mix, which incorporates key filament elements such as 
reinforcement components and plasticizers. Second, to 
ensure high-quality prints, the binding matrix material 
provides numerous benefits that could affect the essential 
printing parameters in the FDM process, namely layer 
adhesion, surface finish, shape stability, and smooth 
extrusion, among other factors.49

PLA, which is widely recognized for its biodegradability, 
is the most commonly used polymeric matrix material in 
the production of NFRCFs.49,86 PLA was also found to be 
the principal choice for binding matrix material, as was the 
case observed in hybrid composites composed of purely 
natural fibers.73,98 Besides being biodegradable, PLA was 
found to display notable tensile strength despite exhibiting 
poor heat resistance. It is to be noted that the mechanical 
and heat resistance performances of PLA materials have 
been reported to depend on the crystallization temperature. 
At higher crystallization temperatures, imperfections 
in the form of irregular crystal formation were found 
to contribute to a deterioration in the mechanical 
performance of the PLA material.

In recent years, more attempts have been made to 
realize fully biodegradable composite-based biofilaments. 
Both the natural fiber reinforcement and biodegradable 
matrix components are combined to produce sturdy 
filament wires for 3D printing.92 Table 4 summarizes some 
of the notable progress made in the development of fully 
biodegradable composite-based biofilaments for the FDM 
process. The table includes the specification, composition, 
characteristics, and applications of the various researched 
biofilaments composed of natural fibers integrated into a 
biodegradable matrix.

4.3. Fiber-matrix interaction and their 
corresponding properties

The reported physical and mechanical properties of 
FDM filaments are diverse, and these variations have 
been linked to the material source involving the fiber and 
matrix components. One notable factor that normally 
contributes to the inferior performance of natural 
fibers when integrated with NFRCFs is their poor fiber-
matrix adhesion.90 As reported in past literature studies, 
mechanical test evaluations were conducted to shed light 
on the mechanical performance of NFRCFs. Given the 
extensive use of PLA in NFRCFs, most of the reported 
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mechanical properties in this area involved PLA as polymer 
matrix material. One mode of failure, which is commonly 
observed in NFRC, namely fiber pull-out, was also found 
to take place in NFRCF hence indicating poor adhesion 
prevailing between the fiber and matrix interface.63 In some 
cases, it was also observed that the mechanical properties 
of biodegradable composites tend to be inferior to pure 
matrix material as a result of several factors pertaining to 
the nature of natural fibers.72 The characteristics of various 
types of NFRCFs manufactured from diverse types of 
natural fibers are presented in Table 4.

For instance, the tensile strength and tensile modulus 
in fiber-reinforced PLA composites comprising Kraft pine 
lignin as fiber reinforcement were found to be around 48 
MPa and 2.36 GPa, respectively, while those comprising 
flax fibers were found to be around 33 MPa and 3.4 GPa, 
respectively.49 The mechanical properties in terms of their 
tensile modulus and tensile strength of natural fiber-
reinforced composite components produced from 3  mm 
PLA filament reinforced with flax fibers were found to 

be approximately 42% and 5% greater, respectively, than 
the properties observed in neat PLA components.63 In 
another study, the mechanical properties in terms of the 
ultimate tensile strength and Young’s modulus of neat PLA 
filament were found to be around 57.5 MPa and 3200 MPa, 
respectively.72 Similar properties involving filament with a 
combination of PLA, PHA, and 10 – 20% fiber content, on 
the other hand, were found to be around 25 MPa and 3750 
MPa, respectively.72

Similar to NFRC fabrication, the volume composition of 
natural fibers by weight percentage had direct implications 
on the mechanical properties of NFRCFs. A  general 
decreasing trend in the mechanical properties of the fiber-
reinforced composite filament was observed to occur with 
increasing fiber content.63 Identical observations were 
found during the mechanical characterization of palm fiber-
reinforced polyhydroxyalkanoate (PF-PHA) composites 
for 3D-printing filaments. In that study, the notable 
increase in the tensile strength was attributed to the strong 
interaction observed between the fiber reinforcement and 

Figure 9. Orthotropic behavior in PLA specimens manufactured via the FDM process: (A) Mechanical test through the 3-point bending test rig,97 
(B)  print orientations for PLA specimens, (C) 3-point bending test results, and (D) numerical simulation results including fringe plots of von-Mises 
stress distribution – Copyright disclosure –. 
Abbreviations: FDM: Fused deposition modeling; PLA: Polylactic acid

Figure 8. Schematic outline of the filament extrusion process based on varying fiber content and varying fiber specification,94 namely (A) pure PLA 
filament, (B) PLA filament mix including thin and short fibers, and (C) PLA filament mix including thick and long fibers
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the PHA matrix.103 The optimum mechanical performance 
of the mentioned biocomposite filament, which exceeded 
both the tensile strength at break and Young’s modulus of 
neat PHA, was found to occur at a weight percentage of 
fiber content of 20%.103 In another investigation involving 
the use of hemp and New Zealand flax for the fabrication 
of NFRCF, the optimum mechanical properties in terms 
of their Young’s modulus were also observed to occur at a 
fiber content of 20%.63 Moreover, the discrepancy in terms 
of mechanical performance observed between the two 
composites was attributed to the finer fiber having a better 
aspect ratio that yielded better results.63

4.4. How to achieve homogeneous NFRC filament?

The quality of 3D prints largely depends on the nature and 
characteristics of the filament material in the FDM process. 
One such key characteristic is the degree of homogeneity 
in the filament material.73 The more homogenous the 
filament material, the better the quality of the 3D prints 
in terms of their layers’ uniformity, layer adhesion, and 
surface finish.63 The overall FDM process is also impacted 

as the frequent obstruction of the nozzle is minimized by 
the utilization of homogenous filament material.71,86 The 
degree of homogeneity in NFRCFs, specifically between 
the filler and polymer matrix, depends on a few notable 
factors ranging from the manufacturing process to the 
composition of the filament mix.

In terms of the manufacturing process, extrusion was 
found to be the most adopted process to produce filament 
materials with the best results.64,71 As displayed in Figure 10, 
the extrusion process was successfully considered in 
a previous study to generate biofilament materials.66 
However, the extrusion process, in turn, was dependent 
on the filament melt index. For the best extrusion and 
generation of high-quality NFRCFs, an optimum melt 
index is identified. The selected melt index is not excessively 
high so as to prevent the degradation of natural fibers, as 
well as not exceedingly low as this could lead to clogging 
issues.92,104

Besides the manufacturing process, a homogeneous 
mix of the NFRCFs could be further achieved by enhancing 

Table 4. Specification, composition, characteristics, and applications of commonly used composite‑based biofilament materials 
in the FDM process

S. 
No.

Specification of 
composite‑based 
biofilaments

Composition Characteristics Applications References

1 PLA+PHB+plasticizer 
blends 

60 wt.% of PHB
15 wt.% of plasticizer blends

Displayed satisfactory 
degradation

Designed for use in eco‑friendly 
application

64

2 CNF+PLA+PEG 2.5 wt.% of CNF Fulfilled requirements for FDM 
3D printing

Can be considered for the 
high‑value utilization of CNF 
in 3D printing for consumer 
product applications

66

3 PLLA+flax fiber 10 wt.% of flax fibers Reinforced filament material with 
biodegradable attributes

Potential to successfully develop 
fully compostable filaments

99

4 PLA+lignin 5 wt.% of lignin Optimum wt.% of lignin to 
develop 3D‑printed filament

Potential to convert lignin into 
new high‑value products

69

5 PLA+inorganic nanotubes 0.5 wt.% of inorganic 
nanotubes

Printing flexibility observed in 
the FFF process

Can be used in custom‑made 
biodegradable scaffolds of soft 
implants

100

6 PLA+cork 5 wt.% of cork Specific modulus and specific 
tensile strength properties 
improved as the cork content 
increased

Cork–PLA composites have 
potential for use in light and 
impact‑resistant 3D structures

101

7 PLA+wood 10 – 20 wt.% of fiber content Mechanical properties are 
strongly dependent on printing 
orientation due to fiber 
anisotropy

Can be considered to produce 
biocomposites with a faster 
moisture‑induced bending 
response

102

8 PLA+continuous flax fibers Continuous flax yarns with a 
linear density of 68 Tex

Increased tensile modulus and 
strength values

High‑measured performance 
observed opens up 3D‑printed 
biocomposites to further 
structural applications

95

Abbreviations: CNF: Cellulose nanofibrils; FDM: Fused deposition modeling; FFF: Fused filament fabrication; PEG: Polyethylene glycol; 
PHB: Polyhydroxy butyrate; PLA: Polylactic acid; PLLA: Poly‑l‑lactic acid.
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its material composition. The strength and homogeneity in 
filament material could also be enhanced by including a 
pre-mixing stage to produce a homogeneous mix, which 
will also minimize the frequent clogging of the nozzle 
in the FDM process.73,86 For instance, the addition of 
additives, such as compatibilizer and coupling agents 
through customized treatments, was found to improve 
the interfacial bonding between the polymer matrices and 
filler components, thus affecting the homogeneity of the 
filament material.73 In another study, the consideration 
of continuous natural fiber with PLA for biofilament 
fabrication evidenced a homogeneous distribution within 
the cross-section.95

In previous studies, several techniques have been 
considered to examine the homogeneity of composite 
filament materials. One such technique, namely the 
Thermogravimetric Analysis, was utilized to verify the 
composition of composite-based filament material, such 
as polymer-ceramic and PLA–potato thermoplastic starch 
filament materials.105,106 Other microscopy techniques, 
such as scanning electron microscopy (SEM), have been 
considered to study the fractured surface of the composite 
filament, whereby the distribution of the reinforcement 
components could also be clearly examined.107,108 To 
closely study the internal morphological characteristics 
of 3D-printed composite filament, the X-ray microscopy 
technique was even considered it could afford additional 
information as compared to the SEM technique, which 

provides limited information pertaining to the surface of 
the observed specimen only.109

5. Natural degradation and recycling of 
NFRCFs
The integration of natural fibers as reinforcement in filament 
material has not only enhanced their mechanical attributes 
but has also improved their biodegradability trait.49 The 
transition toward using biodegradable products in the 
field of AM is also being propelled by the incorporation 
of PLA-based filament materials into usage. Besides, in 
terms of benefits, biodegradable filaments made of PLA 
and polyvinyl alcohol (PVA) have been reported to be non-
toxic.72 On the downside, biodegradable filaments, namely 
PLA and PHA, have been reported to have a brittle nature, 
while PVA and polyethylene terephthalate were found to be 
susceptible to moisture absorption.72 Moreover, similar to 
neat polymeric-based biodegradable filaments, fabricated 
NFRCF should also be stored in a controlled environment 
to avoid degradation to external factors such as ultraviolet, 
temperature, and moisture content.67

To determine the biodegradable characteristics of 
biodegradable material, the soil burial test, also known 
as the soil degradability test, has been previously 
considered.110-112 In such experiments, the rate of 
degradation of biocomposite filaments can be monitored 
by assessing their weight loss.103 In this method involving 

Figure 10. The generation of biofilament material from CNF and PLA using the extrusion process. Key stages of the investigation include: (A) enzymatic 
hydrolysis of cellulose with high-pressure homogenization, (B) CNF powder, (C) extrusion process via the Wellzoom desktop extruder, (D) extrusion 
of composite filament material with a diameter of 1.75 mm, (E) specimen generation via the M3036 FDM desktop 3D printer, (F) tensile testing of 
specimens with 10% and 35% infill, and (G) testing of tensile strength of composite filament material with varying CNF composition. Illustration 
reproduced from ref.66 – an open-access article distributed under the CC BY License of MDPI (Basel, Switzerland) 
Abbreviations: CNF: Cellulose nanofibrils; PLA: Polylactic acid
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the open soil environment, living microorganisms such as 
aerobic bacteria were found to decompose organic matter 
via microbial activity.110 The degradation rate of such 
biocomposite 3D-printed parts in marine environments 
was found to depend on the surface roughness of the 
printed parts, the extent of crystallinity in their structure, 
and the ratio of wet to dry cycles during the cyclic 
submersion test.37 The cause of the embrittlement effect, 
which was predominantly observed in the PLA-PHA-
printed biocomposite parts following the cyclic submersion 
test, was linked to environmental stress cracking resulting 
from the penetration of salt crystals and other impurities 
in the failure regions.37 In another study, the degradation 
rate of PF-PHA biocomposite filament was monitored by 
assessing their weight loss in the soil burial test.103

For 3D-printed materials with reduced biodegradability, 
other alternative options of reuse and recycling are 
being considered.72 With projected growth in AM and 
the corresponding upward surge in the use of filament 
materials in the coming years and decades, other aspects 
in the large-scale utilization of such materials, namely their 
recycling, have to be considered to ensure a sustainable 
approach. The recycling and reuse of end-of-service-
life products is imperative in today’s society as there is a 
growing need for better waste management and disposal for 
a reduced impact on the environment. The various means 
to recycle filament materials include shredding, melting, 
and re-extruding, among other means. The recycling of 
filament materials not only reduces the amount of energy 
and carbon emissions required to produce new materials 
but also conserves resources and reduces wastes.113,114

Besides enabling effective waste utilization, the potential of 
repurposing polymeric materials from recycled NFRCFs as new 
consumer products is providing an alternative means for material 
valorization.115 In one study, the mechanical recycling of printed 
products made from commercial-grade PLA was conducted via 
shredding prior to re-extrusion into new filament material for 
reuse. As revealed from the results of a life cycle assessment, this 
approach, termed as closed-loop recycling, was found to be a 
better alternative than landfill disposal.116 Moreover, the process 
of reprocessing the filament material led to a reduction in their 
viscosity, which indicates a deterioration in their performance 
for the FDM process. One proposed solution to enhance their 
viscosity was to blend virgin PLA with recycled ones to enable 
their re-utilization in filament materials.116

6. Future works to optimize NFRCF 
performance
The inferior mechanical performance observed in 
NFRCFs as a result of poor bonding strength and adhesion 
prevailing between the fiber-matrix interfaces is signaling a 

need for further research.49 One way to improve interfacial 
adhesion is by overcoming the hydrophilic characteristic 
of natural fibers, which will also positively contribute to 
the enhancement of their overall dimensional stability.49 
Another target is to achieve a homogeneous NFRCF, which 
will be decisive in the future development of biodegradable 
products in the AM field. Further research needs to be 
conducted on NFRCFs to fill in the gap of information 
arising due to a lack of data about their mechanical 
behavior.117

The significant growth observed in the AM field and 
the increasing demand for AM-manufactured products 
are calling for further optimization of the NFRCF 
filament. The current targets set by material scientists and 
engineers in the field of AM are high-quality 3D prints, 
reduced printing time, and low cost of production.73 
To achieve the set targets, optimization of the process 
parameters through design of experiment was found 
to be essential.73 Other techniques which could be 
considered to analyze and optimize the process efficiency 
in AM are the Taguchi method and the response surface 
methodology.73

The hybridization of natural fibers is a proven technique 
that has yielded conclusive results when applied to 
improve the strength of NFRCs.118,119 The hybridization of 
natural fibers is a technique to combine two or more types 
of fibers with the aim of achieving maximum mechanical 
performance in terms of toughness and strength. In past 
literature, satisfactory results were obtained when the 
hybridization technique was applied to a variety of natural 
fibers, namely pineapple leaf fiber, kenaf, jute, hemp, sugar 
palm, and coir.119 Moreover, to reduce the delamination 
and fiber pull-outs during machinability, the hybrid 
natural fiber composite could be further enhanced by the 
addition of specific filler materials.120 The aforementioned 
observations about the hybridization of natural fibers for 
NFRCs have not been well explored and considered for the 
development of advanced NFRCFs and will thus require 
further attention.

7. Conclusion
With the increasing use of AM technologies for product 
development in recent years, there is a growing need to look 
into alternative and more sustainable materials bearing a 
lower carbon footprint. This review addresses this gap by 
probing into the latest progress made in the development 
of biodegradable NFRCFs for 3D printing. The rationale 
for using NFRCFs in modern AM processes is covered 
in this review. Factors contributing to the performance 
attributes of NFRCFs, namely their fabrication procedure, 
fibers and matrix selection, the fiber-matrix interaction, 
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their corresponding properties, and their degradation 
assessment, are also covered in this paper. The limitations 
posed by present-day NFRCFs and the typical challenges 
faced when integrating natural fibers into the NFRCF 
fabrication procedure are highlighted. The success of the 
developed NFRCFs is found to mainly rest on the fiber-
matrix adhesion. Besides their lack of homogeneity, 
additional factors that affect the performance of NFRCF 
include limited thermal stability, susceptibility to moisture 
absorption, and increase in melt viscosity with increasing 
fiber content. The degradability of recently developed 
NFRCFs is reviewed, and means to recycle those with 
poor degradable characteristics are also discussed. Finally, 
the means to further optimize NFRCFs for enhanced 
performance for the AM process is outlined. This review 
highlights the necessity for additional research in various 
areas to enhance both the physical and mechanical 
characteristics of NFRCFs in order to improve their 
dimensional stability and strength, respectively. The 
creation of high-grade  NFRCFs would further increase 
their integration into the AM industry while promoting a 
sustainable alternative option.
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Abstract
This research proposes a multicavity and a graded structure design method for 
triply periodic minimal surface (TPMS) structures with broadband and perfect 
sound absorption. TPMS structures were manufactured by laser powder bed 
fusion. The sound absorption coefficient curves and acoustic band structure of 
TPMS are analyzed using a two-microphone impedance tube. As the thickness 
of TPMS structures increases, the noise reduction coefficient of TPMS structures 
increases linearly, and the first resonance frequency shifts to the lower frequency. 
The acoustic band structures indicate that the acoustic bandgap of TPMS structures 
shifts to a lower frequency with increasing thickness. Diamond has the highest noise 
reduction coefficient among these four types of TPMS. The TPMS with a multicavity 
design has multiple resonance peaks. Notably, the five resonance peaks of the 
multicavity-I-Wrapped Package (IWP) are all above 0.94, achieving near-perfect 
sound absorption over a wide frequency range. The semi-absorption bandwidth of 
the multicavity-TPMS structure has been widened, except for multicavity-diamond 
structures. Both uniform and multicavity TPMS present a subwavelength absorption 
peak. The graded design method can broaden the semi-absorption bandwidth of 
TPMS, and the combination of graded and multicavity designs can further enhance 
broadband and achieve perfect sound absorption.

Keywords: Triply periodic minimal surface; Laser powder bed fusion; Acoustic 
metamaterials; Sound absorption; Broadband

1. Introduction
A 3D phononic crystal was designed based on a local resonance mechanism, which has 
subwavelength elastic wave/acoustic wave modulation characteristics.1 The wavelength 
corresponding to the bandgap of the phononic crystal is much larger than the lattice 
size, surpassing the limitations of the Bragg scattering mechanism and classifying it 
as an acoustic metamaterial. Acoustic metamaterial is an artificial structural material 
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with unusual acoustic properties, which cannot be found 
in natural materials, such as the reflection, absorption, 
filtering, guided waves, focusing, superlensing, and acoustic 
stealth of sound waves.2 Acoustic metamaterials are usually 
at the subwavelength scale, whose characteristic length is 
smaller than the wavelength of acoustic waves, which 
necessitates accounting for viscous and thermal losses.3

Sound absorption metamaterials, a subset of acoustic 
metamaterials, have broad application prospects in sound 
absorption and noise reduction in ships, submarines, 
airplanes, automobiles, and construction fields. Sound 
absorption metamaterials include thin-film acoustic 
metamaterials,4  2D plate-like acoustic metamaterials,5 
Helmholtz-like acoustic metamaterials,6 and porous 
structural acoustic metamaterials.7 Thin-film sound-
absorbing structures require large cavities and have poor 
mechanical properties. The perforated plate sound absorption 
structure can be approximated as an array of Helmholtz 
resonators arranged in a regular manner; however, its narrow 
sound absorption peak limits its application. Porous sound 
absorption structures convert sound energy into thermal 
energy due to viscous loss generated by the propagation 
of sound waves inside the pores, thereby achieving sound 
absorption effects. However, the resonant absorption peak 
of porous structures is related to the thickness of the pores, 
due to the quarter wavelength resonance of the hard-backed 
porous material.8 Due to the thickness limitation of porous 
structures, their broadband and low-frequency sound 
absorption performance is not ideal.

Design methods for expanding the sound absorption 
bandwidth of metamaterials have garnered significant 
attention from researchers.9,10 Based on the performance 
of the absorber array, which features varying sizes and 
spatial arrangements of the component absorbers, it is 
proposed to arrange three subcavities of different depths 
in parallel on a microperforated plate.11 This design 
effectively expands the sound absorption bandwidth of 
the microperforated panel absorber by utilizing the local 
resonance effect of subcavities of different depths and 
frequencies. A  series-parallel-coupled composite micro-
perforated panel (MPP) sound-absorbing device was 
proposed, and a theoretical model was established based 
on the acoustic-electric analogy method, experimental 
verification was conducted, and the results indicated that 
the series-parallel-coupled sound-absorbing device could 
broaden the absorption bandwidth.12 According to the 
characteristic that the resonant frequency of MPP shifts 
with changes in cavity depth, MPPs with different cavity 
depths have been designed and optimized.13 Different 
depths of honeycomb cores can achieve broadband sound 
absorption. It is demonstrated that the multiple internal 
reflections could be harnessed to achieve highly absorptive 

acoustic metamaterials.14 In general, lengthened paths or 
multiple resonant cavities lead to enhanced dissipation in 
the structure-coiled absorbers.15

Triply periodic minimal surface (TPMS) is a potential 
sound absorption metamaterial due to its pore size and 
porosity that can be adjusted within the typical range of 
other open-pore porous materials. In addition, TPMS also 
has lightweight and high-strength characteristics. TPMS 
structures, including primitive, gyroid, and diamond, have 
been manufactured by stereolithography and tested using 
the two-microphone impedance method.16 The results 
indicate that diamond exhibits excellent sound absorption 
performance among these three types of structures across 
a wide bandwidth. The sound insulation performances of 
primitive and gyroid sandwich panels have been investigated; 
the gyroid sandwich panel is significantly superior to the 
primitive sandwich panel,17 and the gyroid structure can 
achieve sound insulation of more than 20  dB across a 
broad frequency range. This demonstrates the advantage 
of TPMS structures in sound absorption and insulation; 
however, their bandwidth and low-frequency absorption 
remain limited. Porosity affects sound absorption, and 
the reduced porosity of TPMS structures can improve the 
sound absorption coefficient.18 A composite structure with 
TPMS and a MPP structure has been proposed, displaying 
good sound absorption performance. The maximum sound 
absorption coefficients exceed 0.8, with the resonance 
frequency shifting to lower frequencies.19 A modular 
multicavity geometry with TPMS and aerogel-3D has been 
designed, offering application-specific low-frequency and 
broadband absorption performance.20 The ultrabroad half-
absorption band from 0.96 to 6.00 kHz is obtained by the 
multicavity and multilayered design.21

In addition to the multicavity composite design, the 
graded structure design can broaden the absorption 
frequencies of porous structures. The average sound 
absorption coefficient of four-layer gradient compressed 
porous metals with different permutations is 60.33% at 
100  – 6000  Hz, with a total thickness of 11  mm.22 The 
gradient interface between the porous media inside the 
sound absorption structure is beneficial for improving 
the sound absorption performance, as sound waves are 
absorbed by secondary reflection due to impedance 
mismatch when encountering the interface inside the 
porous structure.23 A 2D continuously graded phononic 
crystal (CGPC) has been proposed, capable of enhancing 
acoustic scattering and lengthening propagation paths, 
leading to increased energy dissipation and improved sound 
absorption performance.24 Compared to the uniform porous 
structure, the first resonance frequency of CGPC shifts to 
a lower frequency, and the increase in sound absorption 
is associated with the increased absorbed energy.25 The 
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numerical results demonstrate a shift of the perfect 
absorption peak to lower frequencies or a widening of the 
perfect absorption frequency range for graded materials.26 
The Johnson-Champoux-Allard-Lafarge model was applied 
to calculate the sound absorption of a graded primitive (GP) 
absorber, indicating that the graded direction can affect the 
sound absorption curves.27 These studies have demonstrated 
that the graded design can broaden the bandwidth of TPMS 
and lower the resonance peak frequency.

In this study, the sound absorption characteristics 
of four TPMS structures, including gyroid, primitive, 
I-Wrapped Package (IWP), and diamond, were studied 
using an impedance tube, and laser powder bed fusion 
(LPBF) technology was applied to manufacture the TPMS 
structures. The sound absorption curves and Bloch wave 
vector k of TPMS structures are applied to analyze the 
impact of thickness and graded direction on the acoustic 
bandgap and bandwidth. A  design method of multicavity 
TPMS is proposed to achieve broadband and perfect sound 
absorption. In addition, a composite design of multicavity and 
graded TPMS structures is further proposed to enhance the 
sound absorption characteristics of acoustic metamaterials.

2. Methods
2.1. Design method

2.1.1. Design of uniform TPMS structures

TPMS cellular structures, including gyroid, primitive, IWP, 
and diamond, were generated using MATLAB codes and 
functions (Equations I-IV). Design parameters are listed 
in Table 1. The unit cell size was set by parameter s in the 
function, and the unit cell size of the uniform structure was 
set as 3 × 3 × 3 mm. The diameter of the design space was 
29  mm, and the structures’ thickness was changed from 
6 to 30 mm. The offset thickness of the surfaces of gyroid, 
primitive, IWP, and diamond was designed at 0.265, 0.3, 
0.22, and 0.208 mm, respectively, and the porosity of the 
four TPMS structures was fixed at 75%. Design models of 
the uniform TPMS structures are displayed in Figure 1.
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2.1.2. Design of multicavity TPMS structures

The multicavity structures with four cavity depths were 
designed according to the characteristic that the resonant 
frequency of the structure shifts and broadband sound 
absorption can be achieved when the cavity depth changes. 
The design parameters of the multicavity structure are 
listed in Table 2, and the design models are displayed in 
Figure  2. For example, the multicavity-gyroid structures 
were composed of four depth cavities, and each cavity was 
filled with a uniform gyroid structure with 75% porosity, 
including Gyroid-12 mm, Gyroid-18 mm, Gyroid-24 mm, 
and Gyroid-30 mm. The porosity of all multicavity TPMS 
structures is 75%.

2.1.3. Design of graded TPMS

To explore the influence of the graded structure on the 
sound absorption characteristics, GP structures were 
designed (Figure  3); the designed parameters are listed 
in Table  3. A  linear function determined the graded 
structures of GP. In type I, the unit cell size on the incident 
face is 2  mm, and the unit cell size on the rigid face is 
4 mm. On the contrary, in type II, the unit cell size on the 
incident face is 4 mm, and the unit cell size on the rigid 
face is 2 mm.

Multicavity GP type  I (multicavity-GP-Ⅰ) structures 
were designed with four GP thicknesses, including 
GP-12  mm-Ⅰ, GP-18 mm-Ⅰ, GP-24 mm-Ⅰ, and 
GP-30  mm-Ⅰ. Multicavity GP type  II (multicavity-GP-Ⅱ) 
structures were also designed with four GP thicknesses, 
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including GP-12 mm-Ⅱ, GP-18 mm-Ⅱ, GP-24 mm-Ⅱ, and 
GP-30  mm-Ⅱ. The design parameters and design model 
of multicavity-GP-Ⅰ and multicavity-GP-Ⅱ structures are 
displayed in Table 3 and Figure 4. The porosity of GP and 
multicavity GP structures was fixed at 75%.

2.2. LPBF preparation procedure

The acoustic metamaterials were manufactured using 
LPBF equipment (Dimetal-280; Laseradd Co., Ltd., China), 

and the manufacturing parameters are listed in Table  4. 
AlSi7Mg powder was applied to LPBF, and its particle 
size distribution is: D10 = 19.2 μm; D50 = 34.6 μm; and 
D90  =  60.8 μm. The chemical composition of AlSi7Mg 
powder is listed in Table 5. TPMS specimens manufactured 
by LPBF are displayed in Figure 5.

2.3. Sound absorption coefficient test

According to the ASTM E1050-12 standard, the absorption 
coefficient of acoustic metamaterial was measured using 

Table 1. Design parameters of uniform triply periodic minimal surface (TPMS) structures

Specimen Size of unit cell (mm) Thickness of porous structure (mm) Offset thickness of surface (mm) Porosity (%)

Gyroid‑6 mm 3 6 0.265 75

Gyroid‑12 mm 3 12 0.265 75

Gyroid‑18 mm 3 18 0.265 75

Gyroid‑24 mm 3 24 0.265 75

Gyroid‑30 mm 3 30 0.265 75

Primitive‑6 mm 3 6 0.3 75

Primitive‑12 mm 3 12 0.3 75

Primitive‑18 mm 3 18 0.3 75

Primitive‑24 mm 3 24 0.3 75

Primitive‑30 mm 3 30 0.3 75

IWP‑6 mm 3 6 0.3 75

IWP‑12 mm 3 12 0.3 75

IWP‑18 mm 3 18 0.3 75

IWP‑24 mm 3 24 0.3 75

IWP‑30 mm 3 30 0.3 75

Diamond‑6 mm 3 6 0.208 75

Diamond‑12 mm 3 12 0.208 75

Diamond‑18 mm 3 18 0.208 75

Diamond‑24 mm 3 24 0.208 75

Diamond‑30 mm 3 30 0.208 75

Abbreviation: IWP: I‑Wrapped Package.

Table 2. Design parameters of multicavity triply periodic 
minimal surface (TPMS) structures

Specimen Size of unit 
cell (mm)

Constituent part

Multicavity‑gyroid 3 Gyroid‑12 mm+Gyroid‑18 mm 
+Gyroid‑24 mm+Gyroid‑30 mm

Multicavity‑primitive 3 Primitive‑12 mm+Primitive‑ 
18 mm+Primitive‑24 mm 
+Primitive‑30 mm

Multicavity‑IWP 3 IWP‑12 mm+IWP‑18 mm 
+IWP‑24 mm+IWP‑30 mm

Multicavity‑diamond 3 Diamond‑12 mm+Diamond‑ 
18 mm+Diamond‑24 mm 
+Diamond‑30 mm

Abbreviation: IWP: I‑Wrapped Package.

Figure  1. Design models of uniform triply periodic minimal surface 
(TPMS) structures
Abbreviation: IWP: I-Wrapped Package
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an impedance tube (SW4661; BSWA Technology Co. Ltd., 
China) with a 29 mm diameter at a relative humidity of 
68.2%, a temperature of 27℃, and a wave propagation 
speed in the air of 347 m/s (Figure 6).

The reflection coefficient R with a rigid back was calculated 
using the following function (Equation V):

−
+−

=
−

2 ( )
jks

j k l s
jks

H eR e
e H

� (V)

where H is the ratio of pressure between two 
microphones, k is equivalent to 2pf/c (wavenumber [m-1]), 

j is the imaginary part, √-1, l is the distance from the test 
sample to the center of the nearest microphone (m), and s 
is the center-to-center spacing between microphones (m).

The sound absorption coefficient α was calculated 
using the following function (Equation Ⅵ):

α = −
21 R � (Ⅵ)

The noise reduction coefficient (NRC) was applied 
to evaluate the sound absorption capability as a single 
index. We calculated NRC as the average of the absorption 

Table 3. Design parameters of graded primitive structures

Specimen Size of a unit cell on the 
incident face (mm)

Size of a unit cell on 
rigid face (mm)

Thickness of porous 
structure (mm)

Linear 
function

GP‑12 mm‑Ⅰ 2 4 12
s z� �

1
6

2*GP‑12 mm‑Ⅱ 4 2 12

GP‑18 mm‑Ⅰ 2 4 18
s z� �

1
9

2*GP‑18 mm‑Ⅱ 4 2 18

GP‑24 mm‑Ⅰ 2 4 24
s z� �

1
12

2*GP‑24 mm‑Ⅱ 4 2 24

GP‑30 mm‑Ⅰ 2 4 30
s z� �

1
15

2*GP‑30 mm‑Ⅱ 4 2 30

Multicavity‑GP‑Ⅰ 2 4 12+18+24+30 N/A

Multicavity‑GP‑Ⅱ 4 4 12+18+24+30 N/A

Note: The thickness of multicavity‑GP‑I and multicavity‑GP‑II is based on the combined thickness of Design models for multicavity structures.
Abbreviation: GP: Graded primitive; N/A: Not available.

Figure 2. Design models for multicavity structures. (A) Design method for multicavity triply periodic minimal surface (TPMS) structures. (B) Design 
models of multicavity TPMS structures (top view). (C) Design models of multicavity TPMS structures (bottom view).
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coefficients at 500, 630, 800, 1000, 1250, 1600, 2000, 2500, 
3150, 4000, 5000, and 6300 Hz.

2.4. Acoustic band structure

The Bloch wave vector k of TPMS is applied to analyze the 
band gap of the acoustic metamaterial and is considered a 
complex (Equation VII); k’ is the real component, and k” 
is the imaginary component of the Bloch wave vector k. 
The imaginary part represents the amplitude attenuation 
characteristics of a wave. When k” = 0, it indicates that the 
wave is a free-traveling wave, and the phase changes along 
the wave propagation direction, whereas the amplitude 
remains unchanged. When k” ≠ 0, it indicates that the wave 
is attenuated. Therefore, by analyzing the changes in the 

curve of the imaginary part k” of the Bloch wave vectwith 
frequency, the bandgap range of the acoustic metamaterial 
can be determined.

Figure 3. Design model of graded primitive structures with different thicknesses
Abbreviation: GP: Graded primitive

Figure 4. Design model of multicavity-GP-Ⅰ and multicavity-GP-Ⅱ
Abbreviation: GP: Graded primitive

Table 4. The processing parameter for laser powder bed 
fusion

Laser 
power (W)

Scanning 
speed (mm/s)

Layer thickness 
(mm)

Scanning 
space (mm)

200 1200 0.03 0.09

Table 5. Chemical composition of AlSi7Mg powder

Element Al Si Mg Ti Fe Zn

Composition (wt. %) Balance 7.01 0.56 0.15 0.073 0.015

https://dx.doi.org/10.36922/msam.5737


Materials Science in Additive Manufacturing TPMS for perfect sound absorption

Volume 4 Issue 1 (2025)	 7� doi: 10.36922/msam.5737 

= −' ''k k jk � (Ⅶ)

The test method for Bloch wave vector q is described as 
follows. The TPMS structure was placed in the impedance 
tube, ensuring that the end face was flush with the inner 
end face of the tube. Assuming a rigid scale of 30  mm, 
the cavity was extended from 10 to 40  mm for sound 
absorption testing, and the sound impedance file was 
saved. Next, the cavity was extended from 40 to 50 mm, 
creating a cavity length of 20 mm; sound absorption testing 
was performed again, and the acoustic impedance file 
was saved accordingly. Finally, the two distance acoustic 
impedance files were imported, and the Bloch wave vector 
k of the acoustic metamaterial was calculated. Due to 

the rigid baffle structure at the bottom of the multicavity 
structure, adjusting the distance between the tail cavity has 
little effect on the overall impedance value of the structure, 
making it difficult to determine the true wavenumber 
frequency graph of the multicavity structure. Therefore, 
this measurement is only effective for structures without 
rigid walls and is invalid for multicavity structures.

3. Results and discussion
3.1. Sound absorption characteristics of multicavity 
without TPMS

The sound absorption coefficient curves of the multicavity 
structure with four depths, including 12, 18, 24, and 

Figure 5. Triply periodic minimal surface (TPMS) structures manufactured by laser powder bed fusion (LPBF): (A) Uniform TPMS, (B) graded primitive, 
and (C) multicavity TPMS
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30  mm (Figure  7). There are four main resonance 
absorption peaks above 1500  Hz, namely 2670, 3310, 
4560, and 6200  Hz. The ratio of the first absorption 
peak wavelength to structure thickness (λpeak/T) is 4.34. 
This represents a subwavelength absorption peak, as 
the λpeak/T is >4, which exhibits a quarter wavelength 
resonance frequency (QWRF) of 2891 Hz at 30 mm. The 
sound absorption coefficient of the first, second, third, 
and fourth absorption peaks are 0.944, 0.944, 0.499, and 
0.240, respectively. These four peaks correspond to the 
acoustic resonance of four cavities with different depths. 
The resonance peak of the multicavity structure without 
porous structure filling is narrow, and the frequency 
band of the first peak with sound absorption coefficients 
exceeding 0.5 is only 210 Hz.

3.2. Sound absorption characteristics of gyroid and 
multicavity-gyroid structures

The sound absorption coefficient curves of gyroid 
structures with individual cavity and multicavity-gyroid 
structures are displayed in Figure  8. The first resonance 
peak of the gyroid structure was identified. The analysis 
of resonance peaks is listed in Table  6. As the thickness 
of the gyroid structure increases from 12 to 30  mm, the 
resonance peaks decrease from 5590 to 2000 Hz, indicating 
that the resonance absorption peak of the gyroid structure 
shifts toward lower frequencies as the thickness increases. 
A  quarter-wavelength resonance has been found in 
periodic porous structures with hard-backing,8 and the 
QWRF is equal to c/4T, where c is the wave propagation 
speed in air and T is the thickness of porous structures. 
The theoretical QWRF of periodic porous structures with 
6, 12, 18, 24, and 30 mm is 14458, 7229, 4819, 3614, and 
2891 Hz, respectively (i.e., f = c/4T; c = 347 m/s). The λpeak/T 
of the gyroid structure is calculated and listed in Table 6. 
The uniform gyroid structures present a subwavelength 
absorption peak, as the λpeak/T is >4. The experimental first 
absorption peak frequency of the Gyroid-24 mm structure 
is 2590  Hz, which is 1024  Hz lower than the QWRF, 
suggesting that the sheet-based gyroid structure has better 
absorption capability than the theoretical periodic porous 
structures.

Five peaks are visible on the spectrum of the multicavity-
gyroid structure, the first four peaks (2160, 2670, 3600, and 
4810 Hz) corresponding to the four individual absorption 
peaks for each cavity with Gyroid-12 mm, Gyroid-18 mm, 
Gyroid-24 mm, and Gyroid-30 mm, respectively. The fifth Figure 6. A two-microphone impedance tube

Figure 7. Sound absorption coefficient curves of multicavity structures. (A) Multicavity model without TPMS. (B) Sound absorption curve of multicavity 
model
Abbreviation: h: Height of cavity
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peak, at 6000  Hz, corresponds to the second individual 
absorption peak of Gyroid-30 mm. The sound absorption 
coefficient at the resonance peak of a uniform gyroid 
structure also increases as the thickness increases. 
Moreover, the third, fourth, and fifth resonance peaks of 
the multicavity-gyroid structure shift to a lower frequency 
compared with the single gyroid cavity. The frequency shift 
can be attributed to the interaction of the inter-resonator, 
which corresponds to the multicavity filled with the gyroid 
structure. It can be observed that the five resonance peaks 
of the multicavity-gyroid structure are all above 0.95, 
and the third peak achieves 100% sound absorption. It is 
demonstrated that the multicavity design for the gyroid 
structure can obtain more absorption peaks and reach 
perfect sound absorption.

The acoustic bandgap of the gyroid structure was 
analyzed through the Bloch wave vector and frequency 
spectrum (Figure  9). The k” corresponding to the 
bandgap’s starting frequency and cutoff frequency is 0. By 

examining the variation curve of k” with frequency, the 
bandgap range (i.e., the frequency range where k” ≠ 0) 
can be determined, as marked with a black diagonal line. 
The gyroid structure with a thickness of 18 mm exhibits 
a wide flat band, which is an acoustic bandgap between 
3460 and 4320  Hz (Figure  9C). This acoustic bandgap 
corresponds to the first resonance peak (f1 = 3900  Hz; 
α1 = 0.535) of Gyroid-18  mm, and the sound absorption 
coefficient between 3460 and 4320 Hz is higher than 0.5. 
The acoustic bandgap of Gyroid-24 mm is between 2080 
and 3000 Hz, corresponding to the first resonance peak (f1 

= 2590 Hz; α1 = 0.651) of Gyroid-24 mm. In contrast, two 
acoustic bandgaps were observed for Gyroid-30 mm. The 
first bandgap is between 2020 and 2770 Hz, corresponding 
to the first resonance peak (f1 =  2000  Hz; α1 = 0.725) of 
Gyroid-30 mm; the second bandgap is between 4540 and 
4850 Hz, corresponding to the second resonance peak of 
Gyroid-30 mm. It is demonstrated that the characteristics 
of the sound absorption coefficient match the bandgap 
variation characteristics of the gyroid structures.

A sharp peak characteristic was also observed in 
Gyroid-12  mm, Gyroid-18  mm, Gyroid-24  mm, and 
Gyroid-30  mm, with a frequency corresponding to the 
attenuation sharp peak at 4340, 4860, 4370, and 4350 Hz, 
respectively. The attenuation peak is caused by the 
resonance effect of the local resonator, and the frequency 
at which this peak occurs corresponds to the natural 
frequency of the local resonator.

In general, the bandgap marked with a  black diagonal 
line of the gyroid structure (Figure 9) refers to the Bragg 
bandgap, and the attenuation characteristics within the 
Bragg bandgap are relatively smooth with frequency 
variation. The frequency range in which this Bragg 
bandgap occurs is determined jointly by the constituent 
units of acoustic metamaterials. The bandgap with a sharp 
peak is referred to as the local resonance bandgap, and the 
significant peaks appear with frequency changes in the local 
resonance bandgap.

3.3. Sound absorption characteristics of primitive 
and multicavity-primitive structures

The sound absorption coefficient curves of primitive with 
individual cavity and multicavity-primitive structures are 
displayed in Figure 10. The sound absorption characteristics, 
including frequency, absorption, and λpeak/T of the first peak 
are listed in Table 7. The resonance peaks of Primitive-12 mm, 
Primitive-18 mm, Primitive-24 mm, and Primitive-30 mm 
are 5440, 4150, 2840, and 2180 Hz, respectively. This result 
indicates that the resonance absorption peak of the primitive 
structure shifts toward lower frequencies as the thickness 
increases. Compared to the gyroid structure, the resonance 

Figure 8. Sound absorption coefficient curves of gyroid and multicavity-
gyroid structures

Table 6. Sound absorption characteristics of uniform gyroid 
and multicavity‑gyroid structures

Specimen Thickness, 
T (mm)

Frequency 
at first 
peak, 
f1 (Hz)

Absorption 
at first 

peak, α1

λpeak/T

Gyroid‑6 mm 6 ‑ ‑ ‑

Gyroid‑12 mm 12 5590 0.449 5.18

Gyroid‑18 mm 18 3900 0.535 4.95

Gyroid‑24 mm 24 2590 0.651 5.59

Gyroid‑30 mm 30 2000 0.725 5.34

Multicavity‑gyroid 30 2160 0.962 5.79
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frequency of the primitive structure with the same thickness 
is higher than that of the gyroid structure, except for the 
structure with a 12  mm thickness. The sound absorption 
coefficient of the resonance peak α1 of Primitive-12  mm, 
Primitive-18 mm, Primitive-24 mm, and Primitive-30 mm 
are 0.465, 0.505, 0.524, and 0.55, respectively. The α1 of 
Primitive-18 mm, Primitive-24 mm, and Primitive-30 mm 
is 5.6%, 19.5%, and 15.9% lower than that of Gyroid-18 mm, 
Gyroid-24  mm, and Gyroid-30  mm, respectively. The 
uniform primitive structures also present a subwavelength 
absorption peak, as the λpeak/T is >4. The experimental first 
absorption peak frequency of the Primitive-24 mm structure 
is 2850 Hz, which is 764 Hz lower than the QWRF.

Table 7. Sound absorption characteristics of primitive and 
multicavity‑primitive

Specimen Thickness, 
T (mm)

Frequency 
at first 
peak, 
f1 (Hz)

Absorption 
at first peak, 

α1

λpeak/T

Primitive‑6 mm 6 ‑ ‑ ‑

Primitive‑12 mm 12 5440 0.465 5.32

Primitive‑18 mm 18 4050 0.505 4.76

Primitive‑24 mm 24 2850 0.524 5.08

Primitive‑30 mm 30 2190 0.550 5.29

Multicavity‑primitive 30 2090 0.913 5.54

Figure 9. Acoustic band structure of: (A) Gyroid-6 mm, (B) Gyroid-12 mm, (C) Gyroid-18 mm, (D) Gyroid-24 mm, and (E) Gyroid-30 mm
Abbreviation: k”: Bloch wave vector, imaginary part
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Five peaks are also visible on the spectrum of the 
multicavity-primitive structure. The first four peaks at 
frequencies of 2090, 2570, 3330, and 4590 Hz correspond 
to the four individual absorption peaks for each cavity with 
Primitive-12  mm, Primitive-18  mm, Primitive-24  mm, 
and-30 mm; the fifth peak (5870 Hz) corresponds to the 
second individual absorption peak of Primitive-30  mm. 
In addition, the primitive structure with a single cavity 
primarily exhibits semi-absorption at its first peak. The five 
resonance peaks of the multicavity-primitive structure are 
all above 0.75, and the second peak achieves 100% sound 
absorption. It is demonstrated that the multicavity design 
for the primitive structure can result in more absorption 
peaks and enhance sound absorption. However, the sound 
absorption coefficient at the third and fourth peaks of the 
multicavity-primitive structure is lower than that of the 
multicavity-gyroid structure.

The acoustic bandgap of the primitive structure was 
analyzed through the Bloch wave vector and frequency 
spectrum (Figure  11). The primitive structure with a 
thickness of 18 mm exhibits a wide flat band, which is a 
Bragg bandgap between 3330 and 4330  Hz (Figure  11C) 
and corresponds to the first resonance peak (f1 = 4150 Hz; 
α1 = 0.505) of Primitive-18  mm. The acoustic bandgap 
of Primitive-24  mm is between 2620 and 3240  Hz, 
corresponding to the first resonance peak (f1 = 2840  Hz; 
α1 = 0.524) of Primitive-24  mm. There is a sharp peak 
characteristic in Primitive-12  mm, Primitive-18  mm, 
Primitive-24  mm, and Primitive-30  mm, and the 
frequency corresponding to the attenuation sharp peak is 
4340, 4860, 4370, and 4350 Hz, respectively; the frequency 
of these attenuation sharp peaks is consistent with the 
gyroid structures. It is illustrated that the sharp attenuation 

Figure  10. Sound absorption curves of primitive and multicavity-
primitive structures

Table 8. Sound absorption characteristics of uniform 
I‑Wrapped Package (IWP) and multicavity‑IWP structures

Specimen Thickness, 
T (mm)

Frequency 
at first peak, 

f1 (Hz)

Absorption 
at first 

peak, α1

λpeak/T

IWP‑6 mm 6 ‑ ‑ ‑

IWP‑12 mm 12 5480 0.574 5.28

IWP‑18 mm 18 3860 0.619 5.00

IWP‑24 mm 24 2670 0.750 5.42

IWP‑30 mm 30 1890 0.821 6.13

Multicavity‑IWP 30 2150 0.944 5.39

peak is not related to the type of TPMS structure, and the 
bandgap variation depends on the thickness of the TPMS 
structures.

3.4. Sound absorption characteristics of IWP and 
multicavity-IWP structures

The sound absorption coefficient curves of IWP and 
multicavity-IWP are displayed in Figure  12, and the 
resonance peak analysis is listed in Table 8. The resonance 
peaks of IWP-12 mm, IWP-18 mm, IWP-24 mm, and IWP-
30 mm are 5480, 3860, 2670, and 1890 Hz, respectively. The 
α1 of IWP-12 mm, IWP-18 mm, IWP-24 mm, and IWP-
30  mm are 0.574, 0.619, 0.750, and 0.821, respectively. 
These results indicate that the resonance peak frequency 
of the IWP structure shifts toward lower frequencies as 
the thickness increases; the sound absorption coefficient 
of the resonance peak of the IWP structure is enhanced as 
the thickness increases. The sound absorption coefficient 
of the IWP structure at the first resonance peak is higher 
than that of the gyroid and primitive structures with the 
same thickness. The QWRF of the IWP structures with 
different thicknesses are all higher than the theoretical 
QWRF.

Five peaks are visible on the spectrum of the 
multicavity-IWP structure; the first four peaks (2150, 
2660, 3450, and 4850  Hz) correspond to the four 
individual absorption peaks for each cavity with IWP-
12 mm, IWP-18 mm, IWP-24 mm, and IWP-30 mm; the 
fifth peak (5900 Hz) corresponds to the second individual 
absorption peak (6130 Hz) of IWP-30 mm. The resonance 
of multicavity-IWP structure frequencies shifts due to inter-
resonator interactions, and the frequencies of peaks of the 
multicavity-IWP shift to the lower frequencies, except for 
the first peak. This indicates that the five resonance peaks 
of the multicavity-IWP are above 0.94, and the third peak 
achieves 100% sound absorption.

The acoustic bandgap of the IWP structure was 
analyzed through the Bloch wave vector and frequency 
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spectrum (Figure  13). The upper limit frequency of the 
bandgap of IWP-18 mm is 4140 Hz, and the lower limit 
frequency of the bandgap of IWP-18 mm is 3130 Hz. The 
resonance frequency (f1 =3860  Hz) of the first peak of 
IWP-18 mm is within the above range. The width of the 
bandgap of IWP-18 mm, IWP-24 mm, and IWP-30 mm 
are 1010, 710, and 410  Hz, respectively, indicating that 
the bandgap of IWP decreases as the thickness increases; 
the bandgap of the IWP structure also shifts to a lower 
frequency. This pattern is similar to the variation pattern 
of the sound absorption coefficient curve: as the porosity 
thickness increases, the sound absorption peak gradually 
narrows and moves toward a lower frequency. A  second 
narrow bandgap at IWP-24 mm and IWP-30 mm in the 
higher frequency region was observed, corresponding 
to the second resonance peak of the sound absorption 
coefficient curves of IWP-24 mm and IWP-30 mm.

Figure 12. Sound absorption curves of: I-Wrapped Package (IWP) and 
multicavity-IWP structures

Figure 11. Acoustic band structure of: (A) Primitive-6 mm, (B) Primitive-12 mm, (C) Primitive-18 mm, (D) Primitive-24 mm, and (E) Primitive-30 mm
Abbreviation: k”: Bloch wave vector, imaginary part
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3.5. Sound absorption characteristics of diamond 
and multicavity-diamond structures

The sound absorption coefficient curves of diamond and 
multicavity-diamond structures are displayed in Figure 14, 
and the characteristics of the first resonance peak are listed 
in Table  9. The resonance peaks of Diamond-12  mm, 
Diamond-18 mm, Diamond-24 mm, and Diamond-30 mm 
are 5870, 3790, 2620, and 1990 Hz, respectively. The α1 of 
Diamond-12  mm, Diamond-18  mm, Diamond-24  mm, 
and Diamond-30  mm are 0.583, 0.679, 0.816, and 0.921, 
respectively, indicating that the resonance absorption peak 
of the diamond structure shifts toward lower frequencies 
with increasing thickness. As the thickness increases, the 

Table 9. Sound absorption characteristics of the uniform 
diamond and multicavity‑diamond structures

Specimen Thickness, 
T (mm)

Frequency 
at first 
peak, 
f1 (Hz)

Absorption 
at first peak, 

α1

λpeak/T

Diamond‑6 mm 6 ‑ ‑ ‑

Diamond‑12 mm 12 5870 0.583 4.93

Diamond‑18 mm 18 3790 0.679 5.09

Diamond‑24 mm 24 2620 0.816 5.52

Diamond‑30 mm 30 1990 0.921 5.82

Multicavity‑Diamond 30 2070 0.923 5.59

Figure 13. Acoustic band structure of: (A) IWP-6 mm, (B) IWP-12 mm, (C) IWP-18 mm, (D) IWP-24 mm, and (E) IWP-30 mm
Abbreviation: k”: Bloch wave vector, imaginary part; IWP: I-Wrapped Package
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λpeak/T of the diamond structure also increases from 4.93 
to 5.82. The α1 of the diamond structure with different 
thicknesses is the highest among the four kinds of uniform 
TPMS structures, including gyroid, primitive, IWP, and 
diamond. It is demonstrated that the diamond structure 
has the best sound absorption performance at high 
frequency among these four TPMS structures.

There are five peaks on the sound absorption curve 
of the multicavity-diamond structure at frequencies of 
2070, 2530, 3320, 4660, and 5940 Hz. The first four peaks 
of the multicavity-diamond structure correspond to the 
resonance peaks of Diamond-12  mm, Diamond-18  mm, 
Diamond-24 mm, and Diamond-30 mm; the fifth peak of 
multicavity-diamond corresponds to the second resonance 
peak of Diamond-30 mm. The appearance of five peaks is 
related to the interaction between the sound absorption 
peaks of the porous structure of four cavities with different 
heights in the multicavity-diamond structure, with all five 
resonance peaks above 0.83. Additionally, the second peak 
achieves perfect sound absorption (α = 1).

The acoustic band structures of the diamond structure 
with different thicknesses are displayed in Figure 17. The 
acoustic bandwidth of the diamond structure decreases 
as the thickness increases from 18 to 30 mm. The upper 
limit frequencies of the bandgap of Diamond-18  mm, 
Diamond-24  mm, and Diamond-30  mm are 3830, 2900, 
and 1860 Hz, respectively, and the lower limit frequency 
of bandgap of Diamond-18  mm, Diamond-24  mm, 
and Diamond-30  mm are 2890, 2070, and 1500  Hz, 
respectively. The resonance frequency of the first peaks 
of Diamond-18 mm and Diamond-24 mm are within the 
above range.

3.6. Sound absorption of graded TPMS structures

To enhance the sound absorption of the primitive structure, 
a graded design method was applied to the primitive 
acoustic metamaterials. The sound absorption coefficient 
curves of GP-Ⅰ and GP-Ⅱ are displayed in Figure 16, and 
the sound absorption characteristics are listed in Table 10. 
As the thickness of GP-Ⅰ and GP-Ⅱ increases, the frequency 
at the first peak f1 shifts to a lower frequency. GP-30 mm-Ⅰ 
has the lowest resonance frequency (1660 Hz) compared 
to the graded and uniform structures. Notably, the sound 
absorption coefficients at the first peak of GP-Ⅰ are all 
higher than those of GP-Ⅱ with the same thickness, and 
the frequency at the first peak f1 of GP-Ⅰ are all lower 
than that of GP-Ⅱ with the same thickness. The λpeak/T of 
GP-24 mm-Ⅱ and GP-30 mm-Ⅱ is lower than 4, indicating 
that the type Ⅱ primitive structure has poorer absorption 
capability than the theoretical periodic porous structures. 
On the contrary, the λpeak/T of GP-18 mm-Ⅰ, GP-24 mm-Ⅰ, 
and GP-30 mm-Ⅰ are higher than 6, suggesting the presence 
of a subwavelength absorption peak.

There are two peaks in GP-18 mm-Ⅰ, GP-24 mm-Ⅰ, and 
GP-30 mm-Ⅰ. After a combination of four cavities with 12, 
18, 24, and 30 mm thickness, five peaks are found in the 
curves of multicavity-GP-Ⅰ; the resonance peaks include 
1980, 2420, 3060, 3970, and 5940 Hz. The sound absorption 
coefficient at the second peak of multicavity-GP-Ⅰ is 0.998, 
reaching the perfect absorption. Six peaks are found in the 
curves of multicavity-GP-Ⅱ; the resonance peaks include 
1200, 2280, 2850, 3630, 5090, and 5940  Hz. Notably, 
the α1 of the first resonance peak of multicavity-GP-Ⅱ 
is 0.618, and this absorption value is lower than that of 
multicavity-GP-Ⅰ, but the frequency of multicavity-GP-Ⅱ is 
lower than that of multicavity-GP-Ⅰ. The sound absorption 
coefficient at the third peak of multicavity-GP-Ⅱ is 0.988, 
which is close to perfect sound absorption. The λpeak/T of 
multicavity-GP-Ⅱ is 9.65, which is the highest among all 
the TPMS structures assessed in this study.

The acoustic band structures of GP-Ⅰ and GP-Ⅱ with 
different thicknesses are displayed in Figure  15. The 
upper limit frequencies of the bandgap of GP-18 mm-Ⅰ, 
GP-24 mm-Ⅰ, and GP-30 mm-Ⅰ are 4310, 3350, and 2890 Hz, 
respectively; the lower limit frequency of the bandgap of 
GP-18 mm-Ⅰ, GP-24 mm-Ⅰ, and GP-30 mm-Ⅰ are 3580, 2800, 
and 2350 Hz, respectively. The first bandgap of GP-18 mm-Ⅰ, 
GP-24 mm-Ⅰ, and GP-30 mm-Ⅰ are 730, 500, and 540 Hz, 
respectively. A  second bandgap was identified in GP-24 
mm-Ⅰ and GP-30 mm-Ⅰ at a higher frequency, suggesting 
that the lower limit frequency of GP-Ⅰ shifts to the lower 
frequency as the thickness increases. The width of the 
bandgap of GP-18 mm-Ⅱ is 21.9% wider than that of GP-18 
mm-Ⅰ; the width of the bandgap of GP-24 mm-Ⅱ is 32% 

Figure  14. Sound absorption curves of diamond and multicavity-
diamond structures
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wider than that of GP-24 mm-Ⅰ. This result indicates that 
the sound waves incident from one side of a large unit cell 
size can increase the bandgap’s width, which is related to the 
impedance-matching mechanism of acoustic metamaterials.

3.7. Comparison of sound absorption characteristics 
of TPMS structures

The NRC of all of the TPMS structures is displayed in 
Figure  18. The curves of thickness and NRC of uniform 

Figure 15. Acoustic band structure of: (A) Diamond-6 mm, (B) Diamond-12 mm, (C) Diamond-18 mm, (D) Diamond-24 mm, and (E) Diamond-30 mm
Abbreviation: k”: Bloch wave vector, imaginary part
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Figure 16. Sound absorption curves of graded primitive (GP) and multicavity GP structures: (A) Type I, and (B) Type II
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TPMS structures, including gyroid, primitive, IWP, and 
diamond, exhibit a linear relationship. As the thickness 
of TPMS structures increases, their NRC also increases 

linearly. Notably, the slope size order is as follows: 
diamond > IWP > gyroid > primitive. This result indicates 
that the average sound absorption coefficient at a range of 

Figure  17. Acoustic band structure of (A) GP-12 mm-Ⅰ, (B) GP-18 mm-Ⅰ, (C) GP-24 mm-Ⅰ, (D) GP-30 mm-Ⅰ, (E) GP-12 mm-Ⅱ, (F) GP-18 mm-Ⅱ, 
(G) GP-24 mm-Ⅱ, and (H) GP-30 mm-Ⅱ
Abbreviation: k”: Bloch wave vector, imaginary part; GP: Graded primitive
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Table 10. Sound absorption characteristics of graded triply 
periodic minimal surface (TPMS) structures

Specimen Thickness, 
T (mm)

Frequency 
at first 
peak, 
f1 (Hz)

Absorption 
at first peak, 

α1

λpeak/T

GP‑12 mm‑Ⅰ 12 4980 0.557 5.81

GP‑18 mm‑Ⅰ 18 3200 0.670 6.03

GP‑24 mm‑Ⅰ 24 2080 0.846 6.96

GP‑30 mm‑Ⅰ 30 1660 0.847 6.98

GP‑12 mm‑Ⅱ 12 5970 0.452 4.85

GP‑18 mm‑Ⅱ 18 4450 0.581 4.34

GP‑24 mm‑Ⅱ 24 4000 0.758 3.62

GP‑30 mm‑Ⅱ 30 3520 0.682 3.29

Multicavity‑GP‑Ⅰ 30 1970 0.873 5.88

Multicavity‑GP‑Ⅱ 30 1200 0.618 9.65

Abbreviation: GP: Graded primitive.

500 – 6300 Hz for diamond structures is the best among the 
four kinds of uniform TPMS structures, while primitive 
structures have the lowest average sound absorption 
coefficient among the uniform TPMS structures. For the 
GP design, the NRC of GP-12 mm-Ⅰ, GP-18 mm-Ⅰ, and 
GP-24 mm-Ⅰ are 0.189, 0.293, and 0.416, respectively; these 
values are similar to the NRC of diamond structures with 
the same thickness. Diamond structures with 85% porosity 
manufactured by stereolithography also demonstrated 
the best sound absorption among diamond, gyroid, 
and primitive structures[16]. The comparison of results 

between uniform primitive and GP structures indicates 
that the graded design method can enhance the average 
sound absorption coefficient of the primitive structure. The 
enhanced mechanism of graded porous structures with 
larger pore sizes on the incident wave side is attributed to 
the impedance-matching effect. Large pores near the sound 
source facilitate the propagation of acoustic waves into the 
graded porous structures, resulting in reduced reflection 
and increased acoustic energy.28 In contrast, the enhanced 
mechanism of graded porous structure with smaller pore 
sizes on the incident wave side is attributed to Helmholtz-
like resonance,18 resembling a Helmholtz resonator 
composed of a neck (an aperture in a large surface with 
low porosity) and a cavity with high porosity.

The ranking of the NRC of TPMS structures 
with multicavity is as follows: multicavity-
IWP >  multicavity-GP-Ⅱ > multicavity-gyroid 
> multicavity-GP-Ⅰ > multicavity-diamond > multicavity-
primitive. Multicavity-IWP has the highest NRC 
(NRC = 0.732) among all the TPMS structures in this study. 
Despite the enhanced average sound absorption coefficient 
of multicavity-primitive structures, their NRC remains 
the lowest among the multicavity-TPMS structures 
mentioned above. To improve the sound absorption of 
primitive structures, the multicavity design was applied to 
the primitive structure, leading to NRC of 0.572 and 0.698 
for multicavity-GP-Ⅰ and multicavity-GP-Ⅱ, respectively. 
Compared with Primitive-30 mm, the multicavity design 
of types Ⅰ and Ⅱ enhanced the noise reduction coefficient 
by 72.3% and 110.2%, respectively. Compared with 

Figure 18. The NRC of TPMS structures
Abbreviations: NRC: Noise reduction coefficient; TPMS: Triply periodic minimal surface
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multicavity-primitive structures, the multicavity design of 
types Ⅰ and Ⅱ enhanced the noise reduction coefficient by 
2.1% and 24.6%, respectively.

The upper and lower limits of the frequency band of the 
sound absorption coefficient above 0.5 (semi-absorption) 
are displayed in Figure  19A. The diamond structure has 
the lowest frequency lower limit, while the primitive 
structure has the highest frequency lower limit. As the 
thickness of TPMS increases, the lower limit frequency 
shifts to a lower frequency. The lowest frequency lower 
limit of Diamond-30  mm is 1310  Hz, which is 510  Hz 
lower than Primitive-30  mm. The upper limit of the 
primitive and gyroid structures exhibits a decreasing trend 
with increasing thickness, but the upper limit of IWP and 
diamond structures decreases first and then increases 
with increasing thickness. For the multicavity design of 
TPMS structures, the multicavity-IWP structure has the 
lowest frequency (820 Hz), which is 490 Hz and 600 Hz 
lower than that of Diamond-30  mm and IWP-30  mm, 
respectively. This indicates that the multicavity design can 

further reduce the lower frequency limit. Additionally, the 
upper limit of multicavity-gyroid, multicavity-primitive, 
multicavity-IWP, and multicavity-diamond structures 
are all higher than 6300 Hz, which is the test limit of the 
impedance tube (500 – 6300 Hz) used in this study.

The upper and lower limits of the frequency band of the 
semi-absorption of graded TPMS structures are displayed 
in Figure 19B. As the thickness of GP increases, the lower 
limit frequency of GP-Ⅰ and GP-Ⅱ shifts to a lower frequency. 
The lower limit frequency of GP-30 mm-Ⅰ is 1250 Hz, which 
is 570  Hz lower than that of Primitive-30  mm. However, 
the lower limit frequency of GP-30 mm-Ⅱ is 2160  Hz, 
which is 340 Hz higher than that of Primitive-30 mm. This 
highlights that the graded design with a small unit cell size 
on the side of the incident sound wave can lower the limit 
of the semi-absorption frequency, but the graded design 
with a large unit cell size on the side of the incident sound 
wave increases the lower limit of the semi-absorption 
frequency. After the multicavity composite design of GP 
structures, the lower limit of the semi-absorption frequency 

Figure 19. The upper and lower limits of sound absorption coefficient frequency band above 0.5: (A) uniform triply periodic minimal surface (TPMS) and 
multicavity-TPMS, and (B) graded TPMS and multicavity-graded TPMS. The semi-absorption bandwidth of: (C) Uniform TPMS and multicavity-TPMS, 
and (D) graded TPMS and multicavity-graded TPMS
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of multicavity-GP-Ⅰ and multicavity-GP-Ⅱ are 1550 and 
816  Hz, respectively, demonstrating that the lower limit 
of the semi-absorption frequency of multicavity-GP-Ⅱ is 
lower than that of multicavity-IWP.

The semi-absorption bandwidth (i.e., sound absorption 
coefficient > 0.5) of TPMS structures is featured in 
Figure  19C and D. The semi-absorption bandwidth of 
uniform gyroid, primitive, IWP, and diamond structures 
increased non-linearly with increasing thickness. The semi-
absorption bandwidth of Diamond-30  mm is 4990  Hz, 
which is the widest bandwidth among these four kinds of 
uniform TPMS structures. The broadband sound absorption 
of TPMS structures in our research is better than the sound 
absorption of TPMS structures with 5.8 × 5.8 × 5.8 mm cell 
size.29 Through multicavity composite design, the semi-
absorption bandwidth of multicavity-gyroid, multicavity-
primitive, multicavity-IWP, and multicavity-diamond 
was altered by 327%, 474%, 12%, and −7.4%, respectively. 
This finding suggests that the multicavity design can 
significantly expand the semi-absorption bandwidth of 
gyroid and primitive structures, but it has little impact 
on the semi-absorption bandwidth of IWP and diamond 
structures. The semi-absorption bandwidth of GP-30 mm-Ⅰ 
and GP-30  mm-Ⅱ are 2720 and 4140  Hz, respectively, 
which are 240% and 417% higher than the semi-absorption 
bandwidth of Primitive-30  mm. It is demonstrated that 
the graded design also can significantly expand the semi-
absorption bandwidth of primitive structures. Based on 
the graded and multicavity designs, the semi-absorption 
bandwidth of multicavity-GP-Ⅰ and multicavity-GP-Ⅱ 
are 4750 and 5484  Hz, respectively. Multicavity-GP-Ⅱ 
has the widest semi-absorption bandwidth among the 
TPMS structures in this study. Therefore, the graded and 
multicavity coupling designs can further enhance the semi-
absorption bandwidth of TPMS structures.

4. Conclusion
This study proposes design methods for TPMS 
structures with broadband and perfect sound absorption 
manufactured by additive manufacturing, including 
multicavity design and graded design. The key findings 
obtained are as follows:
(i).	 As the thickness of TPMS structures increases, 

the noise reduction coefficient of TPMS structures 
increases linearly, and the first resonance frequency 
decreases. The acoustic bandgap of TPMS structures 
shifts to a lower frequency as the thickness increases. 
The order of noise reduction coefficient is: diamond 
> IWP > gyroid > primitive

(ii).	 The TPMS structures with multicavity design have 
multiple resonance peaks. The five resonance peaks 
of multicavity-IWP are above 0.94, and the third 

peak achieves perfect sound absorption. The semi-
absorption bandwidth of multicavity-IWP increased 
to 5480 Hz, achieving broadband absorption

(iii).	The graded design method can significantly broaden 
the semi-absorption bandwidth of TPMS structures, 
and the sound absorption coefficient of the first 
resonance peak can also be enhanced. The combination 
of graded and multicavity designs can further enhance 
broadband and perfect sound absorption, decreasing 
the frequency band’s lower limit
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Abstract
In response to the growing demand for advanced materials with inherent infection 
resistance, this research investigates the properties of 316L stainless steel with 
copper, produced through laser-directed energy deposition additive manufacturing. 
The study focuses on three compositions: pure 316L, 316L with 3 wt.% Cu, and 316L 
with 5 wt.% Cu. Compressive strength measurements and Vickers hardness tests were 
conducted to assess mechanical properties, while microstructural characterization 
and X-ray diffraction analysis provided insights into the material’s physical properties. 
This research extends beyond physical and mechanical properties by exploring the 
on-contact antibacterial efficacy against Staphylococcus aureus and Pseudomonas 
aeruginosa up to 72 h. The addition of Cu reduced the ability of bacterial colonization 
of both strains on the metal surface. The findings of this investigation have the 
potential to benefit the biomedical devices, contributing to both structural and 
biofunctional properties of materials.
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1. Introduction
Approximately 2 million fracture fixation devices are inserted annually in the United 
States, amounting to a market value of US$3.6 billion.1,2 These devices, such as screws, 
rods, and plates, are implanted within the body to facilitate healing and strengthen 
injured limbs. However, infections associated with implanted devices can lead to 
severe complications, with 25% of infected patients dying within five years.3 Implants 
can potentially introduce foreign bacteria to the surgical site, leading to complications 
such as delayed healing and necessitating additional surgeries. Revision surgeries can be 
traumatic and costly for patients, as reimplanted devices have an infection rate that is 
several times higher than that of first-time implants.1 Furthermore, the median cost for 
treatment of a surgical site infection is approximately US$108,000.4 Therefore, reducing 
the risk of infection is crucial for improving patient outcomes.

Metallic materials are frequently favored over ceramics and polymers for implant 
production due to their superior strength and fatigue resistance.5 Implant materials 
experience not just static loading but also dynamic loads associated with joints and 
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movement. In addition, implant materials must be 
biocompatible, resistant to corrosion, and not introduce 
toxicity to the body. While materials such as titanium or 
cobalt-chromium alloys are some of the many options 
available, 316L stainless steel (SS) is commonly used 
in implants and fracture management devices due to 
its high strength, excellent corrosion resistance, and 
good biocompatibility while remaining relatively low 
cost.6 These properties are crucial for a material that will 
be subjected to fluctuating loads while exposed to the 
biological environment of the human body. However, 
316L does not possess inherent antibacterial properties.7 
Patients are often required to take antibiotic medication 
to address concerns of post-surgery infection, but this 
provides only temporary protection. Moreover, bacterial 
strains can become antibiotic-resistant, rendering the 
patient vulnerable to infection. As a result, there is a need 
for an alloy with similar mechanical properties to 316L 
while incorporating antibacterial features.

Copper (Cu) has long been recognized for its antibacterial 
properties, as it can disrupt bacterial cell membranes and 
inhibit the growth of various pathogens.7-12 Due to its 
antibacterial effect, Cu is used in critical surfaces found in 
drinking water distribution and hospital applications.13 Yet, 
its antibacterial effect is joined with concerns of toxicity. 
Other antibacterial metals, like Ag, have also been studied 
for toxicity when used for implant applications. Increased 
Ag levels can be found in bodily fluids, though most effects 
are seen in local tissue surrounding the implant site.14 
Therefore, toxicity may depend on the alloy’s dose and the 
implant site’s sensitivity. Similarly, Cu toxicity may depend 
on several factors. A Cu ion concentration of 46 μg/mL is 
highly toxic to fibroblasts in mice, while 2 mg/L may reach 
harmful levels in humans.15,16

While the exact method of Cu contact killing is still 
not fully understood, this has not withheld the element 
from being used as an antibacterial material.8 Even 
though toxicity may not be boiled down to a simple 
alloying percentage, previous work has suggested Cu 
loadings up to 3% to be non-toxic while still providing 
an antibacterial effect.9 In contrast, separate studies 
suggested that a 316L-5Cu composition has a lower 
tensile strength than 316L, but a 316L-3.5Cu alloy has 
improved hardness over 316L after undergoing an 
aging treatment.7,17  316L-Cu alloys have the potential 
to significantly improve the function of biomedical 
implants by becoming intrinsically resistant to bacterial 
colonization. However, a challenge lies in achieving 
the right balance of Cu to enhance antibacterial effects 
without compromising the alloy’s mechanical integrity 
or resulting in toxicity to the body.

Additive manufacturing (AM) is a manufacturing 
method with ever-expanding popularity due to its 
various advantages over traditional production methods. 
Among other benefits, AM enables the production 
of intricate designs, easily customizable parts, and 
small batch production.18 These properties make AM 
an ideal method for producing biomedical devices. 
AM enables varying part sizes and geometry, allowing 
implants to be custom-fit to a patient. The process also 
makes producing custom and small numbers of parts 
financially accessible because it does not rely on fixed 
tooling. In addition, the AM process is well-suited for 
producing custom alloy compositions due to its particle 
form feedstock. Within the family of AM processes, 
laser-directed energy deposition (L-DED) is well-fitted 
for biomedical device manufacturing due to its higher 
material deposition rate over other methods and precise 
control over alloy composition in small volumes.19,20 
DED can also produce functionally graded materials for 
optimized performance, such as hard surfaces for wear 
resistance and tough cores for load-bearing capacity. 
Therefore, AM and DED are attractive processes for 
producing metallic biomedical devices. While previous 
work has explored the mechanical and antibacterial 
properties of 316L-Cu, there is limited insight into this 
alloy produced by AM.

This research aims to test the mechanical and 
antibacterial properties of 316L, 316L-3Cu (SS-3Cu), 
and 316L-5Cu (SS-5Cu) for implants and fracture 
management devices. It is hypothesized that adding Cu 
into a 316L matrix will provide inherent antibacterial 
properties and similar mechanical performance to 
316L when produced through laser DED. Mechanical 
properties were evaluated by compressive loading and 
hardness measurements, along with microstructure 
characterization. Antibacterial performance was 
measured with 316L as the control against Staphylococcus 
aureus and Pseudomonas aeruginosa to measure the effect 
of Cu addition against two common implant-related 
bacterial strains.1,3

2. Materials and methods
2.1. Sample preparation

The raw materials used in this study consisted of 316L SS 
powder (Höganäs, Sweden) with particle sizes ranging 
from 20 to 55  µm and Cu powder (GKN Hoeganaes, 
Cinnaminson, NJ, USA) with particle sizes ranging 
from 15 to 53 µm. Although the L-DED system used 
in this study supports a larger powder size distribution, 
this particle size range was chosen to balance several 
properties. Finer particles were found to reduce powder 
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flowability due to agglomeration, while coarser particles 
lead to increased porosity and surface roughness on 
the final part. Two alloy compositions were prepared: 
SS-3Cu and SS-5Cu. These powders were tumble-mixed 
in batches of 250 g and mixed at 160 rpm for 2 h with no 
pause time to reach a uniform particle size distribution. 
The powder mixtures were contained in 500 mL jars with 
an air atmosphere. All samples were fabricated using a 
FormAlloy laser DED system (Spring Valley, CA, USA). 
The processing parameters consisted of 350 W laser 
power and 575  mm/min scan speed for contour and 
infill paths, with 0.3 mm layer thickness, 0.78 mm hatch 
spacing, and 20°C build plate temperature. Powder feed 
settings included 0.5 rpm powder feeder disc rate, 9 L/min 
carrier gas flow rate, and 13 L/min shield gas flow rate. 
It was observed that the Cu addition did not affect the 
processing parameters, as the same settings were used 
for all three compositions. To minimize oxidation, the 
printing environment was carefully maintained with an 
oxygen concentration below 20 ppm, and the chamber 
was filled with argon gas. The samples were designed as 
vertical cylinders with a diameter of 9 mm and a height 
of 18 mm and were printed onto a 316L substrate.

2.2. Microstructure and phase analysis

Samples for microstructural analysis were produced 
by sectioning the cylindrical specimens longitudinally, 
exposing a vertical cross-section. These sections were 
then mounted in phenolic resin and ground using silicon 
carbide (SiC) pads in sequential order of increasing grit 
size from 320 to 1200. The samples were subsequently 
polished with alumina suspensions of 1  µm, 0.3  µm, 
and 0.05 µm particle size, using deionized water as the 
medium. Etching was performed following ASTM E407 – 
23.21 The etching solution comprised 10 mL HNO3, 35 mL 
HCl, and 30 mL H20, with a 60-s immersion, followed by 
a rinse in water and air drying. Microstructure imaging 
was done using a digital microscope (VHX-970F, Keyence, 
Itasca, IL, USA). The grain size was calculated using the 
average grain intercept method, where the number of grain 
intercepts was divided by the line length. Phase analysis 
was performed using X-ray diffraction (XRD) with a 
Rigaku MiniFlex 600 diffractometer (Rigaku, Japan). The 
samples were scanned using Cu-K α radiation (1.54 Å at 
40 kV and 20 mA) with a 2θ theta range of 25° – 100° and a 
scan rate of 5°/min. Energy dispersive spectroscopy (EDS) 
was conducted using a field emission scanning electron 
microscope (FE-SEM; Sirion, USA) for 5  min. For EDS 
analysis, samples were cut in the XY plane, which refers 
to the horizontal plane parallel to the build platform and 
perpendicular to the build direction (Z-axis), to map 
elemental distribution across the print plane.

2.3. Compression and hardness testing

Cylindrical compression test specimens were machined 
using a computer numerical control mill (770MX, 
Tormach, Madison, WI, USA) equipped with a lathe 
attachment. The diameter of the specimens was milled 
to 7.5 mm, and the length was faced to 15 mm, resulting 
in a length-to-diameter (L/D) ratio of 2. Compression 
testing was performed following ASTM E9 – 19.22 The 
tests were conducted using a universal test machine 
(600DX, Instron, Norwood, MA, USA) at a constant 
crosshead displacement rate of 0.1  mm/min. These 
tests were terminated once the specimens reached 
4% engineering strain, with n = 3 tests performed for 
each composition. Hardness testing was conducted 
according to ASTM E92 – 23,23 using a Micro Vickers 
Hardness Tester (Phase II Plus, Upper Saddle River, 
NJ, USA). Hardness samples were prepared in the same 
manner as the microstructure samples. Vickers hardness 
measurements were taken at 0.5 mm intervals, starting 
from the base of the sample and extending up to a height 
of 5 mm. A load of 1.961 N (HV 0.2) was applied, with 
a dwell time of 15 s.

2.4. In vitro bacterial studies

The antibacterial efficacy of Cu addition into 316L was 
evaluated in vitro against S. aureus and P. aeruginosa 
bacterial strains (Carolina Biological, Burlington, NC, 
USA) at 24, 48, and 72  h. The AM-produced cylindrical 
specimens were sliced into 1  mm thick sections using a 
low-speed diamond saw, then mounted and ground with 
SiC pads up to 1200 grit. These samples were subsequently 
cleaned via ultrasonication and sterilized by autoclaving at 
121°C for 1 h. S. aureus and P. aeruginosa were rehydrated 
with rehydration media and incubated at 37°C for 24 h to 
reactivate. Serial dilutions of the bacterial cultures were 
performed to achieve a concentration corresponding 
to the 0.5 McFarland standard, equivalent to 1.5 × 108 
colony-forming units (CFU)/mL, as confirmed by optical 
absorbance measurements within a range of 0.08 – 0.1 
at a wavelength of 625  nm. For antibacterial testing, the 
sterilized samples were placed into 24-well plates, with 106 
CFU applied on the surface of each sample, followed by 
1 mL of nutrient broth. The plates were then incubated at 
37°C until the specified time points. At each time point, the 
nutrient broth was carefully removed and replaced with a 
fixative solution (2% paraformaldehyde/2% glutaraldehyde 
in 0.1 M phosphate-buffered saline [PBS]) overnight. After 
removal of the fixative solution, the samples underwent 
secondary fixation with 1% osmium tetroxide (OsO4) 
overnight, followed by a rinse in deionized water. The 
samples were then subjected to a serial dehydration 
process using increasing concentrations of ethanol (30%, 
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50%, 70%, 90%, and 100%). After dehydration, the 
samples were treated with hexamethyldisilane (HMDS) 
overnight. A gold coating layer was applied to the samples 
to facilitate the imaging of organic material through SEM. 
A minimum of n = 3 images were collected per time point 
and composition for bacterial colony quantification. 
The antibacterial efficacy of each material composition 
was determined by counting the number of bacterial 
colonies (N) on the surface of the samples using an open-
source object counting software (DotDotGoose, USA).24 
Antibacterial efficacy (R), based on the control and 
treatment CFU counts at each time point, was calculated 
as follows:

 
   100control treatment

control

N N
R

N
−

= × � (I)

3. Results
3.1. Microstructure, EDS, and phase analysis

The microstructure of 316L consisted of distinct 
regions exhibiting both cellular and columnar dendritic 
solidification modes. The regions appeared to have a 
uniform structure, with clear boundaries between the two 
formations. Figure 1A displays a low-magnification image 
of 316L, showing four printed layers, with a mix of cellular 
and columnar structures across the layers. The transition 
between these two formations is distinctly visible at higher 
magnification. The columnar dendrites are oriented along 
the heat flow direction, or normal to the top and bottom 
surface of each layer, and largely aligned in the vertical 
direction due to cooling provided by the substrate. Figure 1B 
and C also reveal a similar mix of cellular and columnar 
dendrite structures, with no significant differences between 
these compositions and the 316L base material. Equiaxed 
structures for 316L, SS-3Cu, and SS-5Cu were measured 
with diameters of 5 ± 1 μm, showing that Cu addition did 
not change grain size significantly. All three compositions 
resulted in fully dense samples, except for minor gas 
entrapment defects. These defects, caused by trapped gas 
particles during the solidification of the melt pool, appeared 
as spherical voids of 30 µm or less.

EDS was conducted to examine the Cu distribution 
within the 316L base composition. As seen in Figure  2, 
Cu was uniformly distributed within 316L, suggesting the 
formation of a solid solution. Chromium and nickel, the 
main alloying elements of 316L,25 also appeared evenly 
distributed. Achieving a uniform Cu distribution is ideal 
for implant applications where a consistent antibacterial 
effect is desired across the surface of an implant. Since 
bacteria and other foreign materials typically contact the 

outer surface of an implant first upon entering the body, 
the surface properties play a critical role in determining 
the overall antibacterial efficacy.

XRD measurements were performed on all three 
compositions to identify the phases present, as shown in 
Figure 3 listed in Table 1. The XRD pattern of 316L exhibited 
a primary characteristic peak at a 2θ value of 43.64°, 
corresponding to face-centered cubic (FCC) austenite in the 
(111) plane. Notably, the SS-3Cu and SS-5Cu compositions 
showed an increased intensity of the (111) peak relative to 316L, 
which can be attributed to adding Cu. However, the intensities 
of the secondary peaks [(200), (220), and (311)] remained 
essentially unchanged. This selective enhancement of the 
(111) peak suggests that Cu addition induces a preferential 
orientation of the grains. In addition, SS-3Cu peaks exhibited 
a slight shift in the negative direction (~0.15°), which further 
increased in SS-5Cu (~0.22°). No martensitic phases were 
detected in the XRD patterns of 316L, and no new peaks were 
detected in SS-3Cu and SS-5Cu within the detection limit, 
suggesting that Cu addition did not lead to the formation of 
any new phases compared to the 316L scan pattern.

3.2. Compression and hardness testing

The compressive behavior of all three compositions was 
found to be similar, as illustrated by the representative 
stress-strain curves shown in Figure  4A. The yield stress 
values for 316L, SS-3Cu, and SS-5Cu were 334 ± 9 MPa, 
329 ± 12 MPa, and 317 ± 1 MPa, respectively. Cu addition 
appeared to have minimal impact on the yield stress. This 
is advantageous for implant applications, where 316L 
is commonly used, as adding Cu would not result in a 
substantial change in strength. Figure  4B presents the 
Vickers hardness measurements taken along the build 
direction, starting from the bottom of the sample. The 
hardness values of 316L, SS-3Cu, and SS-5Cu were 209 ± 
12, 183 ± 9, and 186 ± 10 HV 0.2, respectively. Although 
both Cu compositions exhibited lower hardness than 316L, 
no significant difference was observed between SS-3Cu 
and SS-5Cu. Moreover, hardness measurements for all 
three compositions showed no significant variation across 

Table 1. XRD angle and peak intensity values of 316L, 
SS‑3Cu, and SS‑5Cu

Peak 
no.

hkl 316L (2θ, 
Intensity a.u.)

SS‑3Cu (2θ, 
intensity a.u.)

SS‑5Cu (2θ, 
intensity a.u.)

1 (111) 43.64°, 313 43.49°, 455 43.42°, 429

2 (200) 50.69°, 146 50.51°, 149 50.47°, 161

3 (220) 74.52°, 52 74.38°, 52 74.35°, 49

4 (311) 90.41°, 61 90.27°, 66 90.13°, 67

Abbreviation: hkl: Miller indices denoting crystallographic plane 
orientation.
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the height of the samples, suggesting a consistent hardness 
distribution along the build direction.

3.3. In vitro S. aureus bacterial study

Cu is known for its antibacterial properties and was 
expected to reduce bacterial surface colonization when 
incorporated into 316L.7,10 Gram-positive S. aureus 
was tested on the metal surfaces at 24, 48, and 72  h, 
simulating the time points immediately following 
a surgical procedure. As shown in Figure  5A1-3, 
the 316L control surfaces were heavily colonized by 
S.  aureus. In contrast, Cu addition reduced bacterial 
colonization on the treated surfaces. The SS-3Cu 
samples demonstrated lower CFU counts at all-time 
points (Figure  5B1-3), while the SS-5Cu samples 
exhibited even more significant reductions in bacterial 

growth (Figure  5C1-3). Quantification of visible CFU 
is summarized in Figure  5D, while the normalized 
bacterial viability is presented in Figure 5E. On SS-3Cu 
surfaces, S. aureus colonization decreased from 30% at 
24 h to 25% at 48 h and 18% at 72 h. This corresponds 
to a 5% reduction between 24  h and 48  h and a 7% 
reduction between 48  h and 72  h. SS-5Cu surfaces 
displayed superior antibacterial performance, with 
remaining CFU values of 19% at 24  h, 14% at 48  h, 
and 12% at 72  h, reflecting 5% and 2% reductions 
between respective time points. The antibacterial 
efficacy followed a logarithmic trend, with the most 
significant reduction occurring within the first 24  h. 
While the rate of antibacterial performance slowed at 
later time points, incremental improvements in efficacy 
were observed. Notably, the inset image in Figure 5C1 

Figure 1. Microstructure of 316L and Cu-alloyed compositions. (A) 316L control composition displayed a mix of cellular and columnar structures visible 
in high magnification (B and C) SS-3Cu and SS-5Cu showed microstructures similar to those of the control composition (left column is ×200, right column 
is ×1000)

C

B

A
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highlights an S. aureus cell exhibiting cell wall rupture 
and exposed cytoplasm, providing visual evidence of 
the antibacterial effect of Cu addition and its potential 
use in infection-resistant materials.

3.4. In vitro P. aeruginosa bacterial study

Antibacterial performance was further evaluated at 24 h 
and 48 h against P. aeruginosa, Gram-negative bacteria. 
The 316L control surfaces displayed a pronounced 
increase in bacterial colony count over time, with CFU 
counts rising significantly from 422 ± 46 at 24 h to 1819 ± 
226 at 48 h, as seen in Figures 6A1 and A2. This increase 
demonstrates an environment conducive to bacterial 
proliferation on the 316L surface. In contrast, the SS-3Cu 

surface showed substantially reduced bacterial viability, 
with CFU counts of 92 ± 25 and 114 ± 40 at 24 h and 48 h, 
respectively, corresponding to 22% and 6% of the control 
bacterial colonies, as shown in Figure  6B1  and  B2. 
A similar trend was observed on SS-5Cu surfaces, which 
demonstrated even higher antibacterial efficacy, with 
CFU counts of 63 ± 12 and 57 ± 10 at the same time 
points, representing 15% and 3% bacterial viability, 
respectively, as shown in Figure 6C1 and C2. While the 
316L samples demonstrated a significant increase in CFU 
between time points, the Cu-loaded samples effectively 
suppressed bacterial growth, with minimal changes in 
CFU counts from 24 h to 48 h. This inhibition of bacterial 
proliferation highlights the role of Cu as an antimicrobial 
agent.

4. Discussion
316L SS is widely used in the medical industry for its 
strength and corrosion resistance while maintaining 
good biocompatibility. These properties are critical for 
implant and fracture management applications, where 
the environment of the human body presents a dynamic 
situation ideally suited for corrosion and infection. When 
alloyed with 316L, Cu has been shown to inhibit bacterial 
proliferation and holds promising potential for use in 
biomedical settings. This study aimed to measure the 
mechanical and antibacterial properties of 316L-Cu alloys 
produced through DED.

4.1. Microstructure and mechanical properties

Microstructural analysis revealed two distinct 
formations within 316L. Cellular and columnar dendritic 
solidification was observed in all three compositions, 
as shown in Figure  1. Columnar formations result from 
the pronounced thermal gradient experienced during 
the DED process, with structures growing preferentially 
along the heat flow direction towards the chilled substrate. 
On the other hand, the growth of cellular structures can 
be attributed to the rapid solidification rate, moderate 
thermal gradients present within the melt pool, and 
lack of heat flow in the XY plane, all of which favor the 
development of cellular dendritic structures. In contrast, 
traditional manufacturing methods, such as cold-rolling, 
begin with equiaxed austenitic grains and transform into 
elongated martensitic structures due to the rolling process. 
Strain-induced martensite can be reversed into austenite 
through annealing, increasing its strength through grain 
size reduction and achieving finer grain sizes than the 
original austenite.26

The incorporation of Cu did not appear to significantly 
alter the microstructure of 316L, which is consistent with 

Figure  2. EDS mapping of the SS-5Cu surface revealed a homogenous 
copper, chromium, and nickel distribution
Abbreviation: EDS: Energy dispersive spectroscopy

Figure  3. XRD patterns of 316L, SS-3Cu, and SS-5Cu. Cu addition in 
SS-3Cu and SS-5Cu resulted in an enlarged relative peak height at ~44°, 
corresponding to face-centered cubic austenite
Abbreviation: XRD: X-ray diffraction
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previous findings in other studies of Cu-alloyed 316L 
produced through traditional manufacturing methods.7 
Cu addition into 316L has also been achieved through 
powder bed fusion (PBF), another popular AM process, 
and exhibited similar Cu dissolution in a 316L matrix.27 
Although this study found similarly sized equiaxed 
structures for all three compositions, it has been reported 
that higher Cu loadings may lead to increased temperature 
gradients due to the higher thermal conductivity of Cu over 
316L (385 vs. ~20 W/m.K), causing grain refinement.28

EDS mapping was conducted to determine the elemental 
distribution across sample surfaces. As shown in Figure 2, 
the analysis confirmed the uniform distribution of Cu with 
no preferential concentrations in the grain structure. 316L, 
composed of approximately 18% Cr and 14% Ni,25 appeared 
to form a solid solution with Cu addition, as shown in 
previous works.27,28 A homogenous Cu distribution ensures 
consistent mechanical and antibacterial properties. Phase 
analysis was performed using XRD (Figure  3), which 
revealed an exclusive FCC austenite phase within the 
detection limit across all compositions, with diffraction 
peaks corresponding to the (111), (200), (220), and (311) 
planes. The slight shift in peak positions for SS-3Cu and 

SS-5Cu has also been reported in similar work involving 
316L-Cu alloys.27-30 A possible cause for this shift could be 
residual stresses caused by substituting Cu atoms into the 
Fe lattice, leading to a change in lattice parameters due to 
the difference in atomic radius of the two elements.

Compressive stress-strain behavior (Figure 4) showed 
that all compositions had similar compressive strength 
values. A slight reduction in yield strength was observed 
for SS-5Cu (317 ± 1 MPa) compared to 316L (334 ± 9 MPa) 
and SS-3Cu (329 ± 12 MPa). Similarly, a minor reduction 
in hardness was measured in the Cu compositions (183 ± 9 
and 186 ± 10 HV 0.2 for SS-3Cu and SS-5Cu, respectively) 
compared to 316L (209 ± 12 HV 0.2). Previous studies have 
reported similar reductions in strength and hardness with 
Cu addition in samples produced by laser PBF (LPBF).17 
This trend has also been recorded in alloys produced 
through forging,7 though the same study also demonstrated 
a notable increase in strength and hardness after applying 
a heat treatment cycle. Conversely, increases in strength 
and hardness have been reported directly after production 
through PBF.27,29 This property variation could be credited 
to varying amounts of Cu and differing manufacturing 
methods, leading to differences in the microstructure. 

Figure 4. Compressive stress-strain and hardness behavior of 316L and Cu-alloyed compositions (A) Representative stress-strain curves for all three 
compositions show similar behavior under uniaxial compression loading. (B) Vickers hardness measurements showed a slight reduction with Cu presence, 
plotted as a three-point moving average. (C) Illustration of hardness measurement locations on a cylinder cross-section
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While the magnitude of property variation from the 
base 316L is minor, this lack of consensus highlights the 
variability of material properties in AM-produced alloys 
and their dependence on processing parameters.

4.2. Antibacterial properties

While Cu is known to have antibacterial properties, its 
exact method of killing bacteria remains a topic of ongoing 
research, with no single definite consensus. One accepted 
theory of contact killing involves the ability of released Cu 
ions to degrade the cell membrane, leading to leakage of 

cellular contents and eventual cell death. An alternative 
hypothesis suggests that Cu ions penetrate the membrane 
and generate reactive oxygen species, which causes oxidative 
stress that damages cellular contents, including DNA.8,31 Both 
theories converge on the same outcome: cell death resulting 
from membrane damage due to surface contact with Cu.

Although Cu alloying has great antibacterial potential, 
more established and trusted infection prevention methods 
are widely employed. Antibiotic medication may be 
administered post-surgery to address infection risks, but 

Figure 5. SEM imaging and quantification of visible S. aureus CFU. (A1, A2, A3) 316L control shows significantly higher CFU count than (B1, B2, B3) 
SS-3Cu and (C1, C2, C3) SS-5Cu across all time points. These images are taken at ×5000. The inset image within Figure 5C1 is taken at ×40000. (D) CFU 
quantification of SEM images with n = 3 per condition. Statistically significant values are marked as *P < 0.05, **P < 0.01, ***P < 0.001. (E) Normalized 
bacterial viability for each time point
Abbreviations: CFU: Colony-forming units; SEM: Scanning electron microscopy
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this protection is temporary. Similarly, antibacterial coatings 
can be applied to implants, but their efficacy may diminish 
as the coatings degrade. In contrast, Cu addition provides an 
inherent antibacterial effect that may last for the entire lifespan 
of an implant, preventing bacterial colonization and biofilm 
formation for extended periods after implantation. However, 
antibacterial implants alone may not address infection risks on 
surfaces not in direct contact with the device, such as adjacent 
tissue near the surgical site. Therefore, 316L-Cu alloys could 
be used in conjunction with antibiotics or coatings to provide 
both short- and long-term antibacterial protection.

This study measured antibacterial performance against 
S. aureus (Figure  5) and P. aeruginosa (Figure  6). The 
results demonstrated that both Cu compositions exhibited 
significant antibacterial efficacy compared to 316L. SS-5Cu 
showed greater effectiveness than SS-3Cu due to its higher Cu 
content, consistent with prior studies that report increased 
antibacterial efficacy with progressive Cu addition.7-9,12 The 
growth of both S. aureus and P. aeruginosa was significantly 

inhibited in SS-3Cu and SS-5Cu samples, emphasizing the 
potential of these alloys for biomedical applications. These 
findings align with previous studies on 316L-Cu alloys 
produced using AM and conventional methods.7,10,29

5. Conclusions
This study investigated the microstructural, mechanical, 
and antibacterial properties of 316L SS with 3 wt.% and 
5 wt.% Cu produced through powder-based laser-directed 
energy deposition. The following conclusions can be drawn 
from this study:
(a)	 The incorporation of Cu resulted in no significant 

change in the microstructure and appeared to form a 
homogenous distribution of Cu within the matrix, as 
confirmed by SEM, EDS, and XRD.

(b)	 Compressive strength and hardness values remained 
comparable to 316L despite these elemental modifications. 
A  slight reduction in yield strength was observed for 
SS-5Cu (317 ± 1 MPa) compared to 316L (334 ± 9 MPa) 

Figure 6. SEM imaging and agar plate quantification of P. aeruginosa activity. (A1 and A2) 316L control surface with increasing CFU count over time. 
(B1 and B2) SS-3Cu and (C1 and C2) SS-5Cu show a significant reduction in bacteria with respect to the control composition. (D) CFU quantification of 
SEM images with n = 3 per condition. Statistically significant values are marked as *P < 0.05, **P < 0.01, ***P < 0.001. (E) Normalized bacterial viability 
for each time point
Abbreviations: CFU: Colony-forming units; SEM: Scanning electron microscopy
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and SS-3Cu (329 ± 12 MPa). Similarly, a minor reduction 
in hardness was measured in the Cu compositions 
(183 ± 9 and 186 ± 10 HV 0.2 for SS-3Cu and SS-5Cu, 
respectively) compared to 316L (209 ± 12 HV 0.2).

(c)	 Cu addition demonstrated significant antibacterial 
efficacy. SS-3Cu and SS-5Cu effectively inhibited the 
growth of S. aureus and P. aeruginosa across all time 
points, with efficacy increasing proportionally with the 
Cu content. After being tested against S. aureus, the two 
compositions exhibited 18% and 12% bacterial viability 
at 72  h, respectively. More effectively, results for P. 
aeruginosa at 48 h indicate 6% and 3% bacterial viability. 
This highlights the potential of these alloys for use in 
biomedical environments, particularly in infection-
prone applications such as fracture management devices.

The findings suggest that 316L with Cu addition offers 
a promising balance between mechanical performance and 
antibacterial functionality, making it a viable material for 
advanced biomedical devices.
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Abstract
The electromagnetic field is a non-contact physical field that can influence the internal 
flow of the melt pool and regulate the microstructure properties of alloy through 
electromagnetic force during laser melting deposition (LMD). This study proposes 
a 3D numerical model of LMD Ti-6Al-4V coupled with an electromagnetic field and 
investigates the effect of the electromagnetic field on the fluid dynamics of the 
melt pool during LMD. The results indicated that a steady electromagnetic field can 
suppress the internal flow of the melt pool. In an electromagnetic field of 39.40 mT, 
the length of β-columnar grains significantly decreases from 490 to 354 μm, resulting 
in fragmentation and equiaxed tendencies, thereby enhancing the hardness of the 
deposition layer. This study provides a new method for in situ manipulation of the 
microstructure and mechanical properties of titanium alloys during LMD.

Keywords: In situ manipulation; Electromagnetic field; Laser melting deposition; 
Ti-6Al-4V; Molten pool

1. Introduction
Field-assisted additive manufacturing has garnered significant attention in recent 
years.1,2 Laser melting deposition (LMD) is an additive manufacturing process widely 
reported by many researchers due to its various advantages, such as large product size, 
high efficiency, a wide range of available materials, and excellent product properties.3-7 As 
a typical titanium alloy, Ti-6Al-4V has been extensively studied by researchers in terms 
of its microstructure and properties when produced using LMD.8-10 A high-energy laser 
beam serves as the energy source of LMD. With the movement of the focus position, the 
high-energy laser beam increases the temperature of the substrate and powder, resulting 
in powder melting, rapid cooling, and solidification; the cooling rate of the metal molten 
pool can reach up to 103 – 105 K/s.11 The coarse structure formed during the rapid cooling 
process of the LMD alloy is prone to residual stress concentration, posing a challenge in 
the application of LMD technology.12 Hence, new technical methods are in demand to 
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modify the microstructure and enhance the properties of 
LMD titanium alloys.

Electromagnetic field treatment has been reported to 
effectively enhance the microstructure and properties of 
titanium alloys.13,14 Qin et al.15 investigated axisymmetric 
sequential and loose electromagnetic-structural coupling 
simulation models of the electromagnetic riveting process 
for a Ti-6Al-4V titanium rivet. The results indicated that 
increasing the displacement of the punch from 3.38 to 
3.81 mm led to an 80.55% increase in the maximum radial 
displacement of the rivet shaft. Li et al.16 investigated 
the effect of an alternating electromagnetic field on the 
microstructure and properties of the Ti-Al coating on the 
titanium alloy surface; the results demonstrated that the 
coating diffused under the magnetic field with a current 
intensity of 20 A and displayed good overall quality, strong 
bonding with the substrate, a relatively flat interface, a dense 
and uniform fine structure, and no obvious cracks or holes. 
Song et al.17 investigated the effect of cryogenic coupled 
magnetic field (CCMF) treatment on the microstructure 
and mechanical properties of Ti-6Al-4V titanium alloy 
and found that the CCMF-treated samples displayed a 
lower ultimate tensile strength but a higher elongation 
compared to samples that underwent either single 
cryogenic treatment or single magnetic treatment. Hence, 
studying the in situ manipulation of the microstructure and 
properties of LMD titanium alloy using an electromagnetic 
field is of great significance.

An electromagnetic field primarily influences the 
microstructure of materials by inducing electromagnetic 
forces within the molten pool. The transfer and convection 
of heat in the molten pool are regulated by the parameters 
and direction of the electromagnetic field, temperature 
gradient, and flow pattern during metal solidification. The 
effect of an electromagnetic field in LMD is dependent on its 
ability to suppress convection in the molten pool. Bachmann 
et al.18 developed a 3D welding molten pool model with 
an applied electromagnetic field, where the direction of 
the steady electromagnetic field was perpendicular to 
the welding direction. The steady electromagnetic field 
could alter the molten pool flow pattern, affect the weld 
geometry, and consequently impact welding quality by 
suppressing convection within the molten pool. Velde 
et al.19 conducted a numerical study on the development 
process of the aluminum molten pool under the influence 
of a steady electromagnetic field of different strengths 
during LMD. The researchers demonstrated that a 
steady electromagnetic field can suppress eddy currents, 
effectively mitigating the uneven temperature distribution 
resulting from unstable convection, thereby improving the 
material properties.

Researchers have proposed various theoretical 
studies and numerical models to clarify the effect of 
electromagnetic fields on molten pool dynamics. However, 
due to the coupling of multiple physical fields and the 
high computational requirements, the development of a 
more comprehensive and accurate 3D numerical model 
for electromagnetic field coupling in LMD is warranted.20 
Research on in situ manipulation of LMD of Ti-6Al-4V 
titanium alloy using an electromagnetic field has rarely 
been reported in recent years. Different materials respond 
differently to electromagnetic fields, which in turn affect 
deposition process parameters, molten pool flow behavior, 
and cooling rates, ultimately influencing the microstructure 
and properties of the deposition layer. Hence, conducting 
experimental and simulation research on the in situ 
manipulation of the LMD process for Ti-6Al-4V titanium 
alloy using electromagnetic fields is of great significance.

2. Methods
2.1. Numerical model for LMD

2.1.1. Geometric model

A 3D numerical model was utilized to study the size and 
morphology of the deposition layer, as well as the flow 
behavior of the molten pool. However, the approach 
resulted in a higher computational load. The symmetrical 
model with half of the computational domain in the 
x-direction was used. The schematic of the geometric 
model is illustrated in Figure  1.The dimension of the 
geometric model is 5 × 15 × 10 mm; the upper blue area 
represents the argon environment, whereas the lower gray 
area represents the Ti-6Al-4V substrate (Figure 1A). The 
geometric model was divided into six regions to optimize 
the calculation while maintaining the accuracy of the 
molten pool area. Local mesh refinement was applied in 
the molten pool area, as depicted by the light blue and 
gray areas (Figure 1A). A hexahedral structured mesh was 
used to divide the geometric model (Figure  1B), where 
the yellow surface represents the symmetry plane of the 
model. The five interfaces of the argon gas domain in the 
model are pressure outlets, and the mesh size of the locally 
refined molten pool area is 0.1 mm. The scanning direction 
of the LMD is in the positive y-axis direction.

2.1.2. Basic assumptions of the numerical simulation 
model

The following assumptions were made when establishing 
the multiphase model coupled with the electromagnetic 
field:
(i)	 The liquid metal in the molten pool during the LMD 

process is assumed to be an incompressible Newtonian 
fluid, and the flow regime is laminar21
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(ii)	 Given the symmetry of the applied source terms and 
boundary conditions relative to the centerline of the 
deposition layer, it is sufficient to establish only half of 
the geometric model

(iii)	The energy distribution of the laser beam and the 
concentration distribution of the coaxial powder are 
assumed to follow a Gaussian distribution

(iv)	 The flow of fluid is driven by buoyancy, gravity, 
and the surface tension gradient at the gas-liquid 
interface within the molten pool. The influence of the 
concentration of surface-active elements on surface 
tension is neglected in the analysis.

2.2. Free interface tracking

The volume of fluid (VOF) method is typically used in 
interface tracking of LMD. The VOF model simulates 
multiple immiscible fluids by solving momentum equations 
and tracking the volume fraction of different fluid phases 
throughout the computational domain. The basic principle 
is that a parameter representing the phase volume fraction 
is introduced into each computational cell within the entire 
computational domain when the model introduces new 
components. The sum of the volume fractions of different 
phases in each cell is 1, and the physical properties of the 

Figure 1. Experimental simulation conditions and parameter setting: (A) Schematic of the geometric model of laser melting deposition (LMD). (B) Mesh 
model of LMD. (C-F) Temperature-dependent thermophysical parameters calculated using JmatPro

D
C

B

F

A

E

http://dx.doi.org/10.36922/msam.8332


Materials Science in Additive Manufacturing In situ electromagnetic field manipulation during LMD

Volume 4 Issue 1 (2025)	 4� doi: 10.36922/msam.8332

cell depend on the volume fractions of each phase, which 
can be calculated using the volume-weighted average 
of each phase. In practical simulation studies, the VOF 
method for tracking the interface can often be inaccurate, 
leading to situations where local computational domains 
within the substrate are incorrectly identified as gas-liquid 
interfaces. In addition, it cannot accurately control the size 
of the free interface region.

An improved method for tracking the interface using 
volume fraction gradients based on the VOF method was 
proposed.22 This approach solves for the gradient of the 
metal phase volume fraction in the computational domain 
at each iteration through a user-defined function. Since 
the internal region of the metal substrate contains only the 
metal phase, its volume fraction gradient is 0. Similarly, 
the gradient is also 0 for the argon gas phase in the argon 
region. The change in phase volume fractions in different 
directions causes a significant volume fraction gradient at 
the metal-argon interface. The gradient value is related to 
the mesh size; the position and size of the free interface can 
be accurately captured by selecting an appropriate volume 
fraction gradient value based on the model’s mesh size. 
A more precise addition of mass, energy, and momentum 
source terms can be achieved, leading to more accurate 
simulation results.

2.3. Basic control equations

The model in the study calculates the pressure field, 
velocity field, and temperature field of each element by 
solving Equations I, II, and III, corresponding to the mass, 
momentum, and energy conservation, respectively:11,23-25
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where ρ is the metal density, t is time, v is the fluid 
velocity, Smass is the mass source term, μ is viscosity, g 
is gravitational acceleration, p is pressure, Smom is the 
momentum source term, H is enthalpy, k is thermal 
conductivity, hs is the enthalpy increment of external filling 
materials, and Senergy is the energy source term.

The enthalpy variation of the material in Equation IV 
is the sum of sensible enthalpy and latent heat, where the 
melting latent heat ∆H can be represented by Equation V:

H = h+∆H� (IV)

∆H = Lfl� (V)

Where H is the enthalpy change of the material, h is 
sensible enthalpy, ∆H is latent heat, L is the melting, latent 
heat, and fl is the liquid phase volume fraction.

The enthalpy-porosity method is used to simulate the 
melting and solidification processes of materials. The mushy 
zone (solid–liquid two-phase region) is treated as a porous 
medium, where the porosity in each cell equals the liquid 
phase fraction in that cell. The porosity is 0, and the velocity in 
the region is reduced to 0 when fully solidified; the porosity is 
1 when completely melted. The mushy zone exists when the 
porosity is between 0 and 1. The function expression for the 
liquid phase volume fraction is obtained from Equation VI:26
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Where Tl and Ts represent the liquidus and solidus lines 
of the material, respectively.

2.3.1. Mass addition equation

The metal powder is ejected through a coaxial nozzle under 
the conveying of powder feed gas in the process of LMD, 
and the spatial concentration distribution of the powder 
approximates a Gaussian distribution. The synchronous 
powder addition is implemented in the form of a mass 
source term Smass, and the expression of the mass source 
term is expressed in Equation VII:27
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Where ω1 represents the Gaussian distribution 
coefficient of the powder, ɳp denotes the powder utilization 
efficiency, and ms is the powder mass flow rate, rp is the 
radius of the powder Gaussian distribution region, and vs 
represents the scanning speed of the laser head.

2.3.2. Moving Gaussian heat source and thermal 
boundary conditions

In the process of LMD, apart from the substrate’s 
absorption of laser heat, the heat flux density due to 
thermal convection and thermal radiation losses on the 
substrate surface should also be included. The equation for 
Senergy is as follows:

Senergy = Qlaser-Qcon-Qrad� (VIII)

Where Qlaser represents the laser heat source, Qcon is 
the energy loss due to convection, and Qrad represents the 
energy loss due to thermal radiation.
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The high-energy beam formed by semiconductor lasers 
is unevenly distributed, exhibiting a trend of high energy 
density in the center that gradually decreases toward the 
periphery. The Gaussian distribution laser heat source 
model is adopted and expressed as follows:25
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Where P represents the laser power, ω2 is the Gaussian 
distribution coefficient of the laser, ɳl is the laser utilization 
efficiency, and rb is the effective laser radius.

Convective heat transfer exists in the four lateral surfaces 
of the substrate, while both convective and radiative heat 
transfer occurs on the substrate surface. Heat dissipation 
through convection and radiation is represented by the 
following equation:28

Q Q Q h T T T Tlosses con rad b= + = ⋅ −( ) + ⋅ ⋅ −( )0
4

0
4ε σ � (X)

Where h represents the convective heat transfer 
coefficient, T is the real-time wall surface temperature, T0 
is the ambient temperature, ε is the surface emissivity of 
the material, and σ is the Stefan-Boltzmann constant.

2.3.3. Surface force equation

The numerical model includes two surface tensions: (i) the 
surface tension fS,n generated due to the curvature between 
argon gas and the liquid molten pool interface, which acts 
perpendicular to the surface, and (ii) the Marangoni shear 
stress fS,t arises from the uneven thermal distribution on 
the molten pool surface, resulting in larger temperature 
gradients tangent to the free surface. The specific equation 
for surface forces is presented as follows:29

FS = fS,n + fS,t = σ.κ.n+∇t σ� (XI)

Where σ represents surface tension, κ is surface 
curvature, and n is a vector perpendicular to the surface. 
The equations for surface tension and Marangoni shear 
stress are as follows:30,31
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Where d
dT
σ  represents the temperature coefficient of 

surface tension.

2.3.4. Buoyancy equation for heat

Thermal buoyancy is typically generated by density 
variations caused by temperature changes in liquid metals. 
The density gradient is related to the expansion of the 
liquid metal, commonly represented by Boussinesq. It 
is assumed that the density of the fluid is constant in 
the time derivative and convective terms, with only the 
buoyancy term affected by density fluctuations. The 
relevant equations are simplified, and the spatial variation 
of density is confined to the buoyancy term. The equation 
for buoyancy is as follows:32

Fbuoyancy = ρl gβ(T-Tl)� (XIV)

Where ρl represents the density of the metal at the 
liquidus temperature Tl, and β is the thermal expansion 
coefficient of the metal.

2.3.5. Electromagnetic force equation

The movement of conductive particles in an electromagnetic 
field produces current density during the scanning process 
of the laser head. The electromagnetic force is generated 
under the influence of an externally applied longitudinal 
electromagnetic field, and the electromagnetic force in the 
molten pool can be expressed by the following equation:

F = J×B� (XV)

Where F represents the Lorentz force, J is the current 
density vector, and B is the magnetic flux density vector.

2.4. Material thermophysical parameters

The thermophysical parameters of the Ti-6Al-4V 
alloy used in the simulation are listed in Table  1. The 
parameters are determined by commercial material 

Table 1. Physical parameters used in the simulation

Property Value Unit

Density (ρ) 4440 kg∙m‑3

Dynamic viscosity (μ0) 2.6×10‑3 (1878 K) kg∙m‑1∙s‑1

Solidus temperature (TS) 1878 K

Liquidus temperature (TL) 1928 K

Specific heat capacity (cp) 550 (297 K) J∙kg‑1∙K‑1

Thermal conductivity (k) 5.74 (297 K) W∙m‑1∙K‑1

Latent heat of fusion (L) 2.92×105 J∙kg‑1

Thermal expansion coefficient (β) 1.6×10‑4 K‑1

Surface tension (σ) 1.65 (1928 K) N∙m‑1

Surface tension coefficient

 

d
dT
σ









−2.44×10‑4 N∙m‑1∙K‑1

Stefan‑Boltzmann constant (σS) 5.67×10‑8 K

Radiation emissivity (ε) 0.8 ‑
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property simulation software JMatPro and adjusted based 
on reference literature.26,33-36 The material thermophysical 
parameters indicate significant variations in temperature 
during the numerical simulation of LMD, and the 
influence of temperature-dependent thermophysical 
parameters cannot be ignored. The crucial parameters 
(thermal conductivity, specific heat capacity, viscosity, and 
surface tension) utilized in the simulation are described as 
functions of temperature (Figure 1C-F).

2.5. Experimental process

The experiment was conducted using a self-developed 
in situ LMD manipulation system for the Ti-6Al-4V alloy. 
The in situ LMD manipulation system mainly consists 
of electromagnetic coils and a laser nozzle (Figure  2A). 

The chemical composition of the Ti-6Al-4V powder is 
presented in Table 2. The laser power of 1400 W, scan rate of 
7.5 mm/s, and powder feed rate of 8.5 g/min were selected 
for the LMD experiments with and without electromagnetic 
field, and the morphology, microstructure, and hardness 
of LMD Ti-6Al-4V were studied. The electromagnetic 
field was controlled by the input voltage and current of 
the power supply. The LMD experiments were conducted 
with different output voltage and current settings, and the 
experiment parameters are listed in Table 3.

The sample was cut in the direction parallel to the laser 
beam, and the combination between the deposition layer 
and the substrate was observed. The measurement position 
is displayed in Figure  2B. The sample was ground using 
sandpapers via standard metallurgical process (with 240 #, 

Figure 2. Schematic diagram of the experimental process: (A) Schematic of the in situ laser melting deposition manipulation system. (B) Schematic for 
geometric dimension measurement of the deposition layer. (C) Characterization areas for scanning electron microscopy. (D) Characterization areas for 
electron backscattering diffraction. (E) Schematic of the hardness test
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600 #, 1200 #, and 4000 # sandpaper in turn) and polished 
using OPS (SiO2 suspension) with 40% H2O2 as volume 
fraction. Before the microstructure characterization, 
the sample was immersed in an etchant solution 
(VHF:HNO3:H2O=3:5:92) for 60 – 70 s. The microstructure 
characterization was conducted using a scanning electron 
microscope (JSM-IT800, HL; Japan). The upper (U), middle 
(M), and bottom (B) areas of the deposition layer were 
selected for microstructure characterization (Figure  2C). 
Texture analysis was conducted via electron backscattering 
diffraction (EBSD). The electrolytic polishing of samples 
was performed using 5% perchloric acid solution for 13 – 
15 s after mechanical polishing but before the EBSD test, 
with a scan area of 1.5 × 1.5 mm (Figure 2D).

The hardness of the cross-section of the deposition 
layer was determined using a Vickers hardness tester 
(Hua Yin HV-1000A; China). The hardness test points 
were selected in the form of a 5 × 10 matrix, and 50 points 

were tested for each sample (Figure  2E). The distance 
between each test point was 0.4  mm, and the selected 
position of the highest point was 0.4 mm from the top of 
the deposition layer.

3. Results and discussion
3.1. Morphological analysis of the molten pool

Figure  3 displays the molten pool morphology of the 
deposition layer with different electromagnetic parameters. 
The deposition layer comprises a molten pool and a heat-
affected area. The solid yellow line delineates the boundary 
between the molten pool and the heat-affected area, while 
the dashed yellow line indicates the boundary between 
the heat-affected area and the substrate. As displayed in 
Figure 3A-D, the area (including height, width, and melt 
depth) of the deposition layer in samples EM-1 to EM-3 
is reduced significantly. The coarse columnar grain can 
be observed in sample EM-0 (Figure  3A); reduced grain 
size and equiaxed grains can be observed in sample EM-1 
(Figure  3B). The long columnar grain in sample EM-2 
appears plate-like (Figure 3C), whereas coarse grains are 
observed in sample EM-3 (Figure 3D) with the increase in 
electromagnetic intensity.

As depicted in Table 4, the width, height, and melt depth 
of the deposition layers in sample EM-0 are 1.16, 4.11, and 
0.77  mm, respectively. Under the electromagnetic field, 
the area of sample EM-1 is the smallest, with a length, 
width, and height of 0.92, 3.46, and 0.75 mm, respectively. 
This could be due to inhibition of the molten pool flow 
due to the electromagnetic field that results in a reduction 
in the flow of high-temperature melt toward the periphery 
from the center of the laser beam; subsequently, the size 

Table 2. Chemical composition of Ti‑6Al‑4V powder

Element Ti Al V Fe C N O H

Wt% Balance 6.2 4.15 0.056 0.01 0.015 0.15 0.0016

Table 3. Sample number and electromagnetic parameters

Sample 
number

Voltage 
(V)

Current 
(A)

Magnetic 
intensity (mT)

EM‑0 0 0 0

EM‑1 8 20 39.40

EM‑2 12 30 57.12

EM‑3 16 40 72.93

Figure 3. The optical microscopic image of deposition layers of different samples: (A) EM-0; (B) EM-1; (C) EM-2; and (D) EM-3. Scale bars: 500 µm
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of the molten pool and the amount of powder falling 
into the molten pool are both reduced. Both the width 
and height of the deposition layers increased with slight 
increases in electromagnetic intensity. The aggregation 
effect on the powder appears as the electromagnetic 
intensity constantly increases, resulting in more powder 
falling into the molten pool. In addition, a further increase 
in the width and height of the deposition layer can be 
observed. The depth of the molten pool depends on the 
internal flow toward the bottom and associated heat 
transfer. The inhibitory effect on molten pool flow and 
heat transfer becomes stronger as the electromagnetic 
intensity increases.

3.2. Temperature and flow field analysis of the 
molten pool

The numerical simulation of the coupled in situ manipulated 
LMD layer is conducted under the electromagnetic 
intensity of sample EM-1. The simulation results were 
compared and analyzed against the numerical simulation 
results of the LMD layer without electromagnetic 
assistance. Figure 4 displays the temperature distribution 
of single-track deposition layers of samples EM-0 and 
EM-1 at different times. The highest temperature of the 
molten pool is increased from 2708 K for sample EM-0 
to 2717 K for sample EM-1. The high temperature flows 
from the center of the laser beam toward the periphery, 
and the heat is transferred to the surroundings during the 
LMD process. The inhibitory effect on heat transfer by 
electromagnetic field promotes the highest temperature 
increase in the molten pool.

Figure  5 displays the velocity distribution vectors 
in the molten pool at different times for samples EM-0 
and EM-1. The more regular and orderly velocity vector 
distributed on the top surface can be found for sample 
EM-0 (Figure 5A and D), with the melt flowing from the 

Table 4. Geometric dimensions of the deposition layers of 
the samples

Sample 
number

Height 
(mm)

Width 
(mm)

Depth 
(mm)

EM‑0 1.16 4.11 0.77

EM‑1 0.92 3.46 0.75

EM‑2 0.95 3.61 0.72

EM‑3 0.99 3.67 0.70

Figure 4. Numerical simulation of in situ manipulated laser melting deposition layers of samples at different times: (A) EM-0 and (B) EM-1
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center of the laser beam toward the periphery. The velocity 
vector distribution on the top surface of sample EM-1 
displays relative chaos and disorder (Figure 5a1 and d1). 
A  similar pattern is observed at the cross-section 
parallel to the YOZ plane along the scanning trajectory 
(Figure  5B,  E, b1, and e1), as well as the cross-section 
parallel to the XOZ plane and vertical to the scanning 
trajectory (Figure 5C, F, c1, and f1). The maximum flow 
velocity in the molten pool of samples EM-0 and EM-1 
are 0.58 and 0.41  m/s, respectively. The maximum flow 
velocity in the molten pool with an application of 39.40 mT 
constant electromagnetic field decreases by 29% compared 
to that without an electromagnetic field, indicating that 
the constant electromagnetic field exhibits a significant 
inhibitory effect on the internal flow within the molten 
pool.

The inhibitory effect of a constant electromagnetic field 
on the internal flow within the molten pool can be attributed 

to variations in the Lorentz force within the molten pool 
(Figure 6). When the electromagnetic coil is energized, the 
induced electromagnetic field traverses the molten pool 
along the Z-axis (Figure 6A). It is assumed that the initial 
velocity of the internal flow, denoted as v, in the absence of 
an electromagnetic field, can be decomposed into horizontal 
(v1) and vertical (v2) components (Figure  6B). Driven by 
the Marangoni force, the molten pool flow circulates the 
center of the laser beam on the free surface. It then flows 
toward the bottom, encountering boundary resistance, and 
subsequently returns to the center of the laser beam along 
the bottom of the molten pool. Due to the negative pressure 
and thermal buoyancy of the liquid melt flowing off the 
surface, the molten pool flow rises upward and forms two 
circular flows in opposite directions (Figure 6B). A similar 
phenomenon can also be observed in Figure  5A-F. The 
direction of the induced current (marked by green crosses) 
can be determined by the right-hand rule under the action 

Figure 5. Different surface velocity vectors in the molten pool at different times. (A, D, a1, and d1) Half of the top surface on the molten pool for samples 
EM-0 (A and D) and EM-1 (a1 and d1). (B, E, b1, and e1) Half of the cross-section parallel to the YOZ plane along the scanning trajectory of the molten 
pool for samples EM-0 (B and E) and EM-1 (b1 and e1). (C, F, c1, and f1) Cross-section parallel to the XOZ plane and vertical to the scanning trajectory 
of the molten pool for samples EM-0 (C and F) and EM-1 (c1 and f1)

D

C

B

F

A

E

http://dx.doi.org/10.36922/msam.8332


Materials Science in Additive Manufacturing In situ electromagnetic field manipulation during LMD

Volume 4 Issue 1 (2025)	 10� doi: 10.36922/msam.8332

Figure 6. Schematic of the Lorentz force action mechanism on the molten pool flow with electromagnetic field. (A) The induced electromagnetic field 
passes through the deposition layer. (B) Vector decomposition of molten pool flow. (C) Lorentz force action mechanism. (D) Electromagnetic field changes 
the flow direction
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Figure  7. The scanning electron microscopy images of deposition layers for samples EM-0 and EM-1. (A-F) EM-0. (G-L) EM-1. Scale bars: 10  µm 
(A-C; G-I); 5 µm (D-F; J-L)
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of the induced electromagnetic field (Figure 6C). The molten 
pool flow-induced current is subjected to Lorentz force 
under the action of the electromagnetic field. The direction 
of the Lorentz force (FL) opposes the horizontal velocity 
component (v1) of v, inhibiting the flow within the molten 
pool. In addition, the direction of the molten pool flow shifts, 
resulting in a new flow velocity (v’) under the influence of 
FL. This leads to a relatively chaotic and disordered velocity 
vector distribution within the molten pool (Figure 6D). Due 
to the inhibiting effect of the Lorentz force (FL) opposing the 
horizontal velocity component (v1) of v, the flow circulation 
circle driven by the Marangoni force in the molten pool 
and the corresponding width of the molten pool decreases, 
which is consistent with the scanning electron microscopy 
(SEM) results depicted in (Figure 3).

3.3. Microstructural analysis

The microstructure of the deposition layer for different 
samples is presented in Figures 7 and 8. The microstructure 

is composed of α- and β-phases in the LMD process. A large 
number of α-phases are precipitated and intertwined to 
form a network structure in the rapid cooling process.37,38 
The deposition layer of samples EM-0, EM-1, EM-2, and 
EM-3 is primarily composed of α-  and β-phases. The 
structure in the upper area of the deposition layer for samples 
EM-0 (Figure 7A), EM-1 (Figure 7G), EM-2 (Figure 8A), 
and EM-3 (Figure  8G) is primarily equiaxed grains. The 
structure at the bottom of the deposition layer for samples 
EM-0 (Figure  7C), EM-1 (Figure  7I), EM-2 (Figure  8C), 
and EM-3 (Figure 8I) is composed of both columnar and 
equiaxed grains. The temperature gradient on the surface of 
the molten pool is large, and the air medium radiates heat to 
the surrounding environment, causing the molten pool to 
radiate heat in various directions, which is conducive to the 
formation of equiaxed grain. In addition, more α-phases 
can be observed in the upper area of EM-1 (Figure  7J), 
EM-2 (Figure 8D), and EM-3 (Figure 8J) compared to EM-0 
(Figure 7D). The middle area of the deposition layers for 

Figure 8. Scanning electron microscopy (SEM) images of the deposition layers for samples EM-2 and EM-3. (A-F) EM-2. (G-L) EM-3. Scale bars: 10 µm 
(A-C; G-I); 5 µm (D-F; J-L)
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sample EM-1 (Figure 7B) mainly consists of large columnar 
grains. This is attributed to the slow heat dissipation rate in 
the middle area caused by the effect of multiple remelting, 
which promotes the formation of directionally grown 
columnar crystals. The coarse columnar crystals were not 
observed in sample EM-1 under an electromagnetic field 
of 39.40 mT (Figure 7H), but equiaxed grains were present. 
Long columnar grains (Figure  8B and E) were present 
in sample EM-2 as the electromagnetic field intensity 
increased to 57.12 mT. A similar observation was also noted 
in Figure 6C.

The flow velocity direction in the molten pool becomes 
disordered under the action of Lorentz force (Figure  6), 
thereby interfering with grain growth and refinement. 
Hence, complete grains cannot be observed; only grain 
boundaries can be found, evidenced by the coarse grains in 
sample EM-3 under an electromagnetic field of 72.93 mT 
(Figure 8H). A similar result is observed in Figure 6D, which 
can be attributed to the inhibitory effect of the Lorentz force 
on speed v1 in the molten pool flow. This inhibition reduces 
the molten pool cooling rate and promotes grain growth.

From the high-magnification SEM images, samples 
EM-0 (Figure  7D-F), EM-1 (Figure  7J-L), EM-2 
(Figure  8D-F), and EM-3 (Figure  8J-L) exhibit a similar 

structure. The microstructure comprises a combination 
of equiaxed and columnar grains, with the small α-phase 
interwoven to form a network structure. This is attributed 
to the area at the bottom being in contact with the substrate, 
as well as the large temperature gradient, both of which 
facilitate the formation of equiaxed grains. Conversely, the 

Figure 9. β-grain size distribution of different samples: (A) EM-0; (B) EM-1; (C) EM-2; and (D) EM-3

Figure  10. Phase map of different samples: (A) EM-0; (B) EM-1; 
(C) EM-2; and (D) EM-3. Scale bars: 700 µm
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cooling rate is affected by the effect of multiple remelting, 
which leads to the formation of columnar grain.

3.4. Texture analysis

 ImageJ was used for statistical analysis of the length 
distribution of β-columnar grain size (Figure  3), and 
the results are presented in Figure  9. The average length 
of β-grains in sample EM-0 is 490 μm (Figure  9A). The 
length of β-columnar grains significantly decreases from 
490 μm to 354 μm in an electromagnetic field strength of 
39.40 mT. The average length of β-grains in samples EM-1, 
EM-2, and EM-3 is 354, 446, and 426 μm, respectively, 
under the electromagnetic field (Figure  9B-D). From 
the histogram, the frequency of short β-columnar grains 
(<200 μm) increased to 15.5%, suggesting that the constant 
electromagnetic field positively influences the grain size of 
the Ti-6Al-4V alloy in LMD. The elongated large-sized 
β-columnar grains can be observed in samples EM-2 and 

EM-3 with increasing electromagnetic field strength. The 
constant electromagnetic field inhibits the molten pool 
flow and subsequently shifts its direction (Figure 6). When 
the flow velocity of the disordered molten pool dominates, 
the growth of grains is interrupted, and the grains are 
refined (Figure  9B). The flow velocity slows down, and 
the cooling rate decreases when the inhibition of molten 
pool flow is dominant, promoting the growth of grains 
(Figure  9C and D). The phase map (Figure  10) displays 
the contents of α-Ti in samples EM-1, EM-2, and EM-3, 
which changed from the initial 98.1% to 98.3%, 97.9%, 
and 96.8%, respectively. The phase content revealed no 
obvious variations, which suggests that the introduction 
of a magnetic field to the LMD process does not induce a 
drastic phase transition.

Figure  11 displays the pole figures of the α-phase 
in the Ti-6Al-4V alloy deposition layer under different 

Figure 11. Pole figures of the α-phase in the plane (0001), (11 – 20), and (10 – 10) of Ti-6Al-4V alloy deposition layer: (A) EM-0; (B) EM-1; (C) EM-2; 
and (D) EM-3
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electromagnetic field intensities. The maximum texture 
intensity in the (0001) plane of samples EM-0, EM-1, EM-2, 
and EM-3 is 4.21, 4.95, 3.54, and 7.72, respectively. The 
shift in texture orientation in the (0001) plane toward the 
X1 direction can be observed as the electromagnetic field is 
applied to the samples (Figure 11B-D). The maximum texture 
strength appears in the (0001) plane, which is consistent with 
the growth of columnar grains along the deposition direction 
observed in Figure 3. The inhibitory effect of FL (as depicted 
in Figure 6) on the flow introduced by the electromagnetic 
field leads to more α-phase precipitation, and the precipitated 
α-phase in the same grain presents a close texture orientation, 
increasing the texture intensity.39

Figure  12 depicts the pole figures of the β-phase in 
the Ti-6Al-4V alloy deposition layer under different 
electromagnetic field intensities. The maximum texture 
intensity of the β-phase in the (101) plane of samples 

EM-0, EM-1, and EM-2 is 2.69, 2.72, and 2.75, respectively. 
The maximum texture intensity of the β-phase in the (100) 
plane of sample EM-3 is 2.53. The strong texture can be 
observed in the X1 direction in the (100) plane for samples 
EM-0, EM-1, EM-2, and EM-3. The texture distribution is 
uniform in the (100) plane when the electromagnetic field 
intensity is 39.40 mT (Figure 12B). The directional growth 
of β-grains is affected by FL in the shifting flow direction 
(as depicted in Figure  6), resulting in the formation of 
equiaxed grains and uniform texture distribution. Long 
columnar β-grains (Figure  3C) and coarse β-grains 
(Figure  3D) are formed with increasing electromagnetic 
field intensity. Segregation of the texture distribution in the 
(100) plane is observed in Figure 12C and D.

3.5. Hardness analysis

Figure  13 displays the hardness distribution of samples, 
analyzed using the hardness test depicted in Figure  2E. 

Figure 12. Pole figures of the β-phase in the plane (100), (101), and (111) of Ti-6Al-4V alloy deposition layer: (A) EM-0; (B) EM-1; (C) EM-2; and 
(D) EM-3
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The results indicate that the distribution range of hardness 
in the molten pool, heat-affected area, and substrate area 
is 350 – 370, 320 – 350, and 290 – 320 HV, respectively. 
The observation corresponded to the large number of tiny 
α-phases that are precipitated during the cooling process of 
LMD, subsequently increasing the hardness of the sample 

via fine grain strengthening.40 The hardness distribution in 
the heat-affected area near the deposition layer is affected 
by the thermal radiation of LMD, whereby the hardness 
distribution gradually decreases from the heat-affected 
areas to the substrate. The width of the heat-affected area of 
samples EM-0, EM-1, EM-2, and EM-3 is 0.61, 0.24, 0.40, 

Figure 13. Hardness distribution of deposition layers for different samples: (A) EM-0; (B) EM-1; (C) EM-2; and (D) EM-3. z represents the deposition 
direction, and y represents the scanning direction

DC

BA

http://dx.doi.org/10.36922/msam.8332


Materials Science in Additive Manufacturing In situ electromagnetic field manipulation during LMD

Volume 4 Issue 1 (2025)	 16� doi: 10.36922/msam.8332

and 0.31 µm, respectively. This width is reduced when the 
electromagnetic field intensity is 39.40 mT. The uniformity 
of hardness distribution in the molten pool area is the most 
obvious, indicating enhanced uniformity of the surface 
structure. In addition, it can be observed that the hardness 
in the molten pool of samples EM-1 (Figure 13B), EM-2 
(Figure 13C), and EM-3 (Figure 13D) increased with the 
effect of electromagnetic field compared to sample EM-0 
(Figure 13A).

The FL exhibits an inhibitory effect on the flow of the 
molten pool after the introduction of an electromagnetic 
field, which reduces heat dissipation and increases the 
maximum temperature. Further precipitation of the 
α-phase was observed in samples EM-1 (Figure  7J), 
EM-2 (Figure 8D), and EM-3 (Figure 8J) during cooling 
compared to EM-0 (Figure  7D), increasing the overall 
hardness. Due to the disordered molten pool flow caused 
by FL in sample EM-1, thermal radiation spreads evenly, 
resulting in a consistent microstructure. The decreased 
cooling rate caused by FL in samples EM-2 and EM-3 leads 
to the observed differences in microstructure, i.e., long 
columnar grain in EM-2 (Figure 3C) and coarse grain in 
EM-3 (Figure 3D).

4. Conclusion
This study investigated the effect of in situ manipulation 
of the electromagnetic field on the microstructure 
and hardness of titanium alloy during LMD. The 
microstructure, texture orientation, and hardness of the 
Ti-6Al-4V alloy were investigated via a combination of 
experiments and numerical simulation. The key findings 
are summarized as follows:
(i)	 The width, height, and melt depth of the deposition 

layer were significantly reduced under the 
electromagnetic field. The electromagnetic field 
inhibits the heat transfer and mass transport flow 
from the center of the laser beam to the surroundings, 
thereby reducing the size of the molten pool

(ii)	 The numerical simulation results indicated that 
the maximum flow velocity in the molten pool was 
0.58  m/s without the electromagnetic field, whereas 
the maximum flow velocity in the molten pool region 
was 0.41 m/s under an electromagnetic field intensity 
of 39.40 mT; i.e., a 29% decrease. In addition, the 
velocity vector of the molten pool flow distribution 
became disordered

(iii)	The average length of β-grains was 490 μm without 
the electromagnetic field, which was decreased to 
354 μm under an electromagnetic field intensity of 
39.40 mT. The elongated large β-columnar grains were 
also observed with increasing electromagnetic field 
intensity

(iv)	 The effect mechanisms of the Lorentz force induced 
by electromagnetic field include the directional flow 
velocity in the molten pool becoming disordered under 
the influence of the Lorentz force, interfering with grain 
growth and refinement; and the restraining effect of the 
Lorentz force on the molten pool flow that reduced the 
cooling rate, thereby promoting grain growth.

Based on the above results, it can be concluded that 
the in situ manipulation of the electromagnetic field via 
Lorentz force during LMD is significant, offering a novel 
and effective approach for controlling the microstructure 
and mechanical properties of titanium alloys.
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Abstract
Oxide dispersion-strengthened (ODS) ferritic/martensitic steels have emerged 
as a promising structural material for nuclear power applications due to their 
high heat resistance. However, the fabrication of complex ODS steel components 
remains a significant challenge. T his study presents the influence of the main 
selective laser melting process parameters and heat treatment on the densification, 
microstructure, and tensile properties at room and elevated temperatures of high 
chromium ferritic/martensitic ODS steel strengthened with 0.25 wt.% yttrium oxide 
(Y2O3). The optimization of process parameters and platform pre-heating enabled 
the production of parts with a density above 98%. The application of pre-heating 
allowed for higher scanning speeds to be used to achieve similar relative density 
and avoid cracking. Partial recrystallization after heat treatment was noted, affecting 
grain morphology by increasing equiaxedness and decreasing size. X-ray analysis 
was employed to determine the phase composition. However, the results were 
ambivalent and required confirmation by other methods. The addition of 0.25 wt.% 
Y2O3 resulted in an ultimate tensile strength value of 978 MPa for the as-built material 
at room temperature. At elevated temperatures, the properties are comparable to 
those of the base steel, indicating the necessity for further research.

Keywords: Selective laser melting; Oxide dispersion-strengthened steel; Tensile testing; 
Heat treatment; Additive manufacturing; ODS steel; Laser powder bed fusion

1. Introduction
Ferritic/martensitic oxide dispersion-strengthened (ODS) steels are regarded as 
promising candidates for structural materials in next-generation nuclear reactors. 
This is attributed to their high radiation resistance and acceptable mechanical 
properties at elevated temperatures.1 The desirable properties of ODS steels result 
from the presence of stable nanosized oxide particles, which inhibit grain boundary 
and dislocation migration, thereby maintaining the material’s microstructural stability 
during service. In addition, the interfaces between matrix and dispersed oxides can 
serve as sinks for radiation-induced defects, which result in increasing irradiation 
resistance.2 ODS steels based on high chromium ferritic/martensitic steels containing 
9 – 12 wt.% Cr have garnered significant interest due to their proven performance in 
past fast reactors. Furthermore, ferritic/martensitic steels are highly resistant to void 
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swelling,3 which is quite necessary for nuclear reactor 
application.

At present, the most extensively studied and 
widely utilized method of strengthening involves the 
incorporation of yttrium-based nano-oxides. Numerous 
studies have demonstrated the efficacy of yttrium oxide 
(Y2O3) additions in enhancing the mechanical strength 
of steels and various other alloys. This enhancement in 
strength is accompanied by an improvement in resistance 
to radiation-induced swelling under exposure to fission 
ions or neutrons. Furthermore, dispersion strengthening 
through nano-oxides significantly increases the hardness 
of the matrix material, thereby contributing to an 
improvement in wear resistance.4 The most common 
addition of oxides is in the order of 0.25 – 1.0 wt.%. In 
addition to yttrium, other elements may be added to form 
complex oxides such as YnXmOp, where X = Ti, Al, Zr, Hf, 
V, Si, or Ta.5,6 The formation enthalpy of this type of oxide 
is lower than that of Y2O3.

The fabrication of ODS steels remains a significant 
challenge. The most prevalent method of production 
involves powder metallurgy, specifically mechanical 
alloying.7-10 Creating products with complex geometries 
using powder metallurgy methods is an expensive and 
time-consuming process. One of the most common 
processes used to produce ODS steels is hot isostatic 
pressing (HIP)2,11,12 and spark plasma sintering.13-15 
However, the use of these techniques is advisable in cases 
of production of simple and symmetrical shapes.

Another critical limitation is the relatively poor 
weldability of ODS steels, which increases the cost and 
complexity of manufacturing components with intricate 
geometries. Consequently, there is growing interest in 
exploring the feasibility of producing ODS steels through 
additive manufacturing (AM) techniques. AM has already 
shown itself to be a state-of-the-art manufacturing process 
that allows the production of complex-shaped products 
with high mechanical properties. One of the most 
commonly used technologies for the production of metal 
products is selective laser melting (SLM). The process 
consists of layer-by-layer laser processing of powder 
material according to a CAD model. SLM technology is 
already widely used in areas such as aerospace, medicine, 
and turbine engineering. An important feature of the SLM 
process is the high cooling rates (103 – 108 K/s).16

A number of published studies demonstrate the 
feasibility of producing ODS steels by SLM.1,5 A study 
suggests that optimization of the process parameters 
could lead to a density of more than 98%.17 The results 
also showed the possibility of obtaining a material with a 
uniform distribution of nanosized oxides. However, the 

size of oxides in the materials obtained by SLM is larger (in 
the order of 30 – 60 nm), compared to particles obtained by 
powder metallurgy methods (typically 1 – 10 nm).18-20 The 
size of the yttrium-based dispersoids influences coherency, 
and the size above 20  nm results in agglomeration and 
coarsening,21 which reduces the positive effect of their 
implementation.

A notable challenge associated with the use of powders 
derived from mechanical alloying is their splintered 
morphology,22 resulting from the high mechanical stresses 
applied during the process. This irregular particle shape 
leads to poor flowability, which may be a limitation for 
the applications of mechanically alloyed powders in 
AM.23 Furthermore, studies have demonstrated that the 
morphology and particle size distribution of the powder 
material significantly influences the final properties of 
products fabricated through AM methods. To address 
these limitations, mechanically alloyed powders require 
spheroidization before use.24 The plasma spheroidization 
process involves a melting stage during which oxide 
particles tend to coagulate and migrate to the surface of 
the molten material due to their relatively lower density 
compared to the metallic matrix. Consequently, the 
resulting spherical powder exhibits non-uniform oxide 
dispersion,24 which can negatively impact the mechanical 
properties of the final product.

For the production of ODS steels by SLM, not only can 
mechanically alloyed powders be used, but also various in 
situ synthesis methods when oxides are forming during the 
printing process. In Jia et al.’s study,25 pre-alloyed powders 
were used for the in situ synthesis of nanoparticles in ODS 
steel during SLM by controlling the partial pressure of 
oxygen to prevent the abnormal growth of particles. This 
approach resulted in the formation of a microstructure 
characterized by finer nanoparticles, a higher volume 
fraction, and a more uniform spatial distribution and 
size consistency compared to the majority of ODS steels 
manufactured using SLM with mechanically alloyed 
powders. The influence of the properties of in situ formed 
nitride and oxide particles in the ODS steel produced by 
laser powder bed fusion in a nitrogen-rich atmosphere 
(with Y2O3 = 0.45 wt.%) was studied by Cakmak et al.26 
The incorporation of nanosized Y2O3 reduces the length 
of typical for SLM as-built parts columnar grains (from 
70 μm to 40 μm).26 In addition to Y2O3, Al-O aluminum 
oxides, and Y-Al-O yttrium aluminum oxides were 
observed in the microstructure. A  significant challenge 
in the production of ODS steel through in situ synthesis 
during the SLM process lies in the inherent complexity of 
the technological workflow. This complexity necessitates 
precise monitoring and control of all process parameters 
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to ensure the consistency and stability of the material’s 
quality.

In addition to mechanical alloying, soft-mixing 
techniques are employed to produce ODS steels by SLM.27 
This approach facilitates uniform adhesion of oxide 
particles onto the surface of steel powders, in contrast 
to alloying processes involving dispersed particles of the 
matrix material. By maintaining the original spherical 
morphology of the powder particles, the soft-mixing 
method ensures good flowability. The advantage of this 
method of powder preparation is the relatively simple 
and fast mixing process compared with mechanical 
alloying. Zhai et al.28 investigated the influence of 
interface wettability of 316L ODS steel strengthened by 
Y2O3 on tensile properties. Poor interface wettability of 
the nanoparticles and the basic steel was the reason for 
the Y2O3 agglomerations forming, which led to internal 
defects. Besides, the increases in yield strength (YS) and 
ultimate tensile strength (UTS) were neglectable, and the 
nanoparticle agglomeration significantly decreased the 
elongation. The results of the investigation and comparison 
of tensile properties and tribological behavior of the 
two alloys (basic and ODS) fabricated by SLM showed a 
significant reduction in wear rate (by 51%) when 0.3 wt.% 
Y2O3 nanoparticles were added compared to the matrix 
alloy.1

The acoustic mixing method has been successfully 
utilized to achieve a uniform distribution of oxides in a 
NiCoCr medium-entropy alloy.23 The introduction of 1 
wt.% Y2O3 led to a significant enhancement in mechanical 
properties, as confirmed by tensile testing. Notably, the 
addition of Y2O3 resulted in a marked improvement 
in strength, particularly at elevated temperatures, 
highlighting the efficacy of this approach in optimizing 
high-temperature performance.

Presently, the details of AM processes of high chromium 
ferritic/martensitic steels remain underexplored. These 
steels are susceptible to cracking, which complicates their 
production by methods such as SLM. There are virtually 
no studies devoted to the investigation of the production of 
ODS steels based on high-chromium ferritic/martensitic 
steels, despite their promising application in nuclear power 
engineering.

This research is aimed at studying the possibilities 
of fabrication of ferritic/martensitic ODS steel by SLM 
and analyzing the structure and tensile properties of the 
obtained material, including at elevated temperatures 
(720°C). The present study also employed platform pre-
heating as a method to mitigate cracking and enhance 
material density. Given the significance of this steel in the 
context of next-generation reactor applications, the tensile 

properties were assessed within the anticipated operational 
temperature range. This study will serve as a basis for 
subsequent studies aimed at studying the specifics of the 
production of high chromium ferritic-martensitic ODS 
steels.

2. Materials and methods
2.1. Materials

In this study, ferritic-martensitic steel powder with the 
chemical composition presented in Table 1 was employed 
as the base material. The base gas atomized ferritic/
martensitic steel powder had a particle size distribution of 
22 – 63 µm.

For the production of ODS steel through SLM, the 
base steel powder was mixed with 0.25 wt.% Y2O3 using 
an acoustic mixing process. The acoustic mixing process 
was performed on a laboratory unit. The particle size 
distribution study was carried out on an Analysette 22 
NanoTec plus analyzer (Fritsch GmbH, Idar-Oberstein, 
Germany) operating in the particle measurement range 
from 0.01 to 2000 μm. The flowability of the powder was 
determined using a Hall flowmeter.

2.2. SLM and heat treatment

The SLM process was performed on a 3DLAM Mid 
system (Biograd CJSC, St. Petersburg, Russia) equipped 
with a platform pre-heating module capable of achieving 
temperatures up to 300°C and a laser with a maximum 
output power of 500 W. To optimize the process parameters, 
two sets of samples were fabricated: One without the 
platform pre-heating and another with the platform pre-
heating of 300°C. Each set comprised 20 cubic samples 
(10  mm × 10  mm × 10  mm) produced directly on the 
baseplate without supporting structures. Scanning speed 
and laser power were systematically varied, while the 
hatching distance was maintained at 120 µm, and the layer 
thickness was fixed at 30 µm. The applied SLM process 
parameters are detailed in Table  2. A  stripe-hatching 
pattern with a 67° rotation between layers was employed 
to enhance mechanical properties and minimize residual 
stresses.29

Since the energy input to the material significantly 
affects melt pool formation and the properties of the 
resulting structure, the volumetric energy density 
(VED, J/mm3) was calculated using the following equation:

VED = P/(v × h × t),� (I)

where P = laser power (W); v = scanning speed (mm/s); 
h = hatch distance (mm); and t = layer thickness (mm).

The typical heat treatment mode for this material 
involves quenching at 1050 – 1100°C for 30 min, followed 
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by high-temperature annealing at 720°C for 60 – 180 min.30 
In the present study, the heat treatment was performed in a 
vacuum at 1050°C for 30 min with subsequent quenching, 
followed by high-temperature annealing at 720°C for 
60 min. The heat treatment process was carried out using a 
vacuum furnace Carbolite Gero LHTW 200 – 300/22-1G 
(Carbolite Gero Ltd., Derbyshire, UK).

2.3. Characterization

Subsequent to the printing process, the samples were 
separated from the platform by wire-cut electrical 
discharge machining. The estimation of the density of all 
samples was performed by the Archimedes method. Cubic 
samples with dimensions of 10  mm × 10  mm × 10  mm 
were prepared for microstructural investigations, phase 
composition analysis, and microhardness testing. The 
samples were pressed into epoxy resin and then subjected 
to grinding and mechanical polishing. Porosity and inner 
defects fraction were calculated of the pore fraction in 
relation to the whole image plane using ImageJ image 
analysis software on optical microscope images with ×50 
magnification. The grain size estimation was performed 
using optical micrographs along the building direction.

Phase analysis was conducted using a Bruker D8 
Advance X-ray diffractometer (XRD; Bruker Corporation, 
Billerica, MA, USA) with Cu-Kα radiation (a = 1.5418 Å) 
in the range 2θ = 30° – 100°. A scanning interval of 0.02° 
was used. Before microstructural analysis, the specimens 
were etched using a 3:1 solution of hydrochloric acid 
and nitric acid. The microstructural characterization was 
carried out utilizing a Leica DMI5000 optical microscope 
(Leica Microsystems GmbH, Wetzlar, Germany) and a 
Tescan Mira3 LMU scanning electron microscope (SEM) 
(TESCAN GROUP, Brno, Czech Republic).

The hardness of the samples was evaluated using a 
Buehler Micromet 5103 hardness tester (Buehler Ltd., 
USA) employing the Vickers hardness method. The tests 

were carried out at a load of 10 N with a dwell time of 5 s. 
Uniaxial tensile tests were performed on three specimens 
for each condition to determine the tensile strength, YS, 
and relative elongation of the specimens. The specimens’ 
blank parts were initially printed, heat-treated, and then 
machined. These tests were performed under ambient 
conditions using a Zwick/Roell z100 tensile testing 
machine. Tensile testing at an elevated temperature of 
720 ± 10°C was carried out using a Zwick/Roell z050 
machine (ZwickRoell GmbH & Co., Ulm, Germany). For 
all the specimens, tests were carried out under a crosshead 
displacement velocity of 0.8 mm/min on the elastic section, 
and 2 mm/min on the plastic section. An examination of 
the fractured surfaces from the tensile tests was conducted 
using SEM.

3. Results and discussion
3.1. Material preparation

The application of acoustic mixing facilitated the 
production of steel powder with a spherical morphology 
and uniformly distributed oxide particles on the surface, as 
demonstrated by the SEM image (Figure 1). The presence 
of nanosized oxides on the particle surfaces resulted in 
a slight reduction in the powder’s flowability, from 12 
s/50  g to 16 s/50  g. Zhai et al.28 reported the flowability 
of ODS 316L-Y2O3 steel powder was not decreased after 
low-energy ball milling. Nevertheless, the outcome can 
be ascribed to the diminished wettability and flowability 
of Y2O3, which, being located on the surface of the base 
material particles, predictably reduces the flowability of 
the obtained material. However, flowability remains for 
utilization in the SLM process.

3.2. The influence of SLM process parameters on 
relative density

The effects of laser power and scanning speed on relative 
density are presented in Figure 2. Laser power varied in the 
range from 150 to 225 W. As the laser power increases, the 
relative density increases until it reaches a threshold value 
of VED. In general, the density of samples fabricated using 
laser powers of 200 W and 225 W is higher compared to 
those produced with laser powers of 150 W and 175 W. 
Scanning speed varied in the range from 420 to 820 mm/s. 
Contrary to the influence of laser power, increasing 
scanning speed resulted in lower density. A  similar 
tendency has been observed in another study.31

When samples were fabricated without platform pre-
heating, all of them exhibited horizontal surface cracks, 
caused by thermal stresses arising from high temperature 
gradients during the SLM process. To address this issue, a 
set of samples was fabricated using a platform pre-heating 

Table 2. Process parameters of selective laser melting

Parameters Range

Laser power 150 – 225 W

Scanning speed 420 – 820 mm/s

Hatch distance 120 μm

Layer thickness 30 μm

Table 1. Chemical composition of the base ferritic/
martensitic steel

Element C Si Mn Cr Ni Mo Nb V P Fe

wt. % 0.12 0.2 0.2 12.1 0.1 1.3 0.35 0.2 0.001 Bal.
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at 300°C to reduce the temperature gradient during 
printing.

In Figure 3, the effect of VED of the SLM process on 
relative density is shown. When pre-heating was applied, 
the trends of influence of laser power and scanning speed 
on the density of as-built SLM material were the same as 
it was observed without pre-heating. However, density 
depending on these parameters, did not exhibit very 
pronounced variations. The lowest density was obtained 
with the VED lower than 70 J/mm3. It can be attributed to a 
lack-of-fusion defect formation. This type of defect can be 
seen in Figure 4, which resulted in a significant reduction 
in material density. Conversely, samples produced at 
high energy densities (higher than 110  J/mm3) exhibited 
spherical pores as a result of changing melting from 
conduction to key-hole mode and attributed to material 
overheating.

Platform pre-heating not only resolved the surface 
cracking issue but also enhanced the material density, 

Figure 1. SEM-BSE images of the mixed ODS-steel powder. Magnification: 2000×, 5000×, 20000×
Abbreviations: BSE: Backscattered electrons; SEM: Scanning electron microscopy.

Figure 2. Effect of laser power (P) and scanning speed (V) on the density of as-built SLM material
Abbreviation: SLM: Selective laser melting

Figure 3. Effect of VED on the relative density of as-built SLM material 
with and without platform pre-heating
Abbreviations: SLM: Selective laser melting; VED: Volumetric energy 
density
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as evidenced by the density measurements presented in 
Figure 3 and the microstructural observations in Figure 4. 
It was demonstrated that when the same SLM process 
parameters with pre-heating are employed, the relative 
density is increased. This, in turn, facilitates the use of 
higher scanning speeds to achieve equal density. This 
finding is also consistent with the results obtained by Qin 
et al.32 The range of VED from 80 to 110 J/mm3, and pre-
heating allow for building samples with a density above 
98%. Numerous studies have shown 33 that the application 
of HIP results in decreasing porosity of AM parts, thereby 
enhancing their mechanical properties.34 This process is 
planned to be studied in future research.

The obtained specimens exhibit no visible defects, such 
as cracks or lack-of-fusion. While the highest material 
density was obtained at VED values in a range of 90 – 
100  J/mm3, all samples printed within this energy range 
exhibited discontinuities between the contours and the 
bulk material. In addition, their surface quality was inferior 
compared to samples fabricated at higher VED values. To 
align both density and surface quality, a hybrid approach 
was implemented wherein the contours were built with the 
higher VED, and for the bulk material fabrication, VED of 
90 J/mm3 was applied. This method resulted in improved 
material density by minimizing internal defects and 
enhanced surface quality. All subsequent analyses were 
conducted on samples fabricated using this optimized 
mode.

3.3. Microstructural characterization

The X-ray diffraction (XRD) analysis revealed that 
all samples exhibited the same phase composition, 

characterized by peaks corresponding to the body-
centered cubic lattice of iron, as shown in Figure  5. No 
carbide phases were detected on the XRD, likely due to the 
low volume fraction and nanoscale size (up to 300 nm) of 
carbide particles. Apparently, the mass fraction and size 
of precipitates are lower than the XRD analysis method 
allows to determine.35,36 Similarly, determining Y2O3 peaks 
is also challenging.

After heat treatment, a displacement of the peaks 
slightly toward higher 2θ angles was observed. This 
phenomenon may be explained by the removal of internal 
stresses. The peak corresponding to the position of the 

Figure 4. Macrostructure of the as-built SLM samples. VED and porosity values of the samples are presented. Magnification: ×100
Abbreviations: SLM: Selective laser melting; VED: Volumetric energy density

Figure  5. X-ray diffraction lines of mixed powder and fabricated 
specimens
Abbreviations: HT: Heat treatment; SLM: Selective laser melting
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face-centered cubic iron phase peak (2θ = 43.1°) in the 
powder probably indicates the presence of a small amount 
of residual austenite. However, after SLM, this peak 
intensity undergoes a notable reduction. This is probably 
due to the lower cooling rates of SLM compared to gas 
atomization. This observation signifies a modification in 
the material’s structural configuration, probably related to 
the redistribution of chromium and carbon in the process. 
The evident broadening of the peaks of the material after 
heat treatment signifies a reduction in grain size, which 
was further supported by the microstructural observations 
presented in Figure 6.

The microstructure of the samples after SLM with pre-
heating is characterized by columnar grains oriented along 
the building direction, as shown in Figure 6A and B, which 
are typical for this group of materials in SLM production.17 
The appearance of melt pools and heat-affected zones, 
typically observed after SLM, is not strongly evident in 
our samples.37 However, the addition of Y2O3 decreased 
the grain length compared to the base material.38 The base 
steel produced by SLM without pre-heating exhibited 
an average grain length of 156 μm and an average grain 
width of 30 μm.38 After the incorporation of 0.25 wt.% 
Y2O3, the average grain length decreased to 112.0 ± 20 μm, 
and the average grain width increased to 57.0 ± 11 μm. 
In a previous study, Ghayoor et al.39 reported a significant 

change in grain shape from columnar to equiaxed when 5 
wt.% yttrium was added to 304 L steel. A decrease in grain 
length has also been observed in other research.26 The 
application of platform pre-heating results in a decrease 
in the temperature gradient, consequently leading to the 
creation of more favorable conditions for epitaxial growth 
during the transition between layers and the formation of 
elongated grains along the building direction. The sample 
obtained by SLM with pre-heating is characterized by an 
average grain length of 133.2 ± 55 μm and an average width 
of 21.1 ± 8 μm. After heat treatment, the material became 
partially recrystallized and the shape of the grains was 
almost equiaxed. The grain size reduction in heat-treated 
samples, as compared to materials before heat treatment, 
is shown in Figure 7. The average grain length and width 
decreased to 39.9 ± 11 μm and 18.5 ± 7 μm, respectively. 
The structure obtained after heat treatment became 
more similar to the structure of materials fabricated by 
conventional manufacturing methods.36 Besides, the 
formation of small equiaxed grains was also observed. Y2O3 
probably act as crystallizing centers during heterogeneous 
nucleation, resulting in smaller equiaxed grains.

3.4. Mechanical properties

Finally, the tensile properties of the samples produced by 
SLM with and without subsequent heat treatment were 
assessed. The results of tensile testing at room and at 

Figure 6. Microstructure of samples: (A) SLM sample without pre-heating, (B) SLM sample pre-heating at 300°C, and (C) SLM sample after heat treatment. ×200
Abbreviation: SLM: Selective laser melting

Figure 7. Stress strain curves for samples after SLM without and with heat treatment tested at: 20°C (A) and 720°C (B).
Abbreviations: HT: Heat treatment; SLM: Selective laser melting

CBA

BA
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operating (720°C) temperatures are presented in Figure 7 
and Table 3. The results of the tests conducted on specimens 
produced without pre-heating are not presented. This 
decision is due to the presence of a significant number of 
cracks in the specimens, which made the tests invalid.

The as-built SLM ODS specimens exhibited a brittle 
behavior. At room temperature, fracture occurred at 978 
MPa with no evidence of plastic deformation before fracture. 
This UTS value was comparable to the values for the similar 
ferritic/martensitic ODS steel plates and tubes manufactured 
through powder metallurgy (UTS = 991 MPa),40 but the 
problem was YS and elongation was absent. Following 
heat treatment, the mechanical response of the SLM ODS 
specimens during tensile transition to a ductile mode. The YS 
and UTS achieved were lower than the base steel produced 
through powder metallurgy techniques (YS = 525 MPa, UTS 
= 711 MPa, ε = 16%).41 The elongation of the heat-treated 
SLM ODS specimens remained significantly lower than that 
of the powder metallurgy-derived base material. The findings 
revealed the substantial impact of incorporating 0.25 wt.% 
Y2O3 on the tensile properties. In a prior investigation of 
base steel produced by SLM, the maximum tensile strength 
was also observed for the specimen after SLM without heat 
treatment. The UTS was 567 MPa, aligning with the absence 
of plastic characteristics.38 Consequently, the incorporation 
of Y2O3 resulted in a 72% increase in UTS compared to the 
base steel.

The mechanical properties of heat-treated SLM 
samples, when tested at elevated temperatures, were not 
very significant. The tensile properties of the material 
tested at 720°C after SLM were comparable to those of 
base steel obtained by powder metallurgy methods (YS 
= 279 MPa, UTS = 284 MPa, ε = 25%).41 However, the 
elongation was much lower. The relatively low ductility of 
all specimens after SLM can be explained by the quenched 
state and internal stresses.

Fractography was used to study the fracture surfaces of 
the specimens. From Figure 8, it can be observed that the 
SLM specimen tested at 20°C exhibited an undeveloped 
fracture surface. The fracture occurred without necking, 
and the fracture mode appears to be of an intergranular 
nature. The specimen, after heat treatment, featured a more 
developed fracture surface with a few cleavage platforms 
and a number of dimples. As the specimen after SLM 
underwent tensile testing at 720°C, its fracture surface 
exhibited a significant increment in the number of dimples 
of a lower size. The fracture character of the specimens is 
classified as higher ductility, accompanied by the presence 
of brittle fracture areas. The specimen after SLM and heat 
treatment tested at 720°C had dimples and micro-voids, an 
indication of the ductile nature of the fracture. In all the 

cases, no visible cracks, inclusions, or unmelted powder 
particles were detected.

The results of the microhardness measurements 
supported the conclusions regarding the quenched state 
of the material after SLM. The sample produced without 
pre-heating exhibited a value of microhardness of 441 ± 
23 HV. The application of pre-heating was found to result 
in a reduction of material internal stresses by decreasing 
the thermal gradient, thereby leading to a decrease in 
microhardness to 390 ± 20 HV. After heat treatment, a 
microhardness of 288 ± 26 HV was measured.

These results underscore the need for a change in the 
heat treatment mode after SLM. The selected heat treatment 
mode was found to exert a negative impact on the tensile 
properties of the material. The results of the study indicated 
the formation of a quenched structure in as-built material 
and subsequent quenching within the heat treatment did 
not have a positive effect on the structure. Despite the lower 
values of average grain length and width, the specimens 
after heat treatment exhibited lower UTS values. During 
the heat treatment process, which involves quenching 
and high-temperature annealing, a recrystallization 

Figure 8. Fracture surfaces of samples after SLM without and with heat 
treatment after tensile testing at 20°C and 720°C. Magnification: ×100
Abbreviation: SLM: Selective laser melting

Table 3. Tensile properties of specimens fabricated in the 
present work

Condition Temperature, °C YS, MPa UTS, MPa ε, %

SLM ODS 20 ‑ 978±24 ‑

720 266±2 272±2 7.7±0.1

SLM 
ODS+HT

20 440±14 697±25 8.6±0.2

720 144±8 156±5 29.3±0.3

Abbreviations: ε: Elongation; HT: Heat treatment; ODS: Oxide 
dispersion‑strengthened; SLM: Selective laser melting; UTS: Ultimate 
tensile strength; YS: Yield strength.
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phenomenon occurs, leading to the dissipation of internal 
stresses. This resulted in a reduction in tensile strength and 
an enhancement in ductility. In this instance, it is probable 
that the impact of grain size on strength properties is less 
significant than the impact of internal stresses. Therefore, 
we propose carrying out only high-temperature tempering 
for stress relief in future studies.

The presented results indicate the beneficial effects of 
the Y2O3 strengthening. Thus, the process of fabrication 
of ferritic/martensitic ODS steels through SLM should 
be further investigated. Further research is necessary to 
enhance the material’s density and to conduct a thorough 
examination of its resulting microstructure. Further studies 
employing Transmission electron microscopy, Electron 
Backscatter Diffraction, and Small-angle X-ray scattering 
are necessary to investigate the size and distribution of the 
Y2O3. It is anticipated that in the future, this approach may 
facilitate the creation of material that exhibits both high 
strength and plastic properties.

4. Conclusion
In the present work, the ferritic/martensitic ODS steel 
with 0.25 wt.% Y2O3 was fabricated by SLM. The main 
conclusions of the study are summarized as follows:
(i)	 High material density, with a relative value of more 

than 98%, was achieved by adopting VED in the range 
of 80 – 110  J/mm3 and platform pre-heating. VED 
is identified as the most significant factor affecting 
relative density in this work

(ii)	 After heat treatment, partial recrystallization of 
grains was noted, as indicated by a shift in grain 
morphology from elongated to more equiaxed forms. 
In addition, the grain size decreased as a result of 
partial recrystallization. The impact of pre-heating on 
the process of structure formation was also observed, 
resulting in the formation of elongated and narrow 
grains

(iii)	At room temperature, reinforcement with 0.25 wt.% 
Y2O3 resulted in UTS values (978 MPa) of as-built 
material close to those for the similar ferritic/
martensitic ODS steel plates and tubes fabricated by 
traditional methods. The selected heat treatment mode 
led to a substantial decrease in strength properties 
(UTS = 697 MPa), whereas ductility was increased. 
However, the obtained material exhibited brittleness, 
indicating the necessity of employing a different heat 
treatment mode to ensure both enhanced strength 
and plastic properties.
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Abstract
This study investigates the influence of varying deposition angles on the tensile 
strength and low cycle fatigue (LCF) performance of National Aeronautics and Space 
Administration (NASA) HR-1 alloy using laser powder-directed energy deposition. 
This study investigates the influence of varying deposition angles on the tensile 
strength and LCF performance of NASA HR-1 alloy using laser powder-directed 
energy deposition. Two sets of build parameters, 1,070 W and 2,620 W, were employed 
alongside three different build angles to assess their influence on mechanical 
properties following a uniform heat treatment regimen. This heat treatment 
encompassed stress relief, homogenization, solution annealing, and double 
aging. Samples deposited at 1,070 W showed a slightly lower porosity percentage 
compared to those produced at 2,620 W. All samples displayed similar grain sizes and 
a homogenized microstructure, indicating the effectiveness of the heat treatment 
in achieving a uniform microstructure across samples deposited at different build 
angles and laser power settings. The varying deposition angles did not significantly 
affect the microstructure or mechanical properties of the alloy. Fractography analysis 
revealed that all samples fractured through transgranular micro-void coalescence, 
with fracture initiation predominately occurring at the edges of both tensile and 
fatigue samples.

Keywords: NASA HR-1 alloy; Laser power direct energy deposition; Build angle; Laser 
power

1. Introduction
National Aeronautics and Space Administration (NASA) HR-1, developed by the 
NASA, is an iron-nickel-chromium-based superalloy used in high-pressure hydrogen 
applications. It is an iron-nickel-based gamma prime-strengthened superalloy derived 
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from A-286 and JBK-75 alloys. NASA HR-1 was designed 
to improve strength and corrosion resistance while 
offering superior weldability compared to A-286 and JBK-
75. The alloy’s chemical modifications include an increased 
nickel and molybdenum content to mitigate solidification 
fractures. In addition, the tungsten content was increased 
to enhance the solution hardening treatment and reduce 
the formation of the acicular η-Ni3Ti phase. Furthermore, 
titanium and aluminum levels were also elevated to 
promote the formation of spherical γ’ precipitates, thereby 
improving the alloy’s strength. The chromium and 
vanadium volume fractions were maintained to ensure 
that NASA HR-1 retains the high corrosion resistance 
characteristic of A-286 and JBK-75 alloys.1,2

The alloy NASA HR-1 is used in aerospace components, 
particularly in liquid rocket engines. These components, such 
as regeneratively cooled nozzles, are designed to withstand 
extreme conditions, including high temperatures, high 
cyclic pressures, and hydrogen-rich environments, which 
render materials susceptible to hydrogen embrittlement.1,3-5 
Conventionally, regeneratively cooled nozzles were 
produced using vacuum induction melting and vacuum 
arc remelting, followed by hot or cold rolling to fabricate 
individual parts that are subsequently assembled into 
the final engine components. This conventional process 
is expensive and time-consuming. In contrast, additive 
manufacturing (AM) processes, such as laser powder direct 
energy deposition (LP-DED), are being explored as viable 
alternatives due to their potential to reduce production costs 
and facilitate the fabrication of large-scale components with 
complex features.4,6 In addition, AM is considered more 
sustainable than traditional manufacturing processes, such 
as casting and powder metallurgy, which have low efficiency 
in terms of material utilization and energy consumption.7,8 
At present, AM is employed across different industries, 
including aerospace, oil and gas, industrial, power, and 
energy, to create new components and repair damaged 
parts. DED is capable of producing parts from a range 
of high-performance materials, such as stainless steel, 
titanium, nickel, cobalt, and aluminum-based alloys.9 For 
instance, Inconel 718 has been manufactured using the 
same technology and has shown an ultimate tensile strength 
(UTS) of 711 MPa and a yield strength (YS) of 464 MPa 
after heat treatment.10 These mechanical properties can be 
achieved by designing a suitable heat treatment process 
that facilitates the creation of the desired microstructure. 
The LP-DED process involves creating a melt pool using a 
laser while simultaneously feeding metal powder into the 
melt pool; this powder melts and solidifies during cooling. 
In addition, the use of an inert gas is essential to prevent 
any contamination between layers during the deposition 
process.11

The LP-DED process has some limitations, such 
as geometric build angles, variations in thickness and 
surface texture, and the potential for process defects.1,9 It 
has been shown that walls with angles >30° begin to fail 
during deposition, whereas failure occurs at angles above 
45° in laser powder bed fusion.9 In addition, varying the 
orientation of the build can lead to different degrees of 
anisotropic characteristics in the AM microstructure.12 To 
optimize the LP-DED process, the build parameters must 
be adjusted during printing to strike a balance between 
build deposition rates and geometric resolutions. Key 
parameters include laser power and spot size, powder 
flow rate, gas flow rate, travel speed, layer height, and 
hatching.1,13 High laser power is particularly important 
for alloys like NASA HR-1, as it has a high melting point 
and high thermal conductivity that enables rapid heat 
dissipation.2 Consequently, laser power levels between 
1,200 W and 3,000 W are essential for effectively additively 
manufacturing this alloy using LP-DED. Increased laser 
power may produce deeper melt pools, allowing higher 
deposition rates and thus, enhancing raw material 
utilization efficiency.14 It is also crucial to maintain a 
balance between these parameters, as they can alter the 
thermodynamics during solidification, which, in turn, 
affects the microstructure and mechanical properties 
of the alloy.1,10,11 The primary objective of this study is to 
assess the impact of different laser power settings and build 
angles on the microstructure and mechanical properties 
of walls following heat treatment. The variables used in 
this study were selected based on previous research that 
demonstrated variations in performance when using 
1,070 W and 2,620 W before any heat treatment. This study 
evaluated the effectiveness of heat treatment in achieving 
a homogeneous microstructure across all angled walls. In 
addition, mechanical properties such as microhardness, 
tensile strength, and low cycle fatigue (LCF) were compared 
to evaluate different manufacturing parameters for angled 
walls in component fabrication.

2. Materials and methods
Angled walls with a thickness of 13  mm were built 
using rotary-atomized NASA HR-1 powder supplied by 
Homogenized Metals Inc. (HMI; USA) in a boxed-shaped 
structure, employing two different sets of parameters, 
1,070  W and 2,620 W. This geometry was chosen to 
facilitate the formation of desired build angles. The layer 
height, travel speed, and powder feed rate are shown in 
Table  1. These parameters were modified to create the 
desired build angle and laser power settings. The walls were 
deposited at angles of 0°, 20°, and 30° relative to the build 
direction, as shown in Figure 1. The walls were heat treated 
in the following order: Stress relief, homogenization, 
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Figure 1. Computer-aided design representation of walls printed at different angles
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solution annealing, and two-step aging. The complete heat 
treatment developed by NASA is outlined in Table 2. This 
heat treatment has been refined over the years to ensure 
consistency and to prevent detrimental phases, such as the 
η-phase, which can reduce the alloy’s ductility.1,12,15

2.1. Sample identification and powder specifications

A total of six heat-treated samples were evaluated, as shown 
in Table 1, with their respective deposition angles (0°, 20°, 
and 30°) and parameters (1,070 W and 2,620 W). Figure 2 
provides a photograph of the actual walls produced during 
this study. The powder feedstock had an average particle 
size distribution (PSD) of 45 – 105  µm, conforming to 
a +140 mesh at 0% and −325 mesh at 2.31% based on 
ASTM B214.16 The chemical composition of the powder, 
provided by the vendor, is detailed in Table 3 (HMI powder 
lot HRA18). Notably, the oxygen and nitrogen content 
in the feedstock were measured at 77  ppm and 10  ppm, 
respectively.

2.2. Powder characterization

The PSD of the NASA HR-1 powder was measured using a 
Dynamic Image Analyzer CAMSIZER X2 (MICROTRAC, 
United States). A JSM-IT500 scanning electron microscope 
(SEM) (Jeol, Japan) was used to evaluate the morphology 
of the powder. In addition, the Hall flow rate of powder was 
measured following ASTM B213-2017 using a non-metallic 
funnel with a nominal orifice diameter of 2.54 mm and a 

stopwatch. The formula used to calculate flowability is as 
follows:

  ( )
50 H

averagetime secFR
grams

=
� (I)

2.3. Defect content or density

ImageJ software18 (Version 15.4) was used to determine 
the porosity for each of the two-dimensional images of 
the angled walls captured with an optical microscope 
(Olympus,  Japan.)

(One image from each sample was used to measure the 
percentage area occupied by porosity in the XY plane.)

2.4. Metallographic preparation and grain size 
measurement

All walls were sectioned using an ATM Brilliant 220 
precision cutter (QATM, Germany) to obtain samples in 
the XY and YZ planes. A mixture of phenolic and epoxy 
powder, in a 2:1 ratio, was used with a ratio to create the 
metallographic sample in an ASTM Opal 460 hot mounting 
press (ATM, Germany).

Grinding was performed using silicon carbide grinding 
paper, starting with a grit size of 220 and progressing 
through finer grits until finishing with a 1,000-grit size. 
Initial polishing utilized diamond suspension pads with 
particle sizes ranging from 9 µm to 3 µm, followed by final 

Table 1. Summary of laser powder direct energy deposition samples with their respective printing parameters

Wall type Parameter set Powder type Layer height (cm) Travel speed (cm/min) Powder feed rate (gr/min)

0 Box‑0.180″ wall 1,070 W HMI‑HR‑1 0.101 101.6 16

20 Box‑0.180″ wall 1,070 W HMI‑HR‑1 0.101 101.6 16

30 Box‑0.180″ wall 1,070 W HMI‑HR‑1 0.101 101.6 16

0 Box‑0.400″ wall 2,620 W HMI‑HR‑1 0.038 76.2 27.1

20 Box‑0.400″ wall 2,620 W HMI‑HR‑1 0.038 76.2 27.1

30 Box‑0.400″ wall 2,620 W HMI‑HR‑1 0.038 76.2 27.1

Abbreviation: HMI: Homogenized Metals Inc.
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Table 2. Heat treatment cycle for NASA HR‑1 consisting of 
stress relief, homogenization, solution annealing, and aging

Heat treatment Temperature (°F)/duration (hours)

Stress relief 1,065°C/1.5

Homogenization 1,162°C/6

Solution annealing treatment 1,065°C/1

Two‑step aging 690°C/16 and 621°C/16

Figure 2. Photo of actual walls showing the 0°, 20°, and 30° angle deposition

Table 3. Chemical composition of NASA HR‑1 alloy powder

Chemical Fe Ni Cr Co Mo Ti Al V W

Percentage by 
weight (Wt%)

Bal 34.04 14.68 3.77 1.87 2.4 0.25 0.30 1.62

Abbreviation: Bal: Balance; NASA: National Aeronautics and Space 
Administration.

polishing with a 0.1 µm fumed silica pad. Force was lowered 
from 30 N to 20 N during final polishing until a mirror-
like surface was achieved. Both grinding and polishing 
processes were performed using a Saphir 530 machine 
(QATM, Germany). Grain sizes were measured using the 
intercept method according to ASTM E-11219 to determine 
the average grain size within each sample’s microstructure.

2.5. Mechanical testing

Four tensile dog bone samples were extracted from each 
heat-treated wall and subjected to tensile testing using an 
Instron 1,125 machine (Instron, USA) with a 100 kN frame 
according to ASTM E8-2.20 The tests were conducted until 
fracture to obtain the UTS, 0.2% offset YS, elongation, 
and reduction area. LCF was performed according to 
ASTM E606-21.21 using three machined dog bone samples 
also obtained from the angled walls. The LCF tests were 
conducted under fully reversal tensile-compressive 
conditions (R = −1) at a frequency of 0.5  Hz and strain 
range of 1% on a GLC DXF machine (Instron, USA) 
with a 100 kN frame. Microhardness measurements were 
taken using Qness CHD master hardness tester (QATM, 
Germany), which involved five indentations along each 
sample in the XY plane, following ASTM E2546.22

2.6. Fractography

Fracture surfaces on each sample were observed under 
JSM-IT500 SEM (Jeol, Japan). The working distance was 
adjusted between 23 and 35 mm to evaluate and identify 
the fracture mechanism of all samples, allowing for 
comparisons to determine whether they exhibited similar 
or differing behaviors during fracture. Sample preparation 
included the application of conductive tape to ensure 
electrical contact between the metal piece and the mount.

2.7. Statistical analysis

A t-test was performed to assess whether the results from 
tensile and fatigue testing exhibited significant differences, 
with P < 0.05 considered significant. Statistical analysis was 
performed using Minitab software (version 22.1.0).23

3. Results and discussion

3.1. Powder characterization

The powder exhibited an average Hall flow rate (FRH) of 
23.1 s/g and an apparent density of 1.10 g/cm3. The D10, 
D50, and D90 values were measured at 57 µm, 74 µm, 
and 95 µm, respectively. The PSD is shown in Figure  3. 
Furthermore, the spherical morphology and dendritic 
texture of the powder are shown in Figure 4.

In addition, Figure 5 displays the cross-section of the 
powder in both polished and etched conditions. In both 
states, gas porosity entrapment is evident in some particles, 
with an average diameter of 7.85 µm, as indicated by the 
arrows (Figure 5). This porosity can affect the defect content 
of the deposited beads. In the etched condition, a dendritic 
microstructure with very well-defined grain boundaries is 
observable in all particles, illustrating how these particles 
solidified during the rotary atomized process.

3.2. Defect content or density

The percentage of porosity was measured and compared in 
the XY plane for different power settings and deposition 
angles of the AM-angled walls. All samples exhibited 
small voids that can be classified as gas porosity based 
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Figure 3. Graphical representation of powder particle size distribution
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on their spherical morphology.24 Varying the deposition 
angle did not significantly impact porosity, as shown in 
Table 4. Moreover, this variation in angle did not reveal any 
additional defects. However, when comparing the effects 
of increasing the laser power to 2,620 W, it was observed 

that the porosity increased across all build angles. Figure 6 
illustrates that the sample at 0° with 2,620 W has more 
pores compared to the sample at 0° with 1,070 W. This 
increase in porosity can be attributed to gas being more 
easily entrapped in the deeper melt pools created by higher 
laser power.1,24

3.3. Microstructure analysis

Two samples with the same angle deposition (30°) and 
different laser power, 1,070 W and 2,620 W, were examined 
in their as-built condition. Both samples showed a 
dendritic microstructure resulting from the rapid cooling 
rates associated with DED, which typically ranges from 103 
to 105 °C/s.25 This microstructure is depicted in Figure 7. 
In addition, a tendency toward a globular microstructure 
(indicated by arrows) was observed on the downskin side 
of the wall. Partial melting of some particles was noted 
on the downskin surface, while the outer edges showed 
slightly higher void content compared to the bulk material. 
A  similar trend was observed in the sample processed 

Table 4. Comparison of porosity percentage on laser powder 
direct energy deposition NASA HR‑1 angled walls

Sample Porosity %

0° 1,070 W 0.08

0° 2,620 W 0.21

20° 1,070 W 0.07

20° 2,620 W 0.20

30° 1,070 W 0.01

30° 2,620 W 0.12

Figure 5. The cross-section area of HR1 powder in the etched condition 
at (A) ×150 and (B) ×400 magnification. The red arrows indicate gas 
porosity entrapment. Scale bar: (A) 200 µm; (B) 50 µm

BA

Figure  4. Image of HR1 powder under scanning electron microscope 
at magnifications of (A) ×55 and (B) ×140. Scale bar: (A) 200  µm; 
(B) 100 µm

BA
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at 2,620 W, where the globular microstructure formed 
between layers.

After heat treatment, the microstructure of two 
samples with the same deposition angle but different laser 
power settings was compared. Figure  8 illustrates the 
microstructure of two samples at 0° processed at different 
laser power, 1,070 W and 2,620 W. Both samples exhibited 
an austenitic microstructure characterized by equiaxed 
grains, along with duplex grain size and well-defined 
grain boundaries. The duplex grain size may result from 
differences in cooling rates between the periphery and the 

bulk of melt pools.25 In addition, no η phase (Ni3Ti) was 
observed at the grain boundaries under optical microscopy. 
This acicular phase may affect the ductility of the alloy by 
promoting intergranular fracture.25,26 The absence of the 
η phase suggests that the heat treatment was effective at 
preventing titanium segregation.

The grain size was compared between the samples processed 
at 0° with 1,070 W and 2,620 W, revealing average grain 
diameters of 189 µm and 181 µm, respectively. Figure  9 
shows the microstructure of samples at 0°, 20°, and 30° 
processed at 1,070 W, with measured grain sizes at 189 µm, 
196 µm, and 186 µm, respectively. The results for grain size 
are summarized in Table  5. In addition, no microcracks 
were found in the polished or etched conditions of any of 
the samples examined.

Figure  10A shows the distribution of carbides within 
the γ matrix of the 0° 1,070W sample, highlighting the well-
defined grain boundaries observed at higher magnification. 
Figure 10B shows the distribution of γ’ precipitates in the γ 
matrix of NASA HR-1 samples used in the literature.1 This 
observation suggests that the heat treatment was effective 
in promoting γ’ formation through titanium diffusion 
from the grain boundaries to the grain bulk.15 Given that 
physical and mechanical properties are directly related to 
the microstructure, it was anticipated that tensile strength, 
LCF, and microhardness would be very similar across all 
samples, due to their comparable grain size and shape, 
defect content, and absence of the η phase.26,27

3.4. Mechanical testing

3.4.1. Microhardness

Among the samples tested, the 20° 2,620 W sample 
exhibited the highest hardness, measuring an average of 
356 HV1. However, no statistically significant differences 
were found when comparing the hardness values among 
the samples. Figure  11 presents the hardness values 
obtained from testing across the different samples.

3.4.2. Tensile strength

UTS, YS, and percentage elongation are compared 
in Figure  12. All samples exhibited elongation values 
approaching 40%, indicating that the increased number 

Figure  7. Microstructure in the non-heat-treated condition of the 
(A)  1,070 W and (B) 2,620 W samples in the YZ plane. Red arrows 
indicate a dendritic microstructure with globular features at the inner 
side of angled walls. Scale bar: (A) 500 µm, 250,000 µm; (B) 200 µm, 
250,000  µm; magnification: Magnification for left images is ×20. 
Magnification for right image is ×100

B

A

Figure  6. Microscopic images of (A) 1,070 W and (B) 2,620 W laser 
power heat-treated samples printed at 0°. The red arrows show the pores 
within the sample. Scale bar: 1 mm, magnification: ×200

BA

Figure  8. Microstructures of samples processed at (A) 1,070 W and 
(B) 2,620 W laser power. Scale bar: 200 µm; magnification: ×100

BA
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Figure  11. Graphical comparison of microhardness on laser powder 
direct energy deposition heat-treated samples deposited with different 
deposition angles or laser power.

Figure  12. Tensile properties of laser powder direct energy deposition 
heat-treated samples printed with different deposition angles deposition 
or laser power
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Table 5. Comparison of grain size measured on XY plane on 
laser powder direct energy deposition NASA HR‑1 angled 
walls

Sample Average grain size (µm)

0° 1,070 W 189

0° 2,620 W 182

20° 1,070 W 195

20° 2,620 W 194

30° 1,070 W 188

30° 2,620 W 193

of defects present in the 2,620 W samples did not affect 
the ductility of the material.28 However, the 20° 2,620 W 
sample showed a slightly lower elongation of approximately 
30%. This sample also showed a significantly higher 
standard deviation compared to the rest, which may be 
attributed to possible local process instabilities or material 
abnormalities, such as residual porosity, thermal stress, or 
internal defects.29 Despite these variations, the UTS and 
YS of sample 2,620 were not statistically different from 

those of the other samples. This consistency can be linked 
to the similar grain size across all samples. In addition, 
the strength shown by the alloy is likely related to the γ’ 
strengthening mechanism used for this material, which 
enhances strength without compromising ductility.1,2

Overall, no significant differences were found when 
varying laser power or deposition angles, as confirmed 
by the t-test. The only property that showed a statistically 
significant difference was the YS of the 20° 2,620 W sample 

Figure  10. Distribution of carbides. (A) Sample 0° 1,070W shows the 
distribution of carbides within the γ matrix and (B) γ’ precipitates found in 
literature.1 Red arrows indicate γ’ precipitates under optical microscope. 
Yellow arrows also indicate γ’ under scanning electron microscope. Scale 
bar: (A) 20 µm, (B) 100 µm; magnification: ×500

B

A

Figure 9. Samples were printed at (A) 0°, (B) 20°, and (C) 30° deposition angles. Scale bar: 200 µm; magnification: ×100

CBA
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when compared to the 0° sample. However, this difference 
was not found when compared to the 30° sample. 
This suggests that the statistical difference observed is 
insufficient to conclude that YS is being affected at this 
deposition angle, as other evidence does not support 
this statement. Figure  13 shows one tensile curve for 
each sample, illustrating their mechanical performance 
characteristics.

One sample from each build angle and laser power 
setting was selected to examine the fracture surface and 
compare their fracture behavior. Figure  14 shows the 
fracture surface of the 0° 1,070 W sample as observed under 
an SEM. Gas-entrapped pores, indicated by red arrows, 
were observed at the center of the sample and were found 
more frequently in the 2,620 W samples, corroborating the 
results found during porosity measurements. In addition, 
all fractured surfaces exhibited dimples and cup-and-cone 
features, with small cleavage areas showing a predominant 
ductile fracture mechanism.30 The dimples measured 
approximately 2 µm in diameter and were consistent across 
different laser power settings and build angles. The fracture 
appearance suggests that it resulted from micro-void 
coalescence, with gas entrapment potentially contributing 
to fracture propagation. This behavior was observed in all 
samples, regardless of deposition angle or laser power.

3.4.3. LCF

The fatigue life of all samples was compared in terms of the 
number of reversal cycles required to failure (Nf) at high 
stress (~694 MPa), as shown in Figure 15. The 0° 2,620 W 
sample was the only one capable of withstanding nearly 
6,000 reversal cycles. This sample also showed a higher 

Figure 13. Tensile curves of laser powder direct energy deposition heat-treated samples printed with different deposition angles or laser power

standard deviation compared to the rest of the samples, 
which may be attributed to the previously mentioned 
abnormalities. Statistical analysis demonstrated that the 
number of cycles to failure was not significantly different 

Figure  14. The fracture surface of (A) specimen 0° 1,070 W observed 
under a scanning electron microscope. (B) The defects were found to 
be more concentrated at the center of the sample surface. Red arrows 
indicate gas-entrapped pores. (C) The fractured surface at a higher 
magnification (×1,000) showing the formation of dimples (blue arrows). 
Scale bar: (A & B) 500 µm, (C) 10 µm; magnification: (A) ×23, (C) ×1,000

CB

A
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among the samples. All samples printed at 1,070 W, 
regardless of their angles (0°, 20°, and 30°), showed no 
statistical differences, as P-values were greater than 0.05 
during testing. Furthermore, t-tests indicated no significant 
difference between the 1,070 W and 2,620 W samples. 
This similarity in fatigue behavior can be attributed to 
the comparable grain size and γ’ distribution across the 
samples, as these features can impede the propagation of 
fatigue cracks.27,31

One sample from each build angle and laser power 
setting was selected for observation under an SEM to 
evaluate the fractured surface. Figure 16A shows multiple 
initiation sites (indicated by red arrows) at the edges of 
the fractured sample. In Figure 16B, striations are visible 
in different planes at one corner of the sample, resulting 
from cyclic loading. This observation suggests that cracks 
initiated at the surface of the flat testing bars, particularly 
at the corners, and subsequently propagated toward 

the opposite edge of the sample until complete rupture 
occurred. This behavior can be attributed to sharp corners 
acting as stress concentrators, which promote fatigue crack 
initiation.32,33

4. Conclusion
In this study, LP-DED NASA HR1 angled walls were 
manufactured using two different parameter sets, 1,070 W 
and 2,620 W, and three deposition angles: 0°, 20°, and 30°. 
The samples underwent a comprehensive heat treatment 
process comprising stress relief, homogenization, solution 
annealing, and aging. Evaluations were conducted 
following heat treatments, including tensile and low-cycle 
fatigue testing. The following conclusions were obtained 
based on the results:

(i)	 Increasing the laser power from 1,070 W to 2,620 
resulted in a higher defect content due to increased 
porosity. This increase can be attributed to gas being 
more easily entrapped in the deeper melt pools created 
by higher laser power. Despite the rise in porosity, 
the mechanical properties of NASA HR-1 appeared 
unaffected.

(ii)	 After heat treatment, all samples formed an austenitic 
microstructure, effectively eliminating the dendritic 
microstructure typically formed by LP-DED due to 
rapid cooling rates. In addition, the heat treatment 
successfully produced a homogeneous microstructure 
across all samples, with no-η phase observed at grain 
boundaries under optical microscopy.

(iii)	 During tensile testing, the YS of the 20° samples was 
slightly lower compared with the 0° and 30° samples. 
However, this was the only statistical difference observed 
during the study. UTS and elongation values indicated 
all samples performed similarly. Microhardness was 
also unaffected by variations in processing parameters 
or build angles after heat treatment.

(iv)	 In terms of LCF life, the number of reversal cycles 
required for failure at high stress (~700 MPa) was 
not significantly different among the samples. This 
suggests that fatigue life remains consistent regardless 
of variations in parameters following heat treatment.
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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 AlSi10Mg 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  µm, 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.1 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.2,3 
This method facilitates the construction of lightweight structures with complex 
geometries by emulating biological processes inspired by biomimetic principles.4 
The principal advantages of AM include diminished production expenses, enhanced 
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geometric versatility, customization potential, generative 
design, and waste minimization.5,6 These attributes are 
pivotal across environmental, social, and economic 
dimensions.3,7

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.8,9

Various AM technologies have been broadly adopted, 
including fused filament fabrication, powder bed fusion 
(PBF), stereolithography, selective laser sintering, and 
digital light processing.10,11 The selection among these 
technologies is predicated on the desired functional, 
esthetic, and mechanical outcomes alongside financial 
considerations.12 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.9,12,13

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.14 
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.10

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.1

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.15,16 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.17-21

AM technologies, such as LPBF, 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.22-24 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.25-27 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.23,28,29

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.30,31 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.3,23

Previous studies, such as those by Mata et al.32 and 
Oliveira et al.,24 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 AlSi10Mg, 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.1,33,34

This investigation endeavors to optimize a bicycle pedal 
crank component for fabrication through AM, explicitly 
employing LPBF with an aluminum alloy (AlSi10Mg). 
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 Crank35 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 
14764:2022.36 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 

applied over 100,000  cycles.36 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 14781.10 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 AlSi10Mg 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 

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

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 1/5th  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, AlSi10Mg, 
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-

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

Figure 4. SEM images of AlSi10Mg metal powders supplied
Abbreviation: SEM: Scanning electron microscopy

Table 1. Chemical composition of AlSi10Mg alloy from 
Osprey37

Al Si Mg Fe Ti Mn Cu Ni

Balance 9 – 11 0.2 – 0.4 ≤0.55 ≤0.15 ≤0.45 ≤0.03 ≤0.04

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

B
A
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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 
LPBF. 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 μm abrasive sandpaper, smoothing in 

1 μm 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 LPBF. 
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 ImageJ 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 AlSi10Mg 
component produced via LPBF, 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.38

Figure 5. SEM/EDS analysis of AlSi10Mg powders. (A) SEM image shows the locations of the analysis areas marked as Z1, Z2, and Z3, selected for EDS 
analysis. Scale bar: 20 µm. (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

BA
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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 LPBF. As demonstrated 
in previous studies,[1,2]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/s40436-021-00379-6
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

In this study, melt pool dimensions were analyzed using 
ImageJ software (Figure 8), revealing an average width (W) 
of 153.6 µm (in purple) and a depth (h) of 60.7 µm (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),39 and SEM with electron 
backscatter diffraction.38,40,41

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 AlSi10Mg (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  6. Experimental procedure for microstructural and mechanical 
characterization

Figure 8. Melt pools’ dimensions. Scale bar: 100 µm

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 µm
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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.42 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 

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 428743 and ISO 2517844 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 µm, 
whereas the longitudinal direction had a Ra of 5.47 µm 
(Figure  11). The corresponding Rz values were 22.4 µm 
and 19.5  µm, respectively. The maximum peak height 
(Rp) in the transversal direction was 9.88  µm; in the 
longitudinal direction, it was 7.73 µm. The deepest valley 
(Rv) reached 12.6 µm and 11.8 µm in the transversal and 
longitudinal directions, respectively. The total roughness 
(Rt) was 33.3 µm in the transversal direction and 54.6 µm 
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 µm in 
the transversal direction and 3.77 µm longitudinally. The 
Rz values were 12.8  µm and 14.7  µm, respectively. The 
maximum peak heights (Rp) were 6.07 µm in the transversal 
profile and 6.55 µm in the longitudinal one. The deepest 
valleys (Rv) were 6.75 µm and 8.10 µm, respectively. For 
the total roughness (Rt), the values were 31.1 µm in the 
transversal direction and 23.1 µm 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  µm in the transversal and 10.9  µm 
in the longitudinal direction, compared to 6.93 µm and 
6.54 µm 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 

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

BA

Figure 10. Results of the static test held in nTopology (1300 N)
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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  µm and 4.13  µm for 
the transversal and longitudinal directions, respectively. 
The maximum peak heights (Rp) were 5.36  µm and 
5.05 µm, whereas the deepest valleys (Rv) were 8.02 µm 
and 8.57  µm. The total roughness (Rt) was 26.5  µm in 
the transversal direction and 39.5 µm in the longitudinal 
direction. The deeper valley in the longitudinal profile 
suggests inconsistent application of sandblasting post-
treatment in that area.

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 

Figure 11. Cube with a prismatic shape face 1 W-profile: (A) transversal, (b) longitudinal

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.

B

A
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Figure 12. Cube with a prismatic shape face 2 W-profile: (A) transversal, (B) longitudinal

B

A

Figure 13. Printed component W-profile: (A) transversal, (B) longitudinal

B

A
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and with the same laser parameters. The largest difference 
in Rsk occurs in the printed component’s transversal 
direction. The positive Rsk in 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 µm and 25.2 µm for surfaces 1 and 
2, respectively, and Sz values were 229 µm and 198 µm, 
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 µm compared to 72.3 µm for face 
1, while the deepest valleys (Sv) were 95.5 µm and 126 µm, 
respectively.

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

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.45 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.46 
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.47 achieved roughness as low as 4.5 µm by increasing 
energy density to 65 J/mm³, 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%.48 However, these processes also increase production 
time and costs. Finally, Chu et al.49 observed that satellite 
particles in the LPBF microstructure lead to defects such 
as lack of fusion, contributing to surface roughness. Visual 
analysis using ImageJ 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 

Figure 14. 3D surface texture after micro sandblasting of Alsi10Mg part: 
(A) transversal, (B) longitudinal

Figure 15. The 3D surface texture of the printed component after micro 
sandblasting Alsi10Mg part

BA
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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 c 
(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 component’s 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 part’s 
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 × 10-⁵ mm/°C.17 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 μm 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 AlSi10Mg 
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.

Figure  16. Features are measured directly in the component with the 
Leica® DVM6 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
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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.50,51

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 crank’s TO and AM in 
AlSi10Mg using LPBF. 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:

•	 Component achievement:
•	 Successfully designed and manufactured a 

topology-optimized bicycle crank in AlSi10Mg 
using LPBF

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

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

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

•	 Validation and testing:
•	 Microstructure analysis:

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

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

•	 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, changes in part orientation, 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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International Journal of Bioprinting is an international journal covering the 
technology, science and clinical application of the broadly defined field of 
Bioprinting. Bioprinting is defined as the use of 3D printing technology with 
materials that incorporate viable living cells or biological elements to 
produce tissue or biotechnological products. We are interested in the 
scientific topics spanning all stages of bioprinting process from concept 
creation to fabrication and beyond. Knowledge generated in these researches 
must be related to bioprinting. IJB covers subject areas, including but not 
limited to the following: 

• Information technologies and basic research 
• Materials and formulation 
• Cell source and biotechnology for additive manufacturing 
• 3D Bioprinting technologies 
• New design and fabrication paradigm 
• Applied research purpose & evaluation of 3D printed products 
• Associated social implications 

 
 

International Journal of AI for Materials and Design is an international, peer-
reviewed open-access journal that aims to bridge the cutting-edge research 
between AI and materials, AI and design. In recent years, the tremendous 
progress in AI is leading a radical shift of AI research from a mainly academic 
endeavor to a much broader field with increasing industrial and governmental 
investments. The maturation of AI technology brings about a step change in the 
scientific research of various domains, especially in the world of materials and 
design. Machine learning (ML) algorithms enable researchers to analyze 
extensive datasets on material properties and accurately predict their behavior in 
different conditions. This subsequently impact the industry to leverage on big 
data and advanced analytics to build scientific strategies, scale operational 
performance of processes and drive innovation. In addition, AI and ML are 
uniquely positioned to enable advanced manufacturing technologies across the 
value chain of different industries. Integration of multiple and complementary 
AI techniques, such as ML, search, reasoning, planning, and knowledge 
representation, will further accelerate advances in scientific discoveries, 
engineering excellence and the future of cyber-physical systems manufacturing. 
 
     International Journal of AI for Materials and Design covers the following 
topics: AI or machine learning for material discovery, AI for process 
optimization, AI and data-driven approaches for product or systems design, 
application of AI in advanced manufacturing processes such as additive 
manufacturing, IoT, sensors, robotics, cloud-based manufacturing, intelligent 
manufacturing for various applications, autonomous experiments, material 
intelligence, energy intelligence, and AI-linked decarbonization technologies. 
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