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REVIEW ARTICLE

Recent progress on materials for functional 
additive manufacturing

Hayeol Kim1 , Kyung-Hwan Kim1 , Jiyun Jeong1 , Yunsoo Lee1 , and 
Im Doo Jung1,2*
1Department of Mechanical Engineering, Faculty of Mechanical Engineering, Ulsan National 
Institute of Science and Technology, Ulsan, Republic of Korea
2Artificial Intelligence Graduate School, Ulsan National Institute of Science and Technology, Ulsan, 
Republic of Korea

Materials Science in 
Additive Manufacturing

Abstract
Material science in additive manufacturing (AM) has experienced remarkable 
advancements in the development of functional materials. This review systematically 
investigates the state-of-the-art research on AM of functional materials, providing a 
comprehensive overview of AM systems and methodologies employed for functional 
materials and applications. The review delves into various functional materials, 
including magnetic, metal powder, perovskite, piezoelectric, thermoelectric, and 
carbon-based materials, exploring their fabrication and applications in creating 
multifunctional components and devices. Furthermore, it examines the integration 
of these functional materials, enabling manufacturing on curved surfaces, the 
development of flexible components, and the enhancement of functional properties. 
By analyzing the latest developments in this rapidly evolving field, this review 
offers insights into current challenges, future directions, and potential innovations, 
promoting a deeper understanding of AM technology and stimulating further 
advancements toward the realization of advanced functional devices and systems.

Keywords: Additive manufacturing; Functional materials; Polymer matrices; 
Multifunctional components

1. Introduction
Additive manufacturing (AM), commonly referred to as three-dimensional (3D) printing, 
manufactures objects layer by layer. This process has revolutionized the manufacturing 
landscape by offering enhanced design flexibility and reduced production times. AM 
technology enables the fabrication of complex structures and allows for the manufacturing 
of creative and innovative designs.1-3 It facilitates the customized production of each 
product, which offers significant advantages in prototype development and personalized 
product manufacturing.4,5 Moreover, AM enables the fabrication of complex structures, 
contributing to light weighting and structural optimization in industries such as 
aerospace and automotive.6-11 With these diverse arrays of advantages, AM technology is 
driving innovative changes in the manufacturing industry.

Polymer materials are widely utilized in AM due to their inherent advantages, 
such as lightweight, corrosion resistance, mechanical strength, and biocompatibility.4 
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These polymers, ranging from photo-curable resins 
to thermoplastics and viscous polymer inks, find 
applications across diverse areas, including medical, 
aerospace, automotive, electronics, soft robotics, energy, 
environmental, and industrial fields, depending on their 
specific characteristics.12,13 Moreover, recent research is 
exploring the potential of polymers for 4D printing, where 
they can respond to stimuli such as temperature, light, 
electric fields, magnetic fields, and moisture, resulting in 
changes in shape or properties over time.14,15 The versatility 
and adaptability of polymer materials render them 
highly desirable for AM, especially when integrated with 
functional materials to enable a wide range of applications.

AM using functional materials has emerged as a 
critical area of research in the manufacturing industry. 
The use of polymer-based functional materials in AM 
offers significant advantages due to ease of processing and 
low manufacturing temperatures. By combining various 
functional materials with polymer matrices, it becomes 
possible to enhance the characteristics and functionalities 
of polymers, facilitating the fabrication of components 
with properties such as magnetic, actuating, and electrical 
conductivity.4 Furthermore, ongoing research is exploring 
the fabrication of parts with properties such as piezoelectric 
and thermoelectric behavior by leveraging multi-material 
manufacturing capabilities.16,17 The development of AM 
technology using functional and high-performance 
materials unlocks diverse applications across various 
industries, ranging from electronics engineering to medical 
purposes such as artificial organs and medical robotics.18,19 
These research efforts underscore the innovative 
advancements driven by AM with functional materials in 
the manufacturing industry and are expected to contribute 
to enhancing manufacturing process efficiency and 
product performance.

This review aims to comprehensively investigate state-
of-the-art research efforts on AM of functional materials 
integrated with polymer matrices. It systematically 
categorizes AM systems and methodologies used for 
polymer-based functional materials. Subsequently, it 
summarizes notable studies that fabricate various functional 
materials or structures, such as magnetic, metal powder, 
perovskite, piezoelectric, and thermoelectric materials, 
exploring their applications in fabricating multifunctional 
components and devices. Ultimately, by studying and 
analyzing the latest developments in polymer-based AM of 
functional materials, this review seeks to provide insights 
into current challenges, future directions, and potential 
innovations in the rapidly growing field of functional AM. 
Figure  1 provides an overview of functional materials 
for AM techniques and applications. Descriptions of key 

strategies, material selections, and application prospects 
are provided to foster a deeper understanding of AM 
technology and stimulate further innovation toward the 
realization of advanced functional devices and systems.

2. AM methods for functional materials
According to American Society for Testing and Materials 
standards, the AM of functional polymer materials can be 
classified into several categories: material extrusion, vat 
photopolymerization, binder jetting, powder bed fusion 
(PBF), and material jetting. Each AM technology has its 
unique manufacturing process and compatible materials, 
with the suitable technology varying depending on the 
required functional characteristics and polymer types. 
These classifications and characteristics are summarized in 
Table 1.

2.1. Material extrusion

Material extrusion is currently the most commonly used 
AM method, forming layers by extruding thermoplastic or 
liquid-state materials through small nozzles.20 While this 
method may have relatively lower resolution and accuracy, 
its affordability and ability to mix with various materials 
make it widely utilized, especially in the manufacturing of 
functional polymers. An example of a material extrusion 
AM method commonly used for polymers is depicted in 
Figure 2A.

Fused deposition modeling (FDM) is a 3D printing 
technique in which molten thermoplastic material is 

Figure  1. Overview of functional materials for additive manufacturing 
techniques and applications.
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extruded through a movable nozzle controlled by software 
to create layers.16 This process typically involves heating 
the thermoplastic filament to its melting point within the 
printer’s extruder assembly. The melted filament is then 
precisely deposited onto the build platform layer by layer, 
where it quickly solidifies to form the desired object. The 
movement of the nozzle is directed by computer-aided 
design software, allowing for the production of intricate 

and precise shapes. Recent advancements include screw-
based systems capable of using pellets, enabling the 
processing of a wider range of thermoplastic materials in 
large sizes. This expansion of capabilities has increased the 
scope of FDM applications in both research and industry.

Direct ink writing (DIW) is a 3D printing technique 
that enables the precise deposition of liquid-state materials 

Table 1. Characteristics of each polymer AM process

AM process Printing 
method

Raw materials Fabrication mechanism Resolution 
(xy [µm])

Resolution 
(thickness [µm])

Typical build 
size (mm3)

Material extrusion FDM Thermoplastic filaments or 
pellets

Molten material 
extrusion

100 – 150 100 – 200 223×223×305

DIW Viscoelastic ink Material extrusion and 
solidification

100 – 1200 100 – 400 260×220×70

Meniscus 
printing

Viscous ink Ink extrusion by 
meniscus contact

0.05 – 2 ‑ 4×25

Vat photopolymerization SLA Photosensitive polymer resin UV laser curing 6.5 – 25 25 – 300 145×145×175

DLP Photosensitive polymer resin DLP projector curing 35 – 100 25 – 150 140×79×100

CLIP Photosensitive polymer resin Continuous UV curing 75 0.4 – 100 150×80×300

Binder jetting ‑ Powdered materials Drop bonding liquid 100 260 – 380 1800×1000×700

Powder bed fusion SLS Polymer powder Laser sintering 30 – 100 60 – 180 340×340×600

Material jetting Polyjet Thermoset photopolymers Liquid material deposit 
and UV curing

42 – 85 16 – 28 294×192×148.6

Abbreviations: AM: Additive manufacturing; CLIP: Continuous liquid interface production; DIW: Direct ink writing; DLP: Digital light processing; 
FDM: Fused deposition modeling; SLA: Stereolithography; SLS: Selective laser sintering.

Figure 2. Schematic illustrations of the additive manufacturing process for functional materials. (A) Material extrusion 3D printing; left panel reproduced 
with permission from Liu et al.16 (Copyright © 2022 American Chemical Society); center panel reproduced with permission from Hossain et al.21 (Copyright 
© 2022 American Chemical Society); right panel reproduced with permission from Lee et al.23 (Copyright © 2017 American Chemical Society). (B) Vat 
photopolymerization 3D printing; left panel reproduced with permission from Pagac et al.25 (Copyright © 2018 American Chemical Society); center 
panel reproduced with permission from Chiappone et al.27 (Copyright © 2021 American Chemical Society); and right panel reproduced with permission 
from Wang et al.28 (Copyright © 2023 American Chemical Society). (C) Binder jetting; reproduced with permission from Jose et al.29 (Copyright © 2016 
American Chemical Society). (D) Selective laser sintering; reproduced with permission from Ouyang et al.30 (Copyright © 2022 American Chemical 
Society). (E) Material jetting; reproduced with permission from Sireesha et al.31 (Copyright © 2018 RSC Advances).
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through small nozzles to create desired shapes. This 
process involves the extrusion of material in a continuous 
stream rather than layer-by-layer deposition typical of 
other 3D printing methods. DIW allows for the use of 
various materials, including non-thermoplastic polymers, 
hydrogels, ceramics, and even living cells, in bio-printing 
applications. The ability to print with liquid materials 
provides flexibility in material composition and properties, 
making DIW suitable for a wide range of applications in 
fields such as biomedicine, soft robotics, and electronics.21,22

Meniscus printing is a 3D printing technology wherein 
liquid polymers are dispensed onto a flat surface and 
shaped using surface tension to achieve the desired form. 
This method typically involves the controlled deposition 
of droplets of liquid polymer onto a substrate. The surface 
tension of the liquid causes it to form a meniscus, which 
can be controlled to create precise shapes and structures.23,24 
Meniscus printing offers advantages in producing complex 
geometries and structures with high resolution and 
precision. It finds applications in various fields, including 
biomedicine, where it can be used to create biomaterials 
for tissue engineering and drug delivery systems.

2.2. Vat photopolymerization

Vat photopolymerization is an AM technology that 
selectively solidifies liquid resin contained in a vat 
using a curing device. The liquid resin typically consists 
of oligomers and monomers. When exposed to the 
curing light, the oligomers and monomers undergo 
polymerization, forming polymer chains that harden to 
create the desired object. The curing process occurs layer 
by layer, with each layer solidified before the next layer 
is added, resulting in precise and detailed models. Vat 
photopolymerization utilizes various curing devices such as 
UV beams, digital light, and light-emitting diodes (LEDs), 
offering advantages in high resolution and accuracy for the 
resulting products.25

Stereolithography (SLA) is a high-resolution 
AM technology that employs rastering lasers to 
photopolymerize liquid resin, forming 3D models. The 
process involves sequentially exposing the resin surface to 
the laser to create layers, with each layer cured by UV light.26 
A schematic diagram of the SLA process is illustrated on 
the left in Figure 2B. SLA is capable of producing intricate 
and complex models with high precision. It finds extensive 
applications in industries such as advanced medical, 
automotive, and aerospace due to its ability to fabricate 
precise and complex prototypes and functional parts.

Digital light processing (DLP) stands out in the realm 
of AM as a technology that precisely photopolymerizes 
liquid resin using a projector light source. Its significant 

difference from SLA lies in the light source. While SLA 
employs rastering lasers, DLP utilizes a projector light 
source, enabling a different approach to layer creation. 
A defining advantage of DLP is its capability to print an 
entire 2D layer simultaneously, thanks to the digital micro-
mirror device generating a digital image to illuminate each 
layer’s shape in one go.27 This simultaneous curing process 
contributes to the rapid production of high-resolution 
models, distinguishing DLP for its speed in manufacturing. 
This speed advantage positions DLP as a viable choice 
for applications where time-to-market is crucial, such as 
precision parts manufacturing and medical modeling. 
However, it is worth noting that compared to SLA, DLP 
may exhibit slightly lower resolution due to the nature of 
its projection method. Despite this minor drawback, DLP’s 
efficiency in printing speed makes it an attractive option 
for various industries seeking to balance between speed 
and resolution in their AM processes.

Continuous liquid interface production (CLIP) 3D 
printing is an AM technology that addresses the slow 
production speed of SLA and DLP by fundamentally 
changing the manufacturing process. Instead of layer-
by-layer manufacturing using photo-curable resin, CLIP 
continuously lowers a liquid resin pool to manufacture 
objects.28 This continuous process offers significantly faster 
production speeds, up to 100 times faster than conventional 
layer-by-layer methods, while maintaining high accuracy. 
CLIP holds promise for manufacturing innovation due to 
its speed and precision, opening up new possibilities for 
various industries. The primary distinction between DLP 
and CLIP lies in their manufacturing processes: CLIP utilizes 
a continuous manufacturing process, whereas DLP employs 
a layer-by-layer approach, as illustrated in Figure 2B.

2.3. Binder jetting

Binder jetting is an AM process that begins by evenly 
spreading powder material across a build platform. 
Subsequently, a binder, typically in liquid form, is precisely 
jetted onto the powder layer, selectively solidifying it. This 
process is repeated for each layer until the desired object is 
formed. The schematic of the binder jetting process is depicted 
in Figure 2C. Post-processing techniques such as sintering or 
infiltrating can, further, enhance the precision and strength 
of the final product. Binder jetting is known for its relatively 
high production speeds and cost-effectiveness, making it 
suitable for mass production. In addition, its ability to mix 
various materials provides versatility for manufacturing 
functional components across different industries.26

2.4. PBF

Polymer materials are primarily utilized in the PBF process, 
predominantly through selective laser sintering (SLS). 

https://dx.doi.org/10.36922/msam.3323
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SLS involves laying down a flat layer of polymer powder 
particles and selectively sintering them with a laser into 
the desired shape. After each layer is sintered, the powder 
bed is lowered, and another flat powder layer is laid on top, 
repeating the process until the entire object is fabricated. It 
is important to note that SLS differs distinctly from selective 
laser melting (SLM), as SLS does not fully melt the powder 
into a liquid state. The schematic of the SLS process is 
shown in Figure 2D. SLS technology offers the capability to 
manufacture complex 3D shapes, enabling its application 
across a wide range of fields. In addition, its ability to 
mix various materials further extends its versatility.30 
Particularly, noteworthy is the role of polymer powder 
in serving as support, enhancing design flexibility. From 
prototype fabrication to final product manufacturing, SLS 
emerges as a promising manufacturing method extensively 
used across diverse industries.

2.5. Material jetting

Material jetting is a manufacturing method where liquid 
materials are precisely sprayed through small nozzles to 
form layers. This technology offers exceptional fabrication 
speed, making it suitable for various industries and 
applications.31 In material jetting, materials are deposited 
at precise locations through small nozzles and then cured 
either by UV light or heat to form and bond layers. The 
referenced process schematic is shown in Figure 2E. This 
process allows for the creation of models with complex 
shapes and intricate details, providing high material 
selectivity and enabling the fabrication of parts with 
specific material properties tailored to the application’s 
requirements.

3. AM with functional materials and their 
applications
3.1. Magnetic powders

Recently, there has been active research on magnetically 
responsive soft materials among various types of polymer-
based stimuli-responsive soft materials. This interest 
primarily stems from their advantage of faster response 
compared to other operating modes, such as heat, light, 
and electric fields.32 The magnetic field, which serves as 
the actuating source for these magnetically responsive soft 
materials, is non-contact and relatively easy to control, as 
its magnitude, phase, and frequency can be modulated 
quickly and accurately, and the magnetic field is transparent 
to most materials.32-34

Magnetic filler particles generally consist of 
ferromagnetic materials that exhibit significant 
magnetization under an external magnetic field. These 
ferromagnetic materials can be classified according to their 

magnetization properties into hard magnetic materials, 
soft magnetic materials, and superparamagnetic materials. 
Hard magnetic materials have high remanence and 
coercivity. Remanence (or residual magnetization) refers to 
the magnetization remaining in a material after the external 
magnetic field has been removed. This property renders 
hard magnetic materials to be considered permanent 
magnets. Coercivity is the strength of the external 
magnetic field required to demagnetize the magnetized 
material. Hard magnetic materials can maintain significant 
residual magnetization even after the removal of the 
magnetic field following saturation, and they can also 
retain notable residual magnetization when subjected to 
magnetic fields below their coercive strength.35,36 Due to 
these characteristics, hard magnetic materials exhibit large 
hysteresis (Figure 3A). Hence, composites containing hard 
magnetic particles embedded in a polymer matrix retain 
high residual properties after magnetization and exhibit 
independent behavior in response to applied magnetic 
fields below the coercive fields. Hard magnetic materials 
include ferrite-based substances such as barium ferrite 
(BaFe12O19), strontium ferrite (SrFe12O19), or neodymium 
iron boron (Nd2Fe14B) and samarium cobalt (SmCo5, 
Sm2Co17) known as rare-earth magnets.

Soft magnetic materials, such as pure iron (Fe), nickel-iron 
alloy, and silicon-iron alloy, are known for their strong response to 
magnetic fields, characterized by high saturation magnetization. 
However, they tend to retain a low residual magnetization 
after saturation and are easily demagnetized due to their low 
coercivity. That is, soft magnetic materials have narrow hysteresis 
(Figure 3B). In addition, these materials, utilized as fillers, possess 
high relative permeability and swift responsiveness, making 
them widely utilized in the fabrication of magnetic alignment 
composites.35 Ferromagnetic particles smaller than a certain 
critical size are referred to as superparamagnetic materials, 
behaving somewhat similarly to non-magnetic substances in 
the absence of an external magnetic field, despite maintaining 
relatively high magnetization (Figure 3C). Superparamagnetism 
is a property exhibited by nanometer-sized magnetic particles, 
where the continual thermal motion and Brownian motion 
cause their magnetic structure to fluctuate, rendering them 
essentially unaligned in the absence of an external magnetic field. 
Notably, Fe3O4 nanoparticles are widely utilized in various fields, 
including biomedical applications and micro-robotics, due to 
their biocompatibility and relatively high magnetization.37-39 
Typically, Fe3O4 undergoes a transition from a soft magnetic 
phase to a superparamagnetic phase at a critical size of around 
20 nm.40

3.1.1. Magnetically responsive soft robots

Due to recent advances in 3D printing technology for soft 
materials, current research is focused on developing soft 
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robots capable of achieving complex behaviors through 
the use of 3D-printed magnetically responsive soft 
materials (Table  2). Embedded magnetic filler particles 
generate internal stress as they attempt to align with 
the magnetic field under external magnetic influence, 

resulting in macroscopic deformation and exhibiting 
intricate behavior.41-43

A method has been developed to program complex 
non-uniform magnetic domain patterns using permanent 
magnets or electromagnets on hard magnetic particles 

Figure  3. Comparison of magnetization characteristics under magnetic field. (A) Hard magnetic materials. (B) Soft magnetic materials. (C) 
Superparamagnetic materials.

Table 2. Comparison of materials and fabrication methods for magnetically responsive soft robots

3D printing method Material composition Description References

Material extrusion (DIW) NdFeB microparticles+thermoplastic 
elastomers (styrene‑isoprene block 
copolymers)

NdFeB‑SIS composite ink is developed to provide high 
elasticity (>1000%), and an origami‑inspired printing method is 
introduced for reprogramming.

41

Material extrusion (DIW) NdFeB microparticles+silicone 
elastomers (SE1700 and Ecoflex 
00‑30 Part B)

The evolutionary algorithm‑guided voxel encoding is proposed 
to design tailored magnetic density and direction, leading to 
functional biomimetic soft robots and expanded applications.

42

Material extrusion (DIW) NdFeB microparticles+silicone 
elastomers (SE1700 and Ecoflex 
00‑30 Part B)

A new 3D printing technology is proposed for 
shape‑programmable soft materials utilizing magnetic fields for 
untethered actuation and delivering potential for biomedical 
devices, and soft robotics via customized domain patterns and 
magnetization strength.

44

Material extrusion (DIW) NdFeB microparticles+silicone 
elastomers (Sylgard 184)

A 4D printing method utilizing an origami‑based magnetization 
technique is proposed. This method enables the fabrication of 
complex objects with the ability to reprogram their magnetization. 
Bionic hands serve as an example of this capability.

43

Material extrusion (DIW) NdFeB microparticles+thermoplastic 
elastomers (thermoplastic urethane)
NdFeB microparticles+silicone 
elastomers (Sylgard 184)

A continuum soft robot with omnidirectional steering 
capabilities, miniaturized ferromagnetic domains, and hydrogel 
skin for navigation in complex environments and steerable laser 
delivery was presented for minimally invasive robotics surgery.

45

Material extrusion (DIW) NdFeB microparticles+silicone 
elastomers (SE 1700)

A coaxial printing method for creating soft‑magnetic‑electrical 
fibers is presented, enabling hybrid functions issues in soft 
robotics and biomedical applications, demonstrated by 
catheter‑based electro‑ablation, somatosensory gripper.

47

Vat photopolymerization 
(DLP)

NdFeB microparticles+photocurable 
elastomers

A UV lithography‑based method is presented for patterning 
magnetic particles in elastomer matrices, enabling custom 3D 
magnetization profiles for higher‑order microrobots, leading to 
locomotion with multi‑arm grasping and multi‑legged crawling.

49

Vat photopolymerization 
(CLIP)

Fe3O4 nanoparticles+photocurable 
elastomers

A comprehensive solution for designing and fabricating a 3D 
micro‑robotic gripper using a high‑resolution CLIP process for 
untethered operation in both dry and aqueous environments has 
been presented, resulting in a monolithic gripper design.

50

Abbreviations: CLIP: Continuous liquid interface production; DIW: Direct ink writing; DLP: Digital light processing; NdFeB: Neodymium magnet.
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inside soft materials utilized in extrusion-based 3D printing, 
such as DIW.44 Soft materials embedded with neodymium 
magnet (NdFeB) particles, programmed through this 
method, can undergo rapid transformations of complex 
shapes under the influence of an external magnetic field. 
Building on this capability, a soft robot capable of crawling 
and jumping was developed. Similarly, a method has been 
developed that can program not only the direction but 
also the density of the magnetic domain on a voxel basis 
in the printed filament using an evolutionary algorithm.42 
Through this approach, a four-legged soft robot mimicking 
a trot (dog gaits) was developed from a soft material 
embedded with NdFeB particles under an alternating 
magnetic field. This demonstration highlights the potential 
for greatly expanding application possibilities beyond the 
brute-force approach used to program the magnetization 
domain of existing magnetically responsive soft materials.

A mechanism was proposed to reprogram the 
magnetization profile by folding a hinge-designed 
magnetically responsive material into a desired shape 
and applying an impulse magnetic field exceeding 
the coercivity. Using this mechanism, a multi-finger 
soft robotic gripper exhibiting precise operation was 
demonstrated (Figure 4A).41 A rock-paper-scissors gesture 
was demonstrated by re-magnetizing a magnetically 
responsive NdFeB material that mimics the human hand.45 
For hard magnetic materials that are already saturated, the 
remanence can be initialized by heating and cooling above 
the Curie point of the material in addition to applying an 
impulse magnetic field greater than the coercive force.

The self-responsive soft material is soft and flexible while 
exhibiting excellent responsiveness, enabling expansion 
into a core-sheath structure through integration with a 
functional core. Several studies have explored its application 
in biomedical contexts. For instance, a soft robotic catheter 
was developed using a polymer matrix embedded with 
NdFeB particles as a sheath and inserting other functional 
materials coaxially into the core.46 This catheter robot, 
featuring an optical fiber as its functional core and a 
magnetically responsive soft material coated with hydrogel 
as its sheath, demonstrated laser delivery by reaching the 
target point within a 3D cerebrovascular phantom through 
flexible motion. Similarly, a coaxial printing method has 
been developed, enabling the simultaneous printing of the 
core and sheath to yield structures with excellent magnetic 
reactivity and conductivity. This method involves using a 
conductive liquid metal core and a magnetically responsive 
soft material sheath structure embedded with NdFeB 
particles.47 Employing this coaxial printing method, a 
soft robot gripper has been developed, capable of grabing 
objects of various sizes by transforming under the influence 

of a magnetic field. In addition, a soft robot gripper capable 
of detecting the size of the captured object by analyzing the 
changing induced magnetic field was demonstrated.

In addition to extrusion-based 3D printing methods, the 
design and fabrication of magnetically responsive soft materials 
using light-based 3D printing methods have been reported. 
Compared to extrusion-based 3D printing, which typically has 
relatively lower resolution, light-based 3D printing generally 
has high resolution.48 By utilizing this technology, an eight-
legged paddle-crawling robot was developed by programming 
magnetic domains into NdFeB particles embedded within 
a magnetically responsive soft material.49 Demonstrations of 
the robot’s crawling motion on silicone oil were achieved by 
applying an alternating magnetic field. Furthermore, a micro-
scale robotic gripper was developed using the CLIP approach 
instead of the slower SLA approach, which exhibits clear 
boundaries between layers.50 This gripper utilizes Fe3O4 with 
a diameter of 20 – 30 nm, considered a superparamagnetic 
material, as a filler for achieving fast closing motion.40 The low 
residual magnetization enables rapid closing of the gripper by 
its elasticity.

3D printing technology has revolutionized the field of 
magnetically responsive soft robots, enabling the creation of 
complex designs and sophisticated functionalities that were 
previously unattainable through traditional manufacturing 
methods. Material extrusion 3D printing offers the ability 
to program the magnetization direction of the printed 
filament by applying an external magnetic field, allowing for 
customized designs. This technique has proven particularly 
useful for fabricating soft robots with intricate structures and 
tailored properties. Vat photopolymerization 3D printing 
also provides the capability for localized magnetization 
programming during layer-by-layer printing. Light-based 
3D printing generally offers higher resolution and faster 
printing speeds compared to extrusion-based methods. 
However, the use of dark magnetic materials can lead to 
reduced curing speeds, limiting the incorporation of high 
magnetic particle contents.

Despite the rapid advancements in 3D-printed 
magnetically responsive soft robots, several areas still 
require improvement:
(i)	 Real-time feedback-based autonomous control: In 

soft robotic applications, such as navigating through 
blood vessels, real-time feedback is crucial for obstacle 
avoidance and path planning. Vision-based feedback 
systems can be integrated with electromagnetic 
actuation systems to enable intelligent control and 
maneuverability.

(ii)	 Multi-material printing: The combination of materials 
with different magnetic properties using multi-
nozzle printers opens up possibilities for creating 
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multifunctional soft robots. Integrating magnetic 
materials with other functional materials, such as 
biocompatible or conductive materials, can expand 
the capabilities and applications of these robots.

(iii)	High magnetic particle content limitations in vat 
photopolymerization: While vat photopolymerization 
offers advantages like high resolution, it presents 
a challenge when using dark magnetic particles. 
These particles can hinder the curing process due 
to light absorption, making it difficult to achieve 
high magnetic particle content within the printed 
structures. This limitation can restrict the overall 
magnetic strength and functionality of the soft robots 
produced using this method.

3.2. Metal powders

In recent years, there has been remarkable progress in the 
field of electronic devices, especially with the emergence 
of soft electronics based on polymer matrices, which 
have seen significant advancements following the recent 
strides in 3D printing technology. Nanoparticle fillers 
can be added to polymers to impart various properties.51 
Among these, metal nanoparticle inks are readily 
available and exhibit relatively high electrical conductivity 
compared to inks containing other types of nanofillers.52 
These metal nanoparticles are used to develop a variety 
of flexible or stretchable soft electronics by combining 
embedded polymer composite ink, conformal printing, 

Figure 4. Polymer-based applications of magnetic powder- and metallic powder-embedded materials. (A) Origami-based programming magnetization 
profile method and soft robots based on magnetically responsive soft materials. Images reproduced with permission from Wajahat et al.41 Copyright © 2023 
American Chemical Society. (B) Soft wearable inductance sensor fabricated with a liquid metal core-polymer sheath structure. Images reproduced with 
permission from Zhou et al.74 Copyright © 2018 American Chemical Society.
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and 3D printer technology, which allows for on-demand 
production.

Metal nanoparticle fillers have a direct impact on the 
electrical and mechanical characteristics of the printed 
products.52-54 To determine the suitability of metal 
nanoparticles, factors such as electrical conductivity, 
oxidation stability, and electrical properties can be 
considered based on the required performance of 
individual soft electronics. The most commonly used metal 
nanoparticles are those of single elements, such as silver, 
gold, and copper nanoparticles.52-56 Among them, silver is 
the most widely used conductive filler due to its outstanding 
electrical conductivity, mechanical rigidity, and high 
corrosion resistance among metals.55-59 Moreover, silver 
nanoparticles find extensive use in medical applications, 
as they can be employed for selective laser photothermal 
treatment, leveraging the surface plasmon resonance effect 
and the ability to convert strongly absorbed light into local 
heat.60-62 Copper nanoparticles are relatively inexpensive 
compared to silver and gold and possess similar electrical 
conductivity and a low electron transfer effect as silver.53,54 
However, when forming copper nanoparticles in air, an 
oxide layer is generated on the surface for thermodynamic 
stability, leading to a reduction in electrical conductivity 
and an increase in sintering temperature.63-66 The 
formation of an oxide layer renders the sintering of copper 
nanoparticle inks technically challenging, which is one 
of the main reasons why copper nanoparticles are used 
less frequently than the relatively more expensive silver 
nanoparticles as conductive fillers.

3.2.1. Soft sensors embedded with metallic nanoparticles

Polymer-based sensors printed using 3D printing 
technology can achieve excellent shape restoration and 
perform various functions depending on the embedded 
conductive material. Particularly, polymer composites 
embedded with conductive nanoparticles are known 
to exhibit a sensitive resistance response to strain and 
possess excellent electrical conductivity.67-69 An ideal 
elastic conductor maintains constant high conductivity 
over a wide range of strain rates.70 In particular, strain and 
tactile sensors made of metals with excellent conductivity 
are actively being researched. The material, fabrication 
method, and performance of the polymer-based sensor 
embedded with metallic particles are summarized in 
Table 3.

Taking advantage of the fact that extrusion-based 
DIW 3D printing allows for multi-material printing, a 
tactile sensor was demonstrated through a single process 
with four different independently addressable nozzles.71 
The tactile sensor comprises two electrode layers, one 
insulating layer, a support layer, a sensor layer, and a 
base layer. The sensor layer and electrode layer contained 
silver nanoparticles embedded in silicone elastomer, and 
the completed sensor exhibited high flexibility, electrical 
conductivity, and sensitivity. It is also possible to expand it 
into an array form.

Strain sensors and capacitive sensors fabricated using 
a new method called hybrid 3D printing have been 
reported.72 Advanced soft sensors are accomplished 

Table 3. Comparison of materials, fabrication methods, and performance of soft sensors embedded with metallic nanoparticles

3D printing method Material composition Applications Performances References

Multi‑material 
extrusion (DIW)

Submicrometer‑sized silver 
particles+silicone elastomers 
(Dragon Skin 10)

Tactile sensor As the pressure applied rose from 100 to 
500 kPa, the device’s resistance decreased 
approximately twelvefold, dropping from 1.14 
kΩ to 95 Ω; gauge factor: about 180

71

Material extrusion 
(DIW) with automated 
pick‑and‑place

Silver micro‑flakes+thermoplastic 
elastomers (thermoplastic 
urethane)

Microcontroller 
device and 
wearable device

Electrical conductivity; initial: 104×S/cm; at 
strain of 240%: 0.1 S/cm; gauge factor 13.3

72

Feedback‑controlled 
material extrusion 
(DIW)

Silver micro‑flakes+poly (ethylene 
oxide) (PEO)

Inductive coil 
(also suitable for 
moisture sensing), 
wearable device

Electrical conductivity (1.38±0.0814) × 104  
S/cm (one order of magnitude lower than bulk 
silver)

73

Coaxially material 
extrusion (DIW)

Galinstan+silicone elastomers (737 
neutral cure sealant)

Strain sensor Maximum tensile strain of 100%; can be bent 
up to 180 degrees

74

Integrating vat 
photopolymerization 
(DLP) and material 
extrusion (DIW)

(i) DLP elastomer: acrylate‑based
(ii) �DLP plastic: acrylate‑thiol 

based
(iii) �DIW ink: photosensitive ink, 

conductive silver ink, and 
LCE ink

Strain gauge Gauge factor: 251 75

Abbreviations: DIW: Direct ink writing; DLP: Digital light processing; LCE: Liquid crystal elastomers.

https://dx.doi.org/10.36922/msam.3323


Materials Science in Additive Manufacturing Functional materials for AM

Volume 3 Issue 2 (2024)	 10� doi: 10.36922/msam.3323

through the integration of DIW printing and automated 
pick-and-place of electronic components within a unified 
manufacturing platform. Ink using silver flakes as filler in 
a thermoplastic polyurethane (TPU) matrix is printed as a 
strain gauge, along with a pick-and-place microcontroller 
and LED, resulting in the development of a large-area 
wearable strain gauge. The developed strain gauge outputs 
LED readings according to joint bending. Similarly, a 
moisture sensor was developed through a pick-and-place 
hybrid procedure of DIW 3D printing and surface-mount 
electronic components (LEDs).73 Polyethylene oxide 
(PEO) composite with silver flakes as conductive filler 
was extruded and printed in the form of an induction 
coil. When immersed in water, the printed conductive 
traces undergo a reverse drying process and exhibit higher 
impedance. Under controlled moisture, the ink maintains 
its printed shape and recovers to its initial impedance level 
after drying.

In addition, a flexible sensor was developed to detect the 
deformation and posture of a snake-like soft robot based 
on liquid metal (Figure 4B).74 Liquid metal-based sensors 
have the advantage of measuring large deformations 
by remaining connected even after experiencing large 
deformations due to their stable electrical properties. 
Since liquid metal has low printability, silicon and liquid 
metal are printed together coaxially. The sensor is printed 
in the shape of a solenoid and can be installed on a soft 
robot, such as a snake, to distinguish tensile and bending 
deformations.

Extrusion-based 3D printing has been considered the 
predominant approach for fabricating soft sensors embedded 
with metallic powder. However, a limited but notable 
alternative has been reported: vat photopolymerization 
printing. Photopolymerization-based printing is only 
applicable to photosensitive resins, and metallic powders 
may absorb and reflect light, potentially impeding sufficient 
light penetration into the material. These limitations can 
result in incomplete curing of the material and degradation 
of mechanical properties. In addition, metallic powders 
have high thermal conductivity, which can concentrate 
heat energy generated during the photopolymerization 
process onto the soft material, leading to thermal damage 
or deformation of the material.

To circumvent these limitations, hybrid 3D printing that 
integrates the advantages of vat photopolymerization and 
extrusion-based 3D printing was developed. This approach 
has demonstrated strain gauge fabrication.75 The hybrid 
3D printer combines DLP for high-resolution printing of 
a photosensitive matrix and DIW for printing conductive 
silver nanoparticle ink. Through optimization of printing 
parameters, strong interfacial bonding between the DLP-

printed matrix and DIW-printed functional materials was 
achieved. The developed strain gauge exhibited a gauge 
factor of 251, indicating relatively excellent sensitivity.

Advanced 3D printing techniques, such as multi-
material extrusion, hybrid printing, and coaxial printing, 
have emerged as powerful tools for fabricating soft sensors. 
These 3D printing methods have particularly facilitated soft 
sensors embedded with metallic nanoparticles, enabling 
immediate fabrication on request. The integration of metal 
particles into non-conductive polymer matrices imparts 
electrical conductivity, while the inherent flexibility of 
polymers facilitates their applications in various fields, 
such as strain sensors and wearable sensors. Despite their 
advantages, metal particle-embedded soft materials face 
several challenges:
(i)	 High-temperature sintering: Metal nanoparticles often 

require high-temperature sintering (typically above 
100°C) to enhance electrical conductivity, hindering 
in situ fabrication within the human body.

(ii)	 Cost limitations: Silver nanoparticles, the most 
commonly used, are expensive, thereby limiting their 
suitability for mass production. Although copper 
nanoparticles are cheaper than silver nanoparticles, 
they are less commonly used due to the aforementioned 
manufacturing difficulties.

(iii)	Oxidation: The large surface area of nanoparticles 
makes them susceptible to oxidation, potentially 
compromising their long-term performance.

3.3. Perovskites

Perovskite materials have attracted considerable interest in 
the semiconductor field due to their unique characteristics, 
such as strong absorption coefficients, excellent tolerance 
to defects, and high charge carrier mobility.76-78 Perovskites 
generally possess ABX3 structure, where A and B represent 
cations, and X represents an anion (A: MA+ or FA+ or 
Cs+, B: Pb2+ or Sn2+, X: Cl-  or Br-  or I-). The enhanced 
photoluminescence quantum yield (PLQY) and superior 
color purity inherent to perovskites significantly enhance 
the power conversion efficiency (PCE) in solar cells.79-83 
Furthermore, their broad wavelength spectrum facilitates 
the generation of diverse light colors in LEDs, which 
plays a critical role in achieving high-resolution display 
technologies.84,85 Moreover, these properties are critically 
harnessed in engineering highly sensitive sensors capable of 
detecting subtle environmental alterations.86 Conventional 
fabrication methods of perovskite devices include spin 
coating,87 spray coating,88 and blade coating.89 However, 
spin coating often leads to substantial material loss, spray 
coating poses challenges in controlling the uniformity of 
perovskite layer thickness, and blade coating encounters 
difficulties in fabricating ultrathin films.
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3D printing technology has emerged as an alternative 
that overcomes the limitations of conventional fabrication 
methods. It enables the fabrication of complex structures, 
optimization of material usage, and cost-effective 
production. In particular, it has been employed for 
fabricating perovskite layers using inkjet printing,90 
meniscus printing,91 electrohydrodynamic (EHD) 
printing,92 FDM,93 and DIW.94 However, securing high-
quality and stable inks remains a significant challenge. 
Technological advancements in the fabrication and 
performance of perovskite materials using 3D printing 
technology are detailed in Table  4, highlighting their 
application in devices such as solar cells, sensors, and 
LEDs.

3.3.1. Photovoltaic effect

Perovskite solar cells (PSCs) and photodetectors both 
leverage the light absorption properties of perovskites 
to generate electrical signals from light energy. In PSCs, 
light induces the generation of electron-hole pairs within 
the active perovskite layer, which are, then, transported 
through the hole transport layer (HTL) and electron 
transport layer (ETL) to electrodes, thereby transforming 
light into electricity. Similarly, perovskite photodetectors 
generate electron-hole pairs on exposure to light, guiding 
them toward electrodes to produce electrical signals for 
detecting light intensity and wavelength. These applications 
are pivotal in various fields, such as environmental 
monitoring, image sensing, and optical communication, 
requiring high sensitivity and rapid response times. These 

technologies underscore the versatility and efficiency of 
perovskites in converting light into electrical energy for 
various practical applications.

Inkjet printing achieves a high PCE of more than 21%, 
replacing the conventional spin coating method due to 
difficulties in scaling up to large areas. This advancement 
was facilitated by utilizing a high-concentration precursor 
to effectively form absorption layers thicker than 1 μm, 
and by streamlining the manufacturing process through 
a single-ink approach.95 Perovskite photodetectors with 
high resolution, flexibility, and wide color range have been 
fabricated using EHD printing, overcoming the limitations 
of fabricating multi-spectral semiconductors. This printing 
technique successfully produced high-quality perovskite 
dot arrays with 1 μm precision, presenting the potential 
for future wide-color photodetector and artificial vision 
systems.96

3.3.2. Perovskite displays

In perovskite LEDs and through photoluminescence in 
perovskites, the interplay of electrons and holes is crucial 
for the conversion of electrical and absorbed light energy 
into emitted light of various wavelengths. Electron-hole 
recombination within the perovskite layer is key to the 
efficiency of light emission in LEDs, where the introduction 
of various nanoparticles allows for a spectrum of colors 
with high purity. Photoluminescence, on the other hand, 
involves the absorption of photons that excite electrons to 
higher energy states. Following this excitation, some energy 
is lost, and the remaining energy is emitted as light when the 

Table 4. Fabrication methods and applications using perovskite

3D printing method Structure Applications Description References

Inkjet Cs0.1MA0.15FA0.75, Pb 
(I0.85Br0.15)3

Solar cells Inkjet‑printed micrometer‑thick perovskite solar cells achieve 
high power conversion efficiencies (PCEs) exceeding 21% and are 
promising for scalable applications in photovoltaic technologies.

95

Electrohydrodynamic 
(EHD)

MAPbX3 Photodetector The high‑resolution perovskite full‑colored photodetector 
achieves a responsivity of 14.97 A W‑1, a detectivity of 1.41×1012 
Jones and features 1 µm diameter dot arrays.

96

Inkjet CsPbBr3 Displays (LEDs) The inkjet‑printed perovskite photodetector reported a PLQY of 
61.8% and an external quantum efficiency (EQE) of 5.9%.

97

Inkjet FA0.8Cs0.2PbI3, 
CsPbBr3, 
Cs0.75EA0.25PbBr3

Displays (LEDs) Perovskite light‑emitting diodes (PeLEDs) exhibit a PLQY of 
14.3% and are used in flexible, large‑area panel lighting and 
displays, offering high resolution.

98

Inkjet CsPbBr3‑PVP Displays Inkjet‑printed perovskite nanocomposites achieve a 64.3% 
PLQY and are used for detailed, high‑resolution patterning in 
applications like anticounterfeiting labels.

99

Meniscus MAPbX3 Displays The meniscus‑guided 3D printing technique enables the creation 
of perovskite nanowire heterostructures with nano‑pixel 
resolution, facilitating innovative applications in high‑resolution 
optoelectronics.

91

Abbreviations: PLQY: Photoluminescence quantum yield; LEDs: Light‑emitting diode.
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electrons return to lower energy states. This process enables 
perovskites to emit light at wavelengths different from 
the absorbed light, showcasing their potential to produce 
diverse and pure colors in lighting and display technologies.

LEDs were fabricated using CsPbBr3 nanocrystals 
that maintain their crystalline structure and exhibit high 
PLQY even under high-temperature annealing. A  novel 
inkjet printing technique utilizing high-boiling decalin 
and octane-mixed solvents was developed. This method 
demonstrated a six-fold increase in efficiency compared 
to LEDs fabricated using conventional spin coating.97 
Perovskite LEDs (PeLEDs) have garnered attention due 
to their characteristics, such as solution processing, large-
area fabrication, and flexibility, which contrast with those 
of conventional inorganic LEDs. However, challenges 
arise when applying blade or slot-die coating to flexible 
substrates. In a separate study, large-area fabrication was 
achieved through inkjet printing technology. The fabricated 
PeLEDs exhibited an external quantum efficiency (EQE) of 
14.3% at an area of 0.04 cm², suggesting the feasibility of 
future wide-color displays.98

Inkjet printing capable of precision control was 
implemented by adding polyvinylpyrrolidone (PVP) to 
perovskite. This technology is activated by light, exhibiting 
a fluorescent effect. The patterns created are composed of 
dot microarrays, exhibiting homogeneity at a macroscopic 
level and high reproducibility at a microscopic level. In the 
pertinent study, the arrangement of these dots enabled the 
creation of complex images such as barcodes, the logo of 
Fuzhou University, and honeybee illustrations. Perovskite 
exhibits nearly invisible characteristics in ambient 
conditions and can be applied to flexible substrates, 
indicating its potential for use in anticounterfeiting 
labels (Figure  5A).99 Furthermore, complex-shaped and 
compositionally diverse perovskite heterostructures 
were fabricated using meniscus-guided printing. A study 
demonstrated the capability to program various emission 
colors, achieving color mixing and encryption at the single 
nanopixel level.91

Perovskite printing technology is garnering attention 
for its potential applications in flexible electronics and 
wearable devices due to its high material utilization 
efficiency and cost-effectiveness. This technology enables 
direct printing on flexible substrates, offering significant 
design flexibility and the ability to create precise patterns 
through fine nozzles, making it ideal for producing high-
resolution displays. However, devices such as PSCs and 
photodetectors face challenges in maintaining long-
term performance stability due to their sensitivity to 
environmental factors such as humidity and temperature. 
To overcome these challenges, further research emphasizes 

optimizing the chemical and physical properties of the 
ink, as well as exploring encapsulation and specialized 
coating techniques. Such advancements are expected to 
enhance the commercial viability of perovskite inkjet 
printing technology. In addition, ongoing studies focusing 
on optimizing ink viscosity, surface tension, and chemical 
properties are crucial for advancing this field.

3.4. Piezoelectrics

Piezoelectric technology possesses the capability to 
convert mechanical energy, such as vibrations or impacts, 
into electrical energy, and vice versa. The piezoelectric and 
converse piezoelectric effects are mathematically described 
by Equations I and II, respectively.

D = dT + ∈T E	 (Piezoelectric effect)� (I)

S = sET + dE	 (Converse piezoelectric effect)� (II)

In these equations, D represents electric displacement, d 
the piezoelectric charge coefficient, T mechanical stress, ∈T 
permittivity of the material (for T = constant), E electrical 
field, S mechanical strain, and sE mechanical compliance 
(for E = constant). The piezoelectric charge coefficient, 
d, varies depending on the material and its orientation, 
reflecting the material’s effectiveness in converting 
mechanical energy into electrical energy and vice versa. 
This technology is crucial in the development of compact 
electronic devices, such as portable gadgets, medical 
technologies, and Internet of Things devices.100,101 It enables 
continuous operation without the need for recharging, 
thereby gaining recognition as an environmentally friendly 
material.

Piezoelectric materials are categorized into ceramics 
and polymers. Ceramic materials include lead zirconate 
titanate (PZT)-based compounds, which possess high 
piezoelectric constants and ferroelectric properties,102 
as well as lead-free materials, such as BaTiO3, known 
for their environmental friendliness.103 On the polymer 
side, materials such as polyvinylidene fluoride (PVDF) 
and P(VDF-TrFE) are prominent, particularly in 
wearable technologies, due to their flexibility and ease of 
processing.104,105

Conventional manufacturing methods for piezoelectric 
devices, including sintering, etching, and cutting,106-108 
exhibit limitations in creating complex geometries. These 
methods often result in issues such as mechanical stress, 
loss of grain structure, reduction in strength, and near-
surface depolarization.109

The introduction of 3D printing technology has 
addressed these challenges, offering advantages over 
traditional manufacturing methods as follows: (i) the 
capability to fabricate complex structures, (ii) precise 
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control over microscale components, (iii) simplification of 
device assembly and packaging stages, and (iv) enhanced 
electromechanical responses and piezoelectric output.109 
Piezoelectric devices are primarily manufactured using 
3D printing methods such as SLA,110 FDM,111 DIW,112 
DLP,113 and inkjet printing.114 These techniques provide the 
potential for precise and efficient fabrication of complex 3D 
piezoelectric structures. Recent advances in 3D printing 
technology for piezoelectric materials are summarized 
in Table 5, highlighting their improved performance and 
applications in sensors, pressure detectors, and energy 
harvesting devices.

3.4.1. Energy harvester and sensors

Piezoelectric materials can convert mechanical stress 
or vibrations into electrical energy through structural 
deformation, leading to charge separation and 
accumulation. This process generates a potential difference, 
aiding in the transformation of mechanical to electrical 
energy, which can power devices immediately or be stored 
for future use. Widely adopted in the industrial sector for 
its accuracy and quick response, piezoelectric materials 
enable precise measurements of vibrations, pressure, and 
force, converting mechanical energy changes into electrical 
signals for application in various technologies.

Figure  5. Applications of perovskite and piezoelectric materials. (A) Microarrays of anticounterfeiting labels made from perovskites with 
polyvinylpyrrolidone. Images reproduced with permission from Liu et al.99 Copyright © 2019 American Chemical Society. (B) All-3D-printed pyroelectric 
NG (PyNG) applications, such as self-powered sensors and energy harvesting. Images reproduced with permission from Maity et al.115 Copyright © 2023 
American Chemical Society.
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A hybrid thermoelectric-piezoelectric nanogenerator, 
utilizing cellulose nanocrystals to harvest mechanical 
and thermal energy, was fabricated using FDM. This 3D 
printing methodology reduces the number of processing 
steps required for multilayer fabrication while maintaining 
excellent stability and performance. The fabricated sensor 
exhibits superior mechanical energy harvesting and can 
accurately detect heartbeats and respiration regardless 
of time and location without an external power source. 
Furthermore, the device facilitates noninvasive monitoring 
of cardiorespiratory status, representing an advancement in 
the development of human-machine interfaces through its 
self-powered operation (Figure  5B).115 Sensors fabricated 
using DIW with MoS2-enhanced PVDF demonstrated 
a piezoelectric coefficient (d33) of 48.4 pC N−1, which is 
approximately eight times higher than that of sensors 
produced through casting.116 In addition, a fully printed and 
PDMS-packaged piezoelectric sensor using P(VDF-TrFE)-
BaTiO3 was fabricated through DIW. The fabricated sensor 
was successfully attached to a prosthetic hand, enabling it to 
detect dynamic tactile data and identify objects.117

3.4.2. Piezo actuators

The inverse piezoelectric effect converts external electrical 
signals into mechanical energy, leading to the physical 
deformation of piezoelectric materials. When voltage is 
applied, the material’s crystal structure deforms, slightly 
changing its dimensions. The extent of this expansion or 
contraction is influenced by the magnitude and direction 
of the applied voltage and the type of material. This precise 
control over deformation is utilized in applications such 
as precision positioning, vibration generation, and fluid 

control. These capabilities underline the significance of the 
inverse piezoelectric effect in various technological fields.

A robotic metamaterial utilizing DLP technology 
has been fabricated, featuring multi-degree-of-freedom 
movements. This robotic metamaterial is designed as a 
micro 3D lattice structure that integrates piezoelectric, 
conductive, and structural elements. It can undergo 
numerous deformation modes, including twisting, shear, 
normal deformation, and combinations and amplifications 
of these modes. Such robotic metamaterials surpass 
the limitations of natural piezoelectric crystals and are 
expected to directly influence the development of future 
micro-robots and transducers.118

3D printing of piezoelectric materials allows for the 
precise fabrication of complex shapes and structures, 
applicable in various fields such as energy harvesters 
and sensors. This technology enables the design of 
multifunctional sensors with integrated capabilities. In 
addition, 3D printing facilitates the structural optimization 
of lightweight actuators. However, products manufactured 
through this method may have reduced durability compared 
to those produced by traditional methods, and minor 
defects that occur during the printing process can lead to 
performance degradation. Consequently, further research 
and development are needed to enhance the piezoelectric 
efficiency and durability of these materials, addressing the 
challenges inherent in the 3D printing process to ensure 
reliable and robust performance in practical applications.

3.5. Thermoelectrics

Thermoelectrics directly transform the temperature 
difference into electric current and vice versa using the 

Table 5. Comparison of materials and fabrication methods for piezoelectrics

3D printing 
method

Material 
composition

Applications Description References

FDM Cellulose 
nanocrystal, 
CNT

Energy Harvester 
and sensors

An all‑3D‑printed pyro‑piezoelectric nanogenerator using cellulose nanocrystals is 
introduced for self‑powered cardiorespiratory monitoring, facilitating non‑invasive 
health tracking.

115

DIW PVDF, MoS2 Energy Harvester 
and sensors

3D printing and 2D MoS2 nanofillers enhanced PVDF‑based sensors, achieving a 
piezoelectric coefficient of 48.4 pC N‑1, approximately 8.2 times higher than as‑cast 
PVDF for advanced precision applications.

116

DIW P (VDF‑TrFE), 
BaTiO3

Sensors A fully printed piezoelectric pressure sensor demonstrated in this work achieves 
a stable output of approximately 2.5 V at 30 kPa over 2000 seconds with minimal 
variation and is effectively employed in a prosthetic hand to discern the tactile 
hardness of various objects.

117

DLP PZT, SiOC Piezo actuators The described multi‑material additive manufacturing technique crafts intricate 3D 
robotic metamaterials with piezoceramic, metallic, and structural elements, enabling 
small‑scale devices capable of complex motions and integrated sensing for advanced 
robotic and transducer applications.

118

Abbreviations: CNT: Carbon nanotube; DIW: Direct ink writing; DLP: Digital light processing; FDM: Fused deposition modeling; PZT: Lead zirconate 
titanate; PVDF: Polyvinylidene fluoride; SLA: Stereolithography; SLS: Selective laser sintering.
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Peltier and Seebeck effects. This feature can be utilized in 
various fields, such as energy harvesting, cooling systems, 
and sensors.119 As the potential difference generated within 
a single p-n semiconductor remains at the millivolt scale, 
thermoelectric devices achieve higher voltages by linking 
multiple p-n semiconductors in series.120 For the n-type 
component, cationic materials such as TiO2-x and BixSb2-

xTe3-y, while for the p-type component, anionic materials 
such as Ni and Bi2 (SeyTe1-y)3 are used.

The inefficiency in utilizing thermal energy stems 
from the limitation of traditional thermoelectric device 
manufacturing, which is confined to a 2D plane. Therefore, 3D 
printing technology, which can overcome these limitations, 
is gaining attention. There are various thermoelectric 
manufacturing technologies utilizing the 3D printing 
method, including material jetting, vat photopolymerization, 
materials extrusion, PBF (SLS), screen printing, dispenser 
printing, and inkjet printing.17,120-124 These techniques offer 
benefits, including the capability to create precise structures, 
reduce material wastage, apply diverse materials, and expedite 
the prototyping process.119 Recent advances in 3D printing 
technology for thermoelectric materials are summarized 
in Table  6, highlighting their improved performance and 
applications in thermoelectric cooler and generator.

3.5.1. Thermoelectric coolers

Thermoelectric coolers (TECs), which function based on 
the Peltier effect, offer various advantages. TECs enable 
precise temperature control by directly adjusting power 
through variations in input current. Furthermore, they 
have the benefits of low noise and minimized size due to 
the absence of compressors.125 Therefore, numerous studies 
have been conducted to enhance stability and increase 
cooling efficiency.

Li et al.126 fabricated flexible thermoelectric thick 
films using screen printing on a polyimide substrate with 

a Bi0.5Sb1.5Te3/epoxy composite. These films created a 
temperature difference from 4.2 to 7.8 K when the current 
was between 0.01 and 0.05 A, with a power factor (PF) of 
1.12  mW/m·K-2. This achievement expands the potential 
of the flexible TECs with better cooling performance based 
on the higher PF value. Lu et al.127 utilized inkjet printing 
to fabricate thin film TECs using nanoparticle materials: 
p-type Sb1.5Bi0.5Te3 size of 9.8 ±2.7 nm and n-type Bi2Te2.7Se0.3 
size of 7.6 ± 1.9  nm on a polyimide (PI) substrate. The 
maximum PF was approximately 77 μW/m·K-2 at 75°C. This 
finding suggests the potential for improving the drawbacks 
of conventional nanoparticle thin-film manufacturing 
processes, such as complex manufacturing processes and 
material wastage. Since thin films are superior in localizing 
cooling and heating compared to bulk devices,128 they will 
lead to advancements in fields such as microelectronics 
and thermochemistry-on-a-chip.

3.5.2. Thermoelectric generators (TEGs)

The Seebeck effect is an electrical phenomenon observed 
between two semiconductors due to a temperature difference, 
where electrons migrate from one material to another in 
response to the temperature gradient. TEGs function based 
on the Seebeck effect, and they can generate electricity 
from small temperature differences, with the advantages of 
minimal size and lightweight. Therefore, numerous studies 
have been conducted to enhance stability and broaden the 
scalability of application areas. A  state-of-the-art, flexible 
TEG with metal chalcogenide nanowires was developed 
through inkjet printing. The printed films achieved a 
PF of 493.8 µW/m·K-2 at 400 K and a power density of 
0.9 µW/m·K-2 using materials such as Ag2Te, Cu7Te4, and 
Bi2Te2.7Se0.3.

129 This development enhanced both parameters 
and demonstrated promising scalability for novel materials. 
Moreover, a flexible TEG on a paper substrate was developed 
through dispenser printing. Materials such as Bi0.5Sb1.5Te3 and 
Bi2Se0.3Te2.7 were used, achieving an output power and voltage 

Table 6. Comparison of materials and fabrication methods for thermoelectric

Printing Method Composition Application Performance Reference

Screen Bi0.5Sb1.5Te3/epoxy composite TEC Temperature difference from 4.2 to 7.8 K with current 0.01 
to 0.05 A, at PF of 1.12 mW/m·K‑2

126

Inkjet p‑type Sb1.5Bi0.5Te3
n‑type Bi2Te2.7Se0.3

TEC PF of 77 μW/m·K‑2 at 75°C 127

Inkjet Ag2Te, Cu7Te4, Bi2Te2.7Se0.3 TEG PF of 493.8 µW/m·K‑2 at 400 K and power density of 0.9 
µW/m·K‑2

129

Dispenser Bi0.5Sb1.5Te3, Bi2Se0.3Te2.7 TEG Output power and voltage of 10 nW and 8.3 mV, 
respectively, with a thousand bending cycles at 35K

124

Ink dispensing SWCNTs/SDBS, SWCNTs/CTAB TEG PF values of 308 µW/m·K‑2 and 258 µW/m·K‑2 for the p‑type 
and n‑type film, respectively

130

Abbreviations: PF: Power factor; SWCNTs/CTAB: Single‑walled carbon nanotubes/cetyltrimethylammonium bromide; SWCNTs/SDBS: Single‑walled 
carbon nanotubes/sodium dodecylbenzene sulfonate; TEC: Thermoelectric cooler; TEG: Thermoelectric generator.
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of 10 nW and 8.3 mV, respectively, after a thousand bending 
cycles at 35 K.124 Figure  6B illustrates the manufacturing 
process and the complete structure of the flexible TEG. This 
research indicates the potential for printing TEGs on paper, 
which is widely used in various industries, thus enhancing 
the scalability of TEGs. Furthermore, Mytafides et al.130 
fabricated TEGs using ink dispensing with single-walled 
carbon nanotube (SWCNT) material. The resulting TEGs 
achieved high flexibility and PF values of 308 µW/m·K-2 and 
258 µW/m·K-2 for the p-type and n-type film, respectively. 
The materials used were SWCNTs/sodium dodecylbenzene 
sulfonate and SWCNTs/cetyltrimethylammonium bromide. 
These TEGs maintained stability even in encapsulated 
conditions, demonstrating the potential for advancing 
TEG technology by adopting new materials and producing 
durable TEGs for applications in extreme conditions. 
Figure 6A depicts the structural composition, flexibility, and 
overall construction of the fabricated TEGs.

3.6. Carbon-based materials

Carbon-based materials are compounds consisting of 
carbon atoms, with properties varying according to their 
chemical structure. They generally exhibit lightweight, 
high strength, electrical and thermal conductivity, and 
chemical stability. Examples of carbon-based materials 
include graphene, which consists of widely spread carbon 

atoms, carbon nanotubes (CNTs) with a cylindrical 
structure, and fullerenes with a spherical shape. These 
materials find wide applications in various fields, such 
as microelectronics, electrochemical biosensors, strain 
sensors, and chemical sensors.131,132 At present, the general 
manufacturing methods for carbon-based materials are 
chemical vapor deposition (CVD) and arc discharge. 
However, CVD has disadvantages, such as the use of 
numerous solvents, complex manufacturing processes, 
and high costs. The arc discharge method may also 
be susceptible to impurities and material wastage.133 
Therefore, various printing techniques such as DIW, binder 
jetting, inkjet printing, spray coating, FDM, and SLS have 
been developed to address these problems. These methods 
offer advantages such as simplification of processes, 
precise structure printing, minimal material wastage, and 
rapid prototyping. However, challenges remain, including 
high porosity, weak connections between layers, and 
ensuring the production of high-quality materials.134 
Recent advances in 3D printing technology for carbon-
based materials are summarized in Table 7, with improved 
performance and applications in sensor and battery.

3.6.1. Carbon-based sensors

Carbon-based chemical and strain sensors have 
revolutionized modern sensing technology. Chemical 

Figure  6. Applications of thermoelectric materials. (A) Fabrication of an all-carbon, fully printed, and flexible thermoelectric generator, including 
its structure, flexibility, and overall composition. Images reproduced with permission from Mytafides et al.130 Copyright 2021 © American Chemical 
Society. (B) Schematic diagram illustrating the fabrication process and the resulting transparent paper-based flexible thermoelectric generator. Images 
reproduced with permission from Zhao et al.124 Copyright © 2019 American Chemical Society. Abbreviations: OTEG: Organic thermoelectric generator; 
PTFE: Polytetrafluoroethylene; TE: Thermoelectric.
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sensors exhibit notable sensitivity to various compounds, 
with short response and recovery times. Similarly, strain 
sensors can sensitively detect structural deformations and 
stresses. Consequently, carbon-based chemical and strain 
sensors demonstrate innovative application potentials 
across various industries.

(a)	 Chemical sensors

Chemical sensors rely on chemical reactions altering the 
material’s properties, forming the fundamental principle 
of their operation. Due to the durability and outstanding 
properties of carbon-based materials, they are often 
utilized in chemical sensors. For instance, a highly sensitive 
flexible ethanol sensor was developed using inkjet printing, 
functionalized with poly(3,4-ethylenedioxythiophene) 
and carboxylic acid (COOH) poly (styrenesulfonate) 
(PEDOT:  PSS) CNT. It exhibits a sensitivity (ΔS/ΔC) of 
24.4×10−4 and short response/recovery times of 13/60 at 
1000  ppm.135 Its high sensitivity is anticipated to lead to 
the development of precise ethanol sensors. In addition, a 
humidity sensor was developed using graphene-carbon ink 
through screen printing on substrates such as glossy paper, 
matt paper, and sylvicta. The sensor resistance-humidity 
gradient was approximately 12.4 Ω/%RH (room humidity) 
from 25% RH to 91.7% RH. It displayed flexibility, stability, 
repeatability, durability, and short response/recovery time.136 
Detecting humidity is essential across diverse industries, 
environmental monitoring, and health-care sectors, making 

it applicable in various fields. Furthermore, a volatile 
organic compound sensor was developed using pristine 
graphene formulated from ethyl cellulose and toluene/
ethanol through extrusion printing.137 Sized approximately 
12 μm, it demonstrated the capability to detect chemical 
substances such as ethanol, methanol, and acetone within 
the range of 5 – 100 ppm. A formula relating concentration 
in ppm and resistance variation was derived, enabling 
current concentration measurements. The miniaturization 
of existing sensors suggests the potential to advance 
portable chemical sensor technology, thereby leading to the 
development of portable chemical sensors. Furthermore, 
Anca et al.138 fabricated NH3 detectable chemical sensors 
using laser-induced forward transfer printing. The minimum 
detectable NH3 value was 25 ppm, with a response time of 13 
s, showcasing an expansion of the manufacturing process.

(b)	 Strain sensors

The strain-sensitive property of an object, influenced 
by its structure, undergoes changes when subjected to 
mechanical forces such as tension or compression. This 
alteration in the property enables accurate measurement 
of strain experienced by the object.

Flexible strain sensors were developed using CNT ink 
with multiwall nanotubes and PVP through meniscus-
guided printing based on the principle of piezoresistivity. 
This sensor achieved gauge factors of 12.87 at compressive 
strain and 13.07 at tensile strain and maintained its 

Table 7. Comparison of materials and fabrication methods for carbon‑based materials

Printing method Composition Application Performance References

Inkjet Poly (3,4ethylenedioxythiophene), 
COOH, PEDOT: PSS, CNT

Chemical sensor Sensitivity (ΔS/ΔC) of 24.4×10‑4 and short 
response/recovery times of 13/60 at 1000 ppm

135

Screen Graphene‑carbon ink Humidity sensor resistance‑humidity gradient was~12.4 Ω/%RH 
(room humidity) on 25%RH to 91.7%RH

136

Extrusion Pristine graphene formulated from 
ethyl cellulose, toluene/ethanol

VOC sensor Detect chemical substances ‑ ethanol, methanol, 
and acetone within the range of 5 to 100 ppm.

142

Laser‑induced forward 
transfer

SWCNTs/SnO2 NPs Chemical sensor 
(NH3)

At room temperature, NH3 response time of 13 s 
for 25 ppm

144

Meniscus MWNTs, PVP Strain sensor Gauge factors of 12.87 at compressive strain and 
13.07 at tensile strain at over 1500 bending cycles

137

FDM Graphene‑based polylactic acid, TPU Strain sensor High level of sensitivity 138

Inkjet Graphene nano‑sheets, green 
solvent: ethanol, stabilizer: 1 wt% 
ethyl‑cellulose

Battery ~942 mAh/g at 0.1 C. With the 100 cycles of 
bending, 87% capacity remained.

140

Inkjet LiFePO4/AB/CNT Battery 150 mAh/g at 0.1 C with 150 cycles 141

Vat photopolymerization 
(SLA)

PEGDA, Sudan I, GPE, PC, EC, 
Carbon black

Battery Capacity of 1.4 μAh/cm2 after 2 cycles. 143

Abbreviations: AB: Acetylene Black; CNT: Carbon nanotube; EC: Ethylene Carbonate; FDM: Fused deposition modeling; GPE: Gel Polymer 
Electrolyte; MWNTs: Multiwall nanotubes; NPs: Nanoparticles; PC: Propylene Carbonate; PEDOT: PSS: Poly (3,4‑ethylenedioxythiophene) polystyrene 
sulfonate; PVP: Polyvinylpyrrolidone; SLA: Stereolithography; SWCNTs: Single‑walled carbon nanotube; TPU: Thermoplastic polyurethane; 
VOC: Volatile organic compound.
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performance over approximately 1500 bending cycles 
(Figure  7A and B).139 This research, by enhancing the 
gauge factor, has improved precision and shown new 
potential in fields such as robotics engineering and 
wearable sensors, which demand precise measurements. 
In addition, a strain sensor using graphene-based 
polylactic acid with TPU was developed through FDM. 
It operates on the principle of piezoresistivity, calculating 
variations in resistance induced by applied tensile and 
compressive strain.140 The study demonstrated the 
possibility of enhancing flexibility by more than fourfold 
while maintaining a high level of sensitivity comparable 
to that of a typical graphene sensor.

3.6.2. Batteries

Most lithium-ion batteries share similar shapes and solid 
properties. However, since the majority of electronic 
devices use batteries and their design must accommodate 
the battery, it hinders the free design of electric devices. 
To overcome these drawbacks, there is increasing 
attention on 3D printing technology, which enables 

free control of shapes and the fabrication of precise 
structures, including flexible batteries. Consequently, 
research is progressing on 3D printing carbon-based 
materials, which constitute the major parts of a battery, 
to address these problems.

A state-of-the-art flexible battery was developed 
with a CNT:  MnO2 anode. It achieved a capacity of 
63 μAh cm-2 at 0.4  mA cm−2 and experienced only a 
2.72% loss in capacity when the battery was bent.141 This 
advancement holds promise for the development of 
wearable electronic devices, medical devices, and smart 
clothing. Furthermore, a lithium-ion battery utilizing 
graphene nanosheets with solvent exfoliation using 
green solvent (ethanol) and stabilizer (1 wt% ethyl-
cellulose) was developed through inkjet printing. The 
battery achieved a capacity of approximately 942  mAh/g 
at 0.1 C. Even after 100  cycles of bending, the electrode 
retained approximately 87% of its initial capacity, as 
shown in Figure  7C.142 It demonstrated outstanding 
battery performance and scalability in industries such as 
smartphones and automobiles. Furthermore, a lithium-ion 

Figure 7. Fabrication and application of carbon-based materials. (A) Schematic diagram illustrating the meniscus-guided printing process for fabricating 
a transparent paper-based flexible thermoelectric generator (TEG), along with its resulting structure. (B) The fabrication process of an all-carbon fully 
printed and flexible TEG, including its structure, flexibility, and overall composition. Images in (A) and (B) reproduced with permission from Wajahat 
et al.137 Copyright © 2018 American Chemical Society. (C) A schematic depiction of the graphene ink, inkjet-printing process, and annealing of printed 
samples in the production of graphene thin-film electrodes for use in lithium-ion batteries. Images reproduced with permission from Kushwaha et al.142 
Copyright © 2021 American Chemical Society.

C

BA

https://dx.doi.org/10.36922/msam.3323


Materials Science in Additive Manufacturing Functional materials for AM

Volume 3 Issue 2 (2024)	 19� doi: 10.36922/msam.3323

battery using LiFePO4/AB/CNT was developed through 
inkjet printing. It demonstrated a specific capacity of 
150 mAh/g at 0.1 C with 150 cycles.143 This study represents 
the fabrication of thick electrodes with high-power density 
and energy density, revealing the potential for high-
performance energy storage devices. Furthermore, Chen et 
al.144 developed a lithium-ion micro-battery using carbon 
black through SLA. The battery exhibited a capacity of 1.4 
μAh/cm2 after two cycles of charging. This study signifies 
the expansion of existing manufacturing methods.

4. Conclusion and future perspectives
The promising and essential AM technology, pivotal for 
the Fourth Industrial Revolution, offers tremendous utility 
in manufacturing, spanning from product development 
to efficient production and small-batch manufacturing 
of diverse products. The advancement of AM technology 
has led to the development of materials with enhanced 
performance and novel characteristics, alongside the 
introduction of efficient and precise manufacturing 
systems to the market. Particularly, intensive research 
on functional materials based on polymer substrates and 
their applications is currently underway, showcasing their 
immense potential value.

In this review, we categorize the AM technologies 
primarily used for manufacturing functional polymer 
materials based on their manufacturing methods and 
operational principles. Subsequently, we examine the AM 
processes based on the characteristics of functional materials. 
By emphasizing the key features of each material, we support 
an upward approach to functional polymer design, enabling 
not only optimal process ability but also the achievement of 
multifunctional and complex shape manufacturing.

Next, we investigate the functional properties primarily 
utilized in current polymer-based functional materials. The 
development of functional materials based on polymers is 
predominantly focused on photosensitive resins. Extensive 
research has been conducted on the development of 
functional resins with properties such as biocompatibility, 
electrical conductivity, and magnetism. For instance, 
research on biocompatible resins is progressing for the 
optimal design of artificial organs and internal implants. 
In addition, research on functional materials for various 
applications, such as sensors, actuators, and soft robots, 
utilizing electrical conductivity and magnetism, is ongoing. 
Studies showcasing the achievement of special functionalities 
through the utilization of the unique 3D manufacturing 
capabilities and mixed production characteristics of AM 
technologies have also been examined.

Furthermore, we explore the development of 
functional components with various structures utilizing 

AM technologies, such as piezoelectric, thermoelectric, 
and perovskite materials. The advancement of functional 
components usable in diverse applications such as energy 
harvesting, displays, and sensors has been facilitated by 
the development of AM technologies. Integration with 
polymer materials has enabled manufacturing on curved 
surfaces, the development of flexible components, and the 
enhancement of functional properties, maximizing the 
utilization methods and fields of AM technologies.

This review emphasizes the importance of functional 
polymer materials in expanding the scope and capabilities 
of AM processes. Active participation in diversifying 
material options to meet the varied requirements of 
modern manufacturing, ranging from photosensitive resins 
to polymer powders, filaments, and viscous inks, is evident 
in recent research. Novel functional polymer materials with 
enhanced conductivity, actuation, and other functionalities 
hold huge potential across various application domains, 
from biocompatible implants to smart robots.

Overall, the rapid growth of research environments 
and technological advancements in polymer materials 
for AM signify a promising future where AM becomes 
an essential and complementary component of the 
modern manufacturing ecosystem. Through continuous 
interdisciplinary collaboration and innovation, the vision 
of realizing fully functional custom products through AM 
will be achieved.
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Abstract
Graded multi-material parts achieve a compositionally graded transition between 
two different materials, mitigating undesirable consequences such as cracking and 
delamination due to property mismatch and significantly improving the comprehensive 
performance of parts. In this study, the Ti6Al4V/AlMgScZr-graded multi-material parts 
were fabricated using laser powder bed fusion technology, introducing a composition-
graded layer with 25 wt.% Ti6Al4V and 75 wt.% AlMgScZr at the interface to reduce the 
mismatch between the two materials. The effect of the graded layer’s laser scanning 
speed on the densification behavior, microstructure evolution, and mechanical 
properties of the Ti6Al4V/AlMgScZr-graded multi-material parts was investigated. It 
was revealed that the crack area at the interface reduced from 0.325 to 0.067 mm2 as 
the scanning speed increased from 2400 to 2800 mm/s and then increased to 0.161 
mm2 at 3000  mm/s. A  smooth, continuous-graded layer with good metallurgical 
bonding was fabricated at 2800 mm/s. The TiAl3 intermetallic compound was formed 
at the interface and underwent a transition from rod-like to coarse dendritic and finally 
to finer dendritic structure along the building direction. The Ti6Al4V/AlMgScZr-graded 
multi-material parts exhibited a graded decrease in microhardness from 374 HV0.2 
on the Ti6Al4V side to 122 HV0.2 on the AlMgScZr side, and an excellent compressive 
strength of 1531 MPa was obtained at the optimal parameter of 2800 mm/s.

Keywords: Laser powder bed fusion; Graded multi-material parts; Interface; Intermetallic 
compound

1. Introduction
Graded multi-material parts consist of at least two different materials in the three-
dimensional (3D) space.1 By integrating the exceptional properties of various materials, 
multi-material parts can overcome the limitations of single-material parts and 
thus effectively fulfill the functional and performance requirements of engineering 
applications.2,3 For instance, in the construction of aircraft wings, connections between 
Ti alloy longeron components and Al alloy rudder connectors are typically achieved 
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through traditional fabrication methods such as bolting 
and welding. However, these methods are susceptible to 
issues such as fatigue and looseness under high-frequency 
vibrational environments, imposing substantial limitations 
on the geometric shapes of the parts and leading to interface 
defects and brittle phase issues that severely compromise 
the reliability of the parts, ultimately affecting their service 
life.4,5 Employing graded multi-material design is expected 
to achieve integrated fabrication of “material-structure-
performance” in Ti6Al4V/AlMgScZr frame girder to 
achieve excellent interfacial metallurgical bonding and 
comprehensive mechanical properties.6

Laser directed energy deposition (LDED) and laser 
powder bed fusion (LPBF), as two near-net shape 
manufacturing techniques, offer greater design freedom 
in fabricating graded multi-material parts, enabling the 
production of parts with more complex geometric shapes 
compared to traditional manufacturing methods.7 These 
techniques have been applied in fabricating at least two 
distinct metals in both vertical and horizontal directions 
within a part.8,9 LPBF utilizes a discrete-to-accumulative 
approach to fabricate solid parts. Based on a computer-
generated 3D model, it employs a high-energy laser beam 
to selectively melt and solidify the pre-laid metal layer by 
layer to fabricate multi-material parts.10 With a smaller 
laser spot size and thinner layer thickness, LPBF enables 
the fabrication of more complex structures compared 
to LDED.11 In laser additive manufacturing of multi-
material parts, the main challenge is the mismatching 
of mechanical and thermal properties among different 
materials. During both the manufacturing and utilization 
processes, the unavoidable sharp interfaces can result 
in steep gradients in performance, which may become 
focal points for residual stress concentration and lead 
to premature failure. In certain extreme cases, property 
mismatches, such as thermal conductivity and melting 
temperature between materials, can render the forming 
process entirely unsuccessful.12 At present, multi-material 
connections typically present three common joining 
methods.12: direct joining,13,14 graded path method,15,16 and 
intermediate section method.17,18 Graded multi-material 
parts can achieve a graded transition between two materials 
along the building direction, thus addressing the issue 
of mismatched interface performance in multi-material 
systems. For example, 316L/CuSn10 multi-material parts 
possess excellent electrical and thermal conductivity, 
along with high specific strength and cost-effectiveness, 
making them widely applicable in industries such as 
power generation and heat transfer. However, the notable 
difference in thermal expansion coefficients between 
Cu and Fe, as well as the high thermal conductivity of 
Cu, results in an increased temperature gradient at the 

interface. Consequently, the rapid solidification process 
in LPBF induces the development of thermal stress and 
microcracks at the interface.19 Wei et al.20 successfully 
utilized a composition-graded layer to fabricate 
316L/CuSn10-graded multi-material parts with excellent 
metallurgical bonding. They discovered that elements 
at the interface exhibited good mutual diffusion, and 
microhardness showed a graded change along the building 
direction. The results indicated that a composition-graded 
layer could help reduce the temperature gradient between 
316L and CuSn10, alleviate thermal stress, significantly 
inhibit interfacial cracks, and enhance interfacial bonding 
strength. Demir et al.21 utilized the multi-material 
LPBF system to fabricate 316L/Fe35Mn-graded multi-
material parts with a tensile strength of 600 MPa. They 
have discovered that due to the deliberate mixing of the 
graded powder within the multi-material LPBF system and 
sufficient melting of each layer, elements such as Cr, Ni, and 
Mo in the 316L were gradually replaced by Mn, resulting in 
a continuous-graded transition. Consequently, the method 
of graded joining in the fabrication of multi-material parts 
could be expected to achieve good metallurgical bonding 
at the interface.

Ti alloys possess high specific strength, excellent 
fatigue characteristics, and good high-temperature 
behavior, while Al alloys exhibit good ductility and heat 
conduction alongside low density.22,23 These properties 
render them widely used in aerospace, automotive, and 
medical applications as lightweight and high-strength 
materials. The integration of both alloys in Ti/Al multi-
material parts holds promise for significantly enhancing 
the lightweighting efforts and overall performance of metal 
components.8 However, the distinct physical properties of 
Ti and Al alloys present challenges when combining them 
for specific applications. During laser irradiation, as the 
molten pool approaches the melting point of Ti alloys, 
Al alloys are susceptible to elemental depletion, resulting 
in gas entrapment and pore formation.24 In addition, the 
formation of intermetallic compounds (IMCs) poses 
a major obstacle for Ti/Al multi-material systems. The 
limited solubility between the two materials increases 
the likelihood of IMCs formation in Ti-Al system such 
as Ti3Al, TiAl, and TiAl3 during metallurgical reactions, 
thereby resulting in decreased interfacial bonding strength 
of multi-material parts.25

Jing et al.26 investigated Ti6Al4V/AlSi12 multi-material 
parts prepared through LDED, resulting in a transition 
layer approximately 0.8 mm wide. They observed that the 
presence of Si elements caused more complex metallurgical 
reactions at the interface and the uneven distribution of 
microhardness. Cracks were identified at the interface, 
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thereby weakening the bonding strength of the Ti6Al4V/
AlSi12 multi-material parts, which exhibited a tensile 
strength of approximately 110 MPa. In a separate study, 
Wu et al.27 utilized LPBF to fabricate Ti6Al4V/AlSi10Mg 
multi-material parts, achieving a good metallurgical 
bonding with a transition zone width of only 0.1 mm. The 
in situ generated nanoparticles Ti5Si3 during interfacial 
reactions improved interfacial bonding, resulting in a 
tensile strength of 264.8 MPa. However, a large lattice 
distortion at the interface was observed, attributed to the 
absence of heat treatment.

It has been reported that the direct joining strategy for 
fabricating multi-material parts consisting of Ti alloy and 
Al alloys often leads to the formation of cracks. These cracks 
primarily arise from the abrupt change in the composition 
at the interface and the mismatches in properties between 
the two materials. Therefore, Liu et al.28 fabricated 
Ti6Al4V/AlSi10Mg-graded multi-material parts using 
LDED. In their study, the composition gradually changed 
from 100 vol.% Ti6Al4V to 100 vol.% AlSi10Mg, effectively 
mitigating interface properties mismatch at the interface. 
Their results indicated a gradual variation in microstructure 
and phase constitution with the increasing proportion of 
AlSi10Mg, leading to the formation of a graded reaction 
transition layer approximately 2-mm thick along the 
building direction. This transition layer comprised α-Ti → 
AlTi3 → Al3Ti + Ti5Si3 + Al5Ti2 → Al3Ti + Ti5Si3 + Al5Ti2 + 
Al → Al3Ti + Al. Despite the increased thickness of IMCs, 
the systematic gradient variation of these compounds 
also resulted in a gradual change in microhardness along 
the building direction, culminating in a tensile strength 

of approximately 417 MPa. These results underscore 
the effectiveness of Ti/Al-graded multi-material parts 
in alleviating issues such as cracking deformation and 
inferior performance caused by differences in properties 
between Ti and Al at the interface.

In this study, a graded joining method was employed, 
which added a composition-graded layer (25 wt.% Ti6Al4V 
+ 75 wt.% AlMgScZr) to avoid excessive formation of 
brittle IMCs and consequent property mismatch. This 
method facilitated a gradient transformation from the 
interface composition while ensuring good metallurgical 
bonding. The Ti6Al4V/AlMgScZr-graded multi-material 
parts were fabricated using LPBF technology. Detailed 
investigations were conducted on the relationships between 
process parameters, densification behavior, microstructure 
evolution, and mechanical properties. In addition, the 
mechanisms underlying the IMC generation and crack 
formation were elucidated, providing a fundamental 
understanding of LPBF-processed Ti6Al4V/AlMgScZr-
graded multi-material parts.

2. Materials and methods
2.1. Materials

In this study, Ti6Al4V/AlMgScZr-graded multi-material 
parts were fabricated using gas-atomized Ti-6Al-4V 
powders (TLS Technology Co. LTD, Germany) and 
Al-4.2Mg-0.6Sc-0.2Zr powders (Heraeus Materials 
Technology, Taiwan, China) with particle sizes distribution 
of 20 – 67 μm (Figure 1A) and 22 – 67 μm (Figure 1B), 
respectively, were used. Ti6Al4V powder and AlMgScZr 

 Figure 1. The raw materials for laser powder bed fusion-processed Ti6Al4V/AlMgScZr-graded multi-material parts. (A) The particle size distribution and 
morphology of Ti6Al4V powders. (B) The particle size distribution and morphology of AlMgScZr powders. (C) The morphology of graded powder, (D) 
the Ti element distribution of graded powder. (E) The Al element distribution of graded powder. Scale bars: (A and B) 50 μm, magnification ×500; (C-E) 
100 μm, magnification ×1000.
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powder were homogeneously mixed in a weight ratio of 25 
to 75 (Figure 1C-E). Mixing was performed using a V-10L 
V-shaped mixer (Changsha Miqi instrument equipment 
Co., LTD, China) under an argon atmosphere, with a 
mixing time of 0.3 h and a mixing speed of 50 r/min.

2.2. Graded multi-material parts LPBF process

A self-developed LPBF-80 apparatus was used to fabricate 
the Ti6Al4V/AlMgScZr-graded multi-material parts. The 
apparatus consists of a 200 W fiber laser with a spot size of 
70 μm, an automatic powder spreading system, a process 
control system, and a protective atmosphere system. The 
schematic of graded multi-material parts for the LPBF 
process is illustrated in Figure 2A. Initially, Ti6Al4V powder 
was spread onto a room-temperature Ti6Al4V substrate at 
oxygen concentration below 50  ppm, employing a flexible 
rubber recoater blade to fabricate the Ti6Al4V layer. 
Subsequently, the powder cylinder and recycled product 
were cleaned, and the graded powder and AlMgScZr powder 
were added to two separate powder cylinders to process the 
subsequent layers. The Ti6Al4V/AlMgScZr-graded multi-
material samples were fabricated using the parameters listed 
in Table 1, with both Ti6Al4V and AlMgScZr adopting their 
respective optimized laser process parameters. However, the 
graded layer exhibited a high propensity to crack under the 
same heat input as Ti6Al4V and AlMgScZr, which could be 
reduced by appropriately increasing the scanning speed of the 
graded layer. An island scanning strategy with a rotation angle 
of 37° between layer N and layer N+1 was applied to mitigate 
the effect of thermal stress (Figure  2B). For microstructure 
analysis of the interface, cubic samples with two different 

building heights were used, as shown in Figure  2C. In 
addition, cylindrical samples with a length-to-diameter ratio 
of 1.5:1 were processed for compression testing. The parts 
produced using LPBF are presented in Figure 2D.

2.3. Physical characterization of the samples

The LPBF processed samples were ground and polished 
following standard metallographic procedures, followed 
by etching using Kroll reagent (1  mL HF, 2  mL HNO3, 
47  mL H2O, Sinopharm Chemical Reagent Co., Ltd., 
China) for 30 s. The density of the LPBF processed parts 
was measured according to Archimedes’ principle. The 
crack area was observed using an optical microscope (OM) 
(BX53M, OLYMPUS, Japan) and calculated using Image J 
software (National Institutes of Health, USA). The surface 
roughness of the graded layer was examined using a LEXT 
OLS5000 laser confocal scanning microscope (OLYMPUS, 
Japan). The microstructure of the Ti6Al4V/AlMgScZr-
graded multi-material parts at the interface was observed 
using a scanning electron microscope (SEM) (LYRA3, 
TESCAN, Czech Republic), and the XFlash 6130 EDS 
system (BRUKER, YYY) was used for characterizations 
to identify the parts and element distributions around the 
interface. Phase constitution was measured using a D8 
Advance X-ray diffractometer (XRD) (Germany) with Cu 
Kα radiation at 40 kV and 45 mA, in the 2θ range of 30° – 
90° and a scan rate of 4°/min.

2.4. Characterization of mechanical properties of 
the samples

Microhardness tests were performed using a Micromet 

Figure  2. Schematic and experiments of LPBF-processed Ti6Al4V/AlMgScZr-graded multi-material parts. (A) Schematic of graded multi-material 
parts LPBF process. (B) The chessboard scanning strategy applied in LPBF. (C) The graded multi-material block model. (D) The laser-processed parts. 
Abbreviations: CAD: Computer aided design; LPBF: Laser powder bed fusion.
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5101 micro-sclerometer (Bang Yi Precision measuring 
Instrument (Shanghai) Co., LTD, China), applying a load 
of 200  g and a dwell time of 10 s. Fourteen points, with 
a step size of 0.2  mm symmetrically positioned about 
the interface, were measured. Compression tests at room 
temperature were conducted using a CMT5205 testing 
machine (MTS, America). The ultimate compressive 
strength and strain of Ti6Al4V/AlMgScZr-graded multi-
material samples were determined from the engineering 
stress-strain curves. Fracture morphologies of samples 
were characterized using SEM.

3. Results and discussion
3.1. Surface morphology and densification behavior

Figure  3 demonstrates the surface morphology and 
roughness of the graded layer of LPBF-processed Ti6Al4V/
AlMgScZr-graded multi-material parts at different 
scanning speeds (Figure 2C-1). The samples were oriented 
vertically, with the Ti6Al4V layer at the bottom and the 
graded layer at the top.

Various issues, such as overlapping of the molten pool, 
pores, balling, protrusions, and cracks, can impact surface 

roughness, thereby influencing the subsequent LPBF 
process. At a scanning speed of 2400 mm/s, a rough surface 
with a Ra value up to 33.35 μm was observed, with cracks, 
pores, and protrusions evident in Figure  3A. During the 
LPBF process, excessive laser energy input led to significant 
heat accumulation in the molten pool, resulting in excessive 
residual thermal stress. Consequently, the concentration 
of residual thermal stress induced crack formation at the 
interface. The protrusions might be caused by partially 
melted powder particles or local disturbances in the 
molten pool. Increasing the scanning speed to 2600 mm/s 
still resulted in the presence of pores and protrusions 
(Figure  3B), albeit with a reduced Ra value of 29.78 μm. 
The higher scanning speed helped decrease residual 
thermal stress in the graded layer. Samples processed at 
2800  mm/s exhibited a further reduction in Ra value to 
24.18 μm, although some protrusions were still observed. 
This reduction in surface roughness may be attributed to 
decreased cracking and warping, which were beneficial for 
subsequent LPBF processes. However, when the scanning 
speed reached 3000 mm/s, the insufficient laser energy input 
prevented the complete melting of the powder in the molten 
pool. As a result, a roughened-graded layer with a Ra value 

Table 1. The process parameters applied in the fabrication of Ti6Al4V/AlMgScZr-graded multi-material parts using laser powder 
bed fusion process

Parameters Materials

Ti6Al4V AlMgScZr Graded 1 Graded 2 Graded 3 Graded 4

Laser power (W) 175 200 200 200 200 200

Scanning speed (mm/s) 950 1500 2400 2600 2800 3000

Laser thickness (mm) 0.05 0.03 0.03 0.03 0.03 0.03

Hatch distance (mm) 0.05 0.06 0.06 0.06 0.06 0.06

Figure  3. The surface morphology and surface roughness of Ti6Al4V/AlMgScZr-graded multi-material-graded layer at different scanning speeds. 
(A) 2400 mm/s. (B) 2600 mm/s. (C) 2800 mm/s. (D) 3000 mm/s. Scale bars: 200 μm, magnification ×250.
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Figure 4. Density and the crack area of laser powder bed fusion-processed 
Ti6Al4V/AlMgScZr-graded multi-material parts at different scanning speeds.
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of approximately 27.00 μm was observed.

The densification behavior of Ti6Al4V/AlMgScZr-
graded multi-material parts was examined by measuring the 
density of the whole parts and the crack area at the interfaces 
across different scanning speeds. The archimedes’ method 
was employed for density measurement, while image analysis 
was utilized for crack area assessment. The OM images in 
Figure  4 vividly illustrate the interface between Ti6Al4V 
and the graded layer, revealing cracks along the interface 
attributed to differences in expansion coefficient, thermal 
conductivity between the two materials, and the high content 
of AlMgScZr in the graded layer. Overall, the density of 
Ti6Al4V/AlMgScZr-graded multi-material parts exhibited 
an initial increase followed by a decrease, with the transition 
point observed at a scanning speed of 2800 mm/s as the scan 
speed increased from 2400 to 3000 mm/s. In contrast, the 
crack area exhibited an opposite trend, initially declining 
before increasing. At a scanning speed of 2400  mm/s, the 

lowest density and highest crack area were recorded at 
3.17  g/cm3 and 0.325 mm2, respectively. Conversely, the 
maximum density and minimum crack area were observed at 
3.24 g/cm3 and 0.067 mm2, respectively, at the scanning speed 
of 2800 mm/s. However, at the scanning speed of 3000 mm/s, 
a significant reduction in density and an increase in crack area 
were noted, attributed to the presence of unmelted powders. 
In conclusion, the lowest crack area of Ti6Al4V/AlMgScZr-
graded multi-material parts was observed at scanning speeds 
below 2800  mm/s, corresponding to the highest density. 
We posit that the primary cause of cracking in Ti6Al4V/
AlMgScZr-graded multi-material parts is the formation of 
IMCs and the thermal stress at the interface. At higher laser 
energy densities, increased molten pool temperatures lead to 
a more severe remelting degree of Ti6Al4V that promoted 
element diffusion and reaction, thus generating more IMCs. 
Samples processed at a scanning speed of 2800 mm/s may 
exhibit fewer IMCs compared to those processed at lower 
scanning speeds, thus exhibiting a lower cracking propensity. 
However, further reductions in scanning speed may result in 
the formation of lack of fusion and the presence of unmelted 
powders at the interface. Therefore, samples at 3000 mm/s 
should have fewer IMCs, but poorer interface bonding 
exacerbates cracking propensity. In addition, the graded 
layer with a smooth and flat surface had enhanced forming 
quality, and the smooth-graded layer surface also provided 
an enhanced forming basis for subsequent powder laying 
and laser processing of AlMgScZr, which was conducive 
to improving the overall density of LPBF-processed multi-
material parts.

3.2. Phase constitution of Ti6Al4V/AlMgScZr-graded 
multi-material parts

The results of the XRD pattern of Ti6Al4V/AlMgScZr-
graded multi-material samples at the cross-section 
(Figure  2C-2) under 2800  mm/s and at graded layer 

Figure 5. X-ray diffractometer spectra for laser powder bed fusion-processed Ti6Al4V/AlMgScZr-graded multi-material parts. (A) The cross-section of 
the sample (Inset: Ti-Al phase diagram28). (B) Surface of the graded layer of the samples at different scanning speeds.
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surface (Figure 2C-1) under different scanning speeds are 
presented in Figure 5. The examination of the cross-section 
sample revealed the presence of three phases: α-Al, α-Ti, 
and TiAl3. In addition, other phases composed of elements 
such as Mg, V, Sc, and Zr may exist in the microstructure 
but cannot be detected by XRD due to their low volume 
fraction or small size. Meanwhile, α-Ti and TiAl3 were 
detected at the graded layer surface. Based on the Ti-Al 
phase diagram displayed in Figure  5A, several IMCs, 
including Ti3Al, TiAl, TiAl3, TiAl2, and Ti2Al5, were expected 
to form during the metallurgical reaction between Ti and 
Al.29 The Gibbs free energy for the formation of the Ti-Al 
IMC was calculated using the formula proposed by Kattner 
et al.30 The formation of TiAl2 and Ti2Al5 entails a series 
of reactions with TiAl as the initial phase, which were 
not thermodynamically considered, indicating that TiAl3 
has the lowest free energy of formation among phases. 
Consequently, as the laser irradiated, the graded powder 
underwent melting and reacted to form TiAl3 through the 
Ti+3Al→TiAl3 reaction.31 When the scanning speed of the 
graded layer was increased from 2400 mm/s to 2800 mm/s, 
the intensities of the Ti and TiAl3 diffraction peaks changed 
from 6307 and 10992 to 8655 and 10211, respectively. As 
the scanning speed further increased to 3000  mm/s, the 
intensity of the Ti peak surpassed that of the TiAl3 peak as 
the dominant phase. This phenomenon can be attributed 
to the decreased interaction time between the laser and 
the powder as well as the lower melting pool temperature. 
As a result, the Ti6Al4V powders incompletely melted and 
retained in the molten pool, leading to a reduced formation 
of TiAl3. Therefore, for samples processed with lower 
scanning speeds, due to the formation of a greater number 
of brittle IMCs at the interface, there is a poorer resistance 
to crack propagation, resulting in larger areas of cracks. 
In contrast, the sample scanned at 2800  mm/s exhibited 
fewer brittle phases at the interface, hence demonstrating a 
stronger resistance to crack propagation and a reduction in 
crack area. However, when the scanning speed increased to 
3000 mm/s, despite the reduced quantity of brittle phases 
formed, the lower thermal input led to the occurrence 
of defects, such as unmelted powders at the interface, 
resulting in the formation of cracks under thermal stress. 
Therefore, at a scanning speed of 2800 mm/s, the sample 
exhibited the optimal behavior of densification.

3.3. Microstructure evolution of Ti6Al4V/AlMgScZr-
graded multi-material parts

Figure  6 illustrates the cross-section microstructure 
evolution of Ti6Al4V/AlMgScZr-graded multi-material 
parts at the interface. In Figure A, several unmelted 
Ti6Al4V powder particles are visible at the interface, 
attributed to the significant difference in melting point 

between Ti6Al4V and AlMgScZr, and the lower laser 
absorptivity of mixed powders caused by highly reflective 
AlMgScZr powders. The insufficient absorption of laser 
energy of the mixed powder bed led to a lower temperature 
of the molten pool and the inadequate melting of Ti6Al4V 
powders.32,33 To further characterize the microstructure 
and chemical composition, the cross-section SEM images 
of the sample were amplified, as shown in Figure 6B-D. In 
Figure 6D, rod-like structures are observed at the bottom 
region of the graded layer, where the Al/Ti atomic ratio 
is approximately 2.48. Based on the results of the XRD 
pattern and the Ti-Al phase diagram, it can be inferred 
that these rod-like structures are TiAl3. The rod-like TiAl3 
precipitated along the interface between Ti6Al4V and the 
graded layer and grew in the direction of the temperature 
gradient. In addition, several finer dendrites precipitated 
above the rod-like TiAl3. In Figure 6C, corresponding to 
the middle region of the interface, a significant number of 
dendritic precipitates is presented. The atomic percentages 
of Al and Ti were 76.36% and 23.64%, respectively, with an 
atomic ratio of 3.2. It could be inferred that these dendritic 
structures were also composed of TiAl3. Figure 6B depicts 
TiAl3 fine dendrites with Al and Ti atomic percentages of 

Figure 6. The scanning electron microscopic images of the cross-section 
microstructure evolution at the interface of Ti6Al4V/AlMgScZr-graded 
multi-material parts. (A) Low-magnification image of the interface. 
(B) The top region of the interface. (C) The middle region of the 
interface. (D) The bottom region of the interface. Scale bars: (A) 50 μm, 
magnification ×400; (B-D) 10 μm, magnification ×8000.
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79.30% and 20.70%, respectively, and an Al to Ti atomic 
ratio of 3.8 found under the AlMgScZr molten pool. 
During the LPBF fabrication of AlMgScZr, the graded layer 
underwent remelting, and Ti atoms diffused toward the 
low concentration region under the influence of chemical 
potential graded, reacting with Al atoms to form TiAl3.

34 
At this stage, the acquisition of Ti atoms in the AlMgScZr 
layer relied solely on the diffusion mechanism, leading to 
insufficient Ti content and unfavorable growth for TiAl3 
dendrites.

Figure  7 illustrates the distribution of Ti, Al, V, and 
Mg elements at the interface between the Ti6Al4V layer 
and the graded layer. A curved boundary line delineating 
the molten pool can be observed, along which TiAl3 
precipitated and formed short rod-like structures extending 
toward the center. Based on the distribution of Ti and V 
elements, it can be inferred that Ti6Al4V exhibited island-
like segregations at the interface. During the LPBF process 
for forming the Ti6Al4V/AlMgScZr-graded layer, partial 
melting of Ti6Al4V under the graded layer occurred 
through thermal conduction, with subsequent introduction 
into the graded layer through Marangoni convection. The 
higher melting point of Ti6Al4V led to rapid solidification 
of the molten Ti6Al4V.35 Furthermore, the presence of Al 
and Mg elements on both sides of the interface indicated 
their diffusion across the interface. As the laser irradiated 
graded layer, the rapid melting of AlMgScZr powders 
facilitated the diffusion of elements such as Al and Mg into 
the remelted Ti6Al4V layer. The elevated temperature of 
the molten pool, induced by laser irradiation, enhanced the 

thermal motion of Ti and Al elements, thereby accelerating 
the reaction between Ti and Al.

Based on the results of the XRD pattern and 
SEM analysis, Figure  8 illustrates the mechanism of 
microstructure evolution at the interface of LPBF-
processed Ti6Al4V/AlMgScZr-graded multi-material 
parts. When the graded layer was formed on top of the 
Ti6Al4V substrate, the previously solidified Ti6Al4V 
layer was remelted to achieve the metallurgical bonding. 
Subsequently, the remelted Ti6Al4V was mixed into the 
molten pool of the graded layer through Marangoni 
convection.36 Due to the lower temperature and higher 
liquid viscosity of the molten pool, the remelted Ti6Al4V 
solidified rapidly, resulting in the formation of island-
like segregations of Ti6Al4V. The higher melting point 
of Ti6Al4V powders and the lower laser absorption rate 
of AlMgScZr in the molten pool resulted in insufficient 
melting of Ti6Al4V powders within the graded layer. 
In addition, the Al elements in the graded layer reacted 
with Ti to form rod-like TiAl3 along the boundary of the 
molten pool, which grew toward the center of the molten 
pool. With increasing Al content, a small number of 
TiAl3 fine dendrites precipitated above the rod-shaped 
TiAl3 structures. As the deposition of the graded layer 
continued, the elevated temperature of the molten pool 
facilitated the complete melting of Ti6Al4V powders and 
the mixing of the Ti and Al elements under the influence 
of Marangoni convection. As a result, numerous TiAl3 
dendrites were formed in the graded layer with a Ti-to-Al 
atom ratio of approximately 3. During the fabrication 

Figure  7. Element distribution of laser powder bed fusion-processed Ti6Al4V/AlMgScZr-graded multi-material parts at the interfacial molten pool. 
(A) Scanning electron microscopic images of the interface. (B-F) Distribution of Ti, Al, V, and Mg elements. Scale bars: (A and B) 10 μm, magnification 
×8000; (C-F) 5 μm, magnification ×4000.
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Figure 9. The microhardness curves of laser powder bed fusion-processed 
Ti6Al4V/AlMgScZr-graded multi-material parts at different scanning 
speeds.
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of the AlMgScZr layer, the graded layer underwent 
remelting. Higher energy input accelerated the diffusion 
of Ti from the high-concentration region in the graded 
layer to the low-concentration region in the AlMgScZr 
layer. Finer TiAl3 dendrites precipitated in the AlMgScZr 
layer through the Ti-Al reaction. Research indicates 
that the nucleation and growth dynamics of TiAl3 
strongly depended on the concentration distributions 
of Ti and Al, influencing the morphology of the TiAl3 
IMC. In regions with insufficient Ti or Al, TiAl3 tends 
to precipitate finer dendrites or rod-like structures. 
With a moderate concentration distribution (Al-to-Ti 
atomic ratio of approximately 3), a large number of 
TiAl3 dendrites are formed.37 In addition, cracks form at 
the interface between the graded layer and Ti6Al4 due 
to the lattice type mismatch between Ti and Al and the 
significant difference in thermal properties between the 
two materials.

3.4. Mechanical properties of Ti6Al4V/AlMgScZr-
graded multi-material parts

Figure  9 demonstrates the variation in microhardness 
across the interface of Ti6Al4V/AlMgScZr-graded multi-
material parts at different laser scanning speeds. The average 
microhardness value of the Ti6Al4V was approximately 
374 HV0.2, consistent with values reported by Liu et al.38 
Similarly, the average microhardness value of AlMgScZr 
was 122 HV0.2, aligning closely with values reported by Xi 
et al.39 Overall, microhardness exhibited a gradual decrease 
from Ti6Al4V to the interface as the Ti6Al4V content 
diminished and TiAl3 precipitated along the interface. 

Moreover, the variation in microhardness remained 
relatively stable without significant increase, suggesting 
the absence of IMCs with high microhardness values at 
the interface. As the amount and size of TiAl3 decreased, 
microhardness consistently declined until reaching the 
AlMgScZr region. At a lower scanning speed of the graded 
layer (2400  mm/s), the average microhardness at the 
interface was the lowest (226 HV0.2) due to the presence 
of cracks resulting from thermal stress. Increasing the 
scanning speed to 2800  mm/s led to the highest average 
microhardness at the interface, reaching 263 HV0.2. 
However, with a further increase in scanning speed to 

Figure 8. The illustration of the formation mechanism of TiAl3 intermetallic compound.
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3000  mm/s, the average microhardness at the interface 
decreased to 247 HV0.2. This reduction in microhardness 
was attributed to cracks caused by insufficient powder 
melting under conditions of excessive scanning speed and 
reduced heat input.

To further investigate the mechanical properties of 
Ti6Al4V/AlMgScZr-graded multi-material parts, each 
sample underwent compressive testing. Figure  10A 
depicts the compressive stress-strain curves for the LPBF-
processed Ti6Al4V/AlMgScZr-graded multi-material 
parts at different scanning speeds. The compressive load 
was applied vertically to the interface between Ti6Al4V 
and AlMgScZr. It is important to note that any cracks 
or pores existing at the interface would close during the 
compression process, which might not fully describe the 
relationship between cracks and compression properties.40 
However, some quantitative relationships exist between 

the compressive mechanical properties and the forming 
process or forming quality of the samples. Figure  10B 
illustrates the resultant ultimate compressive strengths 
(σbc) and strains (δ) of the compressive samples. Analysis 
of the compressive stress-strain curves reveals two distinct 
stages. The first stage occurred within the deformation 
range of 22 – 30%, mainly involving the compression 
of AlMgScZr. The second stage occurred within the 
deformation range of 45 – 50% and primarily involved 
compression of the graded layer and Ti6Al4V. With an 
increase in scanning speed from 2400 – 2800 mm/s, the 
compressive strength and strain increased from 1359 MPa 
and 46.7% to 1531 MPa and 49.8%, respectively. However, 
at a scanning speed of 3000 mm/s, the unmelted powders 
were observed at the interface, rendering the interface 
susceptible to cracks and resulting in a decrease in 
compressive strength and strain to 1461 MPa and 47.9%, 
respectively. The observed compressive performance is 

Figure  10. The compressive properties of laser powder bed fusion-processed Ti6Al4V/AlMgScZr-graded multi-material parts. (A) Compressive 
stress-strain curves for Ti6Al4V/AlMgScZr-graded multi-material parts at different scanning speeds (Insets: The compression process of the sample at 
2800 mm/s. Scale bars: 10 mm, magnification × 2.5;). (B) Comparison of the scanning speed on ultimate compressive strength (σbc) and failure strain (δ) 
of the compressive samples.
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Figure 11. Scanning electron microscopic images showing the fracture morphologies of the laser powder bed fusion-processed Ti6Al4V/AlMgScZr-graded 
multi-material parts at different scanning speeds. (A) 2600 mm/s on AlMgScZr side. (B) 2800 mm/s on AlMgScZr side. (C) 3000 mm/s on AlMgScZr side, 
(D) 2800 mm/s on Ti6Al4V side. (E) Ti element distribution of (D). (F) Al element distribution of (D). Scale bars: (A-C) 20 μm, magnification ×3500; 
(D-F) 100 μm, magnification ×400.
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consistent with the density data for Ti6Al4V/AlMgScZr-
graded multi-material. As interface cracks reduced, both 
the ultimate compressive strength and strain of the samples 
improved, indicating that the compression performance 
of the samples primarily depended on the quality of the 
formation.

The fracture mechanism of the Ti6Al4V/AlMgScZr-
graded multi-material was further elucidated through 
additional analyses conducted on the fracture 
morphologies of the corresponding samples. Figure  11 
presents the morphologies of the fractures on both sides 
(AlMgScZr and Ti6Al4V) of the samples at different laser 
scanning speeds. At a laser scanning speed of 2600 mm/s, 
distinct cleavage steps and cleavage facets were observed 
on the AlMgScZr side (Figure 11A), indicative of a brittle 
fracture mechanism. The excessive energy input resulted 
in the formation of porosities and cracks on the fracture 
surface, which could serve as the initiation points for 
fracture and lead to reduced compressive strength. With 
an increase in scanning speed to 2800 mm/s, the fracture 
exhibited features of cleavage steps, cleavage planes, and 
a few dimples (Figure 11B), suggesting a combination of 
ductile and brittle behavior in the fracture mechanism. 
Further increase in scanning speed to 3000 mm/s resulted 
in the presence of unmelted Ti6Al4V powders on the 
fracture surface, with cracks originating and propagating 
from these unmelted powders. This observation indicates 
that unmelted powders in the graded layer induced the 
formation of cracks under higher laser scanning speeds 
of 3000  mm/s during the compression process, thereby 
weakening the mechanical properties of the samples 
(Figure  11C). Analysis of the distribution of Ti and Al 
elements on the fracture surface of the Ti6Al4V side 

(Figure  11D-F) revealed that cracks occurred at the 
interface between the graded layer and Ti6Al4V.

Figure  12 summarizes the microhardness and 
compressive strength of Ti alloys, Al alloys, and 
multi-material parts consisting of Ti alloys or Al 
alloys. Ti alloys exhibit higher microhardness values 
(approximately 380 HV) and compressive strengths 
ranging from 1109 MPa to 1393.8 MPa,41,42 whereas Al 
alloys demonstrate lower microhardness values (≤200 HV) 
and compressive strengths ranging from 211 – 621 MPa.43,44 
The significant discrepancy in microhardness between 
these two materials results in a performance mismatch at 
the interface, which is a key factor contributing to interface 
susceptibility to crack. In this study, the microhardness 
value of TiAl3 fell between that of Ti6Al4V and AlMgScZr, 
and the interface microhardness exhibited a graded 
decrease along the building direction, promoting favorable 
metallurgical bonding at the interface. This microhardness 
profile significantly improved the interfacial bonding 
strength, resulting in an enhanced compressive strength 
of up to 1531 MPa. In addition, a gradual transition of 
microhardness was observed at the interface. According 
to Zhang and Bandyopadhyay,45 who fabricated Ti6Al4V/
Al12Si multi-material parts using LDED technology, the 
interface obtained Ti3Al IMCs with a high microhardness 
value, resulting in a relatively lower compressive strength 
of 507.8 MPa. In addition, researchers have attempted 
to improve the mechanical properties of multi-material 
parts by constructing multi-material systems, including 
Ti6Al4V/W7Ni3Fe,46 Ti6Al4V/SS316,47 and Al12Si/
SS316.48 Although most of these systems achieved high 
microhardness in multi-material parts, they often exhibited 
low compressive strength due to the formation of cracks 
and brittle IMCs at the interface. It is also worth mentioning 
that due to the presence of cracks commonly found at 
interfaces, Ti6Al4V/AlMgScZr-graded multi-material 
samples may not meet the tensile requirements. Therefore, 
further process optimization and investigation are required 
in further studies. Tensile and fatigue tests should be 
conducted to determine whether these functionally graded 
materials meet the functional requirements.

This study demonstrated that LPBF-processed Ti6Al4V/
AlMgScZr-graded multi-material parts enable effective 
control of density behavior, interfacial metallurgical 
reactions, and mechanical properties. These desired 
characteristics are achieved through a graded interface that 
connects the two different materials with a composition-
graded layer. A well metallurgically bonded-graded multi-
material interface was obtained by controlling the laser 
scanning speed of the graded layer, thereby improving 
the overall mechanical properties of the multi-material 

Figure 12. The hardness and compressive stress of Ti alloys, Al alloys, and 
their multi-materials.40-48
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samples. This study also established a relationship between 
laser processing parameters, interface microstructure, and 
mechanical properties.

4. Conclusion
This paper presents a methodology for incorporating 
a composition-graded layer (25wt% Ti6Al4V + 75wt% 
AlMgScZr) into the interface of Ti6Al4V/AlMgScZr 
multi-material fabricated through the LPBF process. In 
the study, the influence mechanism of the graded layer’s 
laser scanning speed on crack formation, metallurgical 
reaction, and microstructure evolution were investigated. 
The following conclusions are drawn:
(i)	 As the scanning speed increased from 2400 mm/s to 

3000 mm/s, significant changes were observed in the 
surface morphologies of the graded layer in Ti6Al4V/
AlMgScZr-graded multi-material. Initially, a rough 
interface with cracks and pores was evident, which 
then transitioned into a relatively smoother surface 
with increasing scanning speeds. At higher scanning 
speeds, cracks resulted from unmelted powders were 
observed. The increase in scanning speed led to a 
decrease in residual thermal stress, which prevented 
crack formation. On the other hand, when the 
scanning speed was too high, insufficient laser energy 
input hindered the complete melting of powders at the 
edge of the molten pool. Notably, at a scanning speed 
of 2800 mm/s, the maximum density (3.24 g/cm3) and 
minimum crack area (0.067 mm2) were observed.

(ii)	 The TiAl3 was generated through a metallurgical 
reaction, resulting from the diffusion of Ti and Al 
elements through the graded layer under the influence 
of Marangoni convection. With an increase in scanning 
speed, decreased laser energy input prevented the 
complete melting of Ti powders and their reaction 
with Al, leading to a gradual decrease of TiAl3 content. 
The morphology of TiAl3 was determined by the 
atomic ratio of Al and Ti in the melt pool. When the 
atomic ratio of Al to Ti approached 3, coarse dendrites 
formed. However, an insufficient amount of either 
Al or Ti atoms constrained dendrite growth, leading 
to the development of rod-like or finer dendritic 
structures.

(iii)	When the scanning speed was 2800 mm/s, a gradual 
decrease in microhardness from the Ti6Al4V layer 
to the AlMgScZr layer was observed. Microhardness 
values exhibited a stable and continuous variation 
without any significant abrupt changes, attributed to the 
presence of a strong metallurgical bond at the interface. 
The compressive strength and densification behavior 
of LPBF-processed Ti6Al4V/AlMgScZr-graded multi-
materials at different scanning speeds exhibited a 

consistent pattern of variation, initially increasing 
and then decreasing with increasing scanning speed. 
Notably, at a scanning speed of 2800  mm/s, the 
Ti6Al4V/AlMgScZr-graded multi-material achieved 
a maximum compressive strength of 1531 MPa, 
demonstrating excellent compressive performance.
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Abstract
The mechanical properties of bimetallic composites are significantly influenced by 
their interfacial morphologies. This study delves into the impact of various heat 
treatment conditions on the microstructure and mechanical attributes of steel/
nickel bimetallic (17-4PH/IN625) components produced through extrusion-based 
sintering-assisted additive manufacturing (ES-AM). The bimetallic composites were 
annealed at 1150°C for 1, 4, and 8 h, followed by an aging treatment at 482°C for 
samples annealed for 8 h. After annealing, microstructural heterogeneities, including 
variations in grain size and elemental distribution within the transition zone close 
to the interface, were observed. It was found that in the diffusion transition zone 
between the two alloy layers, the diffusion of iron (Fe) and nickel (Ni) elements 
increased with longer holding times, as corroborated by microhardness tests and 
quantified through theoretical parabolic diffusion law. The transition zone exhibited 
two distinct areas: an Fe-predominant zone and a Ni-predominant zone, with the 
latter containing oxides and molybdenum (Mo)- and niobium (Nb)-rich precipitates. 
No new phases emerged post-heat treatment; however, shifts in peak due to 
stress relaxation and the emergence of precipitates were identified through X-ray 
diffraction (XRD) observations. Microhardness within the transition zone increased 
following heat treatment, peaking at 186 HV1.0 after a 4-h annealing. The optimal 
heat treatment condition was identified as 1150°C for 4  h, which facilitated the 
development of uniform microstructures and improved bonding strength. This 
study demonstrates an enhanced interfacial bonding strength in 17-4PH and IN625 
bimetallic parts manufactured through ES-AM, suggesting their wide-ranging 
potential applications in industry.

Keywords: Bimetallic composites; Extrusion-based sintering-assisted additive 
manufacturing; ES-AM; Heat treatment; Interface bonding; Diffusion zone

1. Introduction
The demand for hybrid structures containing a combination of varied metal materials 
has increased to address the requirements of multiple industrial applications.1 Bimetallic 
structures offer several advantages, such as superior structural robustness, improved 
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mechanical strength, and improved economic efficiency 
compared to components manufactured from a single 
metal alloy.2 Additive manufacturing (AM) techniques, 
categorized into fusion-state and solid-state AM methods, 
have been utilized to produce bimetallic parts. Fusion-
based processes such as directed energy deposition 
(DED) and powder bed fusion (PBF) utilize high-energy 
sources such as electrons, wire arcs, and lasers to rapidly 
melt feedstocks, which then solidify on the substrate 
to form the desired part.3 However, due to the varying 
thermal coefficients of bimetallic parts, the intense energy 
input and rapid melting and solidification processes 
often result in cracks and brittle failures.4 Hybrid cold 
spray AM is a solid-state AM technique where micron-
sized particles are accelerated to high velocities by high-
pressure, low-temperature gas, impacting a substrate and 
undergoing plastic deformation to form a coating layer 
by layer.5 Extrusion-based sintering-assisted additive 
manufacturing (ES-AM) employs a printing-debinding-
sintering process, utilizing sintering temperatures lower 
than the melting point to handle bimetallic parts.6 This 
approach allows for sufficient element diffusion during the 
sintering process, typically resulting in smoother interface 
surfaces and fewer intermetallic phases.7 In addition, 
ES-AM offers benefits such as ease of operation, reduced 
risk, and an environmentally friendly manufacturing 
process.8-10

Several researchers have investigated the fabrication of 
bimetallic parts with fewer defects and cracks in the interface 
using ES-AM. Bimetallic components comprising low- and 
high-carbon steel have been synthesized through ES-AM; 
yet, the quality of the resultant part was compromised 
due to suboptimal optimization of process parameters, 
particularly in the co-sintering process.11 Employing 
a copper infiltration technique, a composite structure 
featuring a high carbon steel exterior and a copper channel 
was engineered to fulfill the requirements of an injection 
mold, necessitating adequate mechanical strength, 
stiffness, and wear resistance, coupled with superior 
thermal conductivity.12 In prior investigations, 17-4PH 
and IN625 were processed through ES-AM to fabricate a 
bimetallic component with a smooth interface and cohesive 
bonding devoid of conspicuous cracks.7 17-4PH stainless 
steel (SS) boasts high strength, hardness, and relatively 
good corrosion resistance, although it may have reduced 
elongation and temperature stability.13 Meanwhile, IN625, 
a nickel-based superalloy, excels in corrosion resistance 
and high-temperature performance with reduced strength, 
commonly employed in aerospace and industrial sectors.14 
By combining these two materials in a bimetallic structure, 
the aim is to enhance mechanical properties, corrosion 
resistance, and temperature stability, catering to a broad 

spectrum of applications ranging from engine components 
to structural parts in harsh environments.15 In addition, 
the thermal expansion coefficients of IN625 and 17-4PH 
are relatively close, with IN625 nickel-based superalloy 
at approximately 12.8 × 10-6/°C16 and 17-4PH SS at 
about 10.8 – 11.0 × 10-6/°C.17 This similarity in thermal 
expansion coefficients means that these two materials 
tend to expand and contract at similar rates in response 
to temperature changes, thereby reducing interface stress 
and minimizing the likelihood of cracks and defects. The 
co-sintering process in ES-AM is utilized to establish 
interface bonding, concurrently minimizing thermal 
stress and the development of intermetallic phases, due to 
its operation at relatively low temperatures. These lower 
temperatures can impede atomic diffusion, leading to pore 
formation and reduced interface bonding strength. The 
interface thus emerges as a critical factor in determining 
the structural integrity of dissimilar metal materials, acting 
as an essential conduit for the transfer of electricity, heat, 
damping, and other properties.9,18-20

Numerous studies have investigated the microstructure 
of interfaces and the mechanical properties of bimetallic 
parts made from SS and Inconel alloy, which were fabricated 
using various AM techniques. In a bimetallic part fabricated 
through hybrid DED and thermal milling, consisting of 
IN718 and 316L, diffusion layers were observed with a 
significant width of 450 mm, featuring a microstructural 
transition from columnar to equiaxed dendrites. Niobium 
(Nb) and molybdenum (Mo) precipitates were identified 
in the Inconel near the interface, with no other phases 
detected.21 In the interface of a 304SS/IN738L bimetal 
fabricated by DED, an architecture featuring soft and stiff 
lamellae with inherent interfacial defects was observed, 
resulting from partial solute mixing and intricate fluid 
dynamics in the melt pool during rapid solidification.22 
In bimetallic materials composed of 316L and IN625, 
printed using DED, two types of interfaces were identified: 
one showing a gradual compositional change with IN625 
grains growing epitaxially on 316L grains, and the other 
exhibiting a sudden compositional shift that encourages 
bidirectional nucleation and grain growth, leading to a 
high susceptibility to cracking.23 In a bimetallic SS/nickel 
(Ni) alloy manufactured through PBF, no intermediate 
softening from ferrite phase formation occurred, but a 
decrease in hardness at the 316L side was noted, resulting 
from the thermal effects of manufacturing nickel alloy. 
In addition, MC carbides form in Ni-based superalloys 
during slow solidification due to the strong affinity of 
carbon for these metallic elements.24 Bimetallic parts 
made of IN718 and high-carbon steel have been produced 
using ES-AM, which revealed a layered microstructure in 
partially sintered high-carbon steel and IN718 particles 
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due to the diffusion of Ni and chromium (Cr) toward the 
steel granules.25

Heat treatment techniques are utilized to enhance 
bimetallic bonding by increasing the thickness of the 
diffusion zone and refining the intermetallic phase 
composition. The bimetallic assembly comprising SS316L 
and IN625, fabricated through arc welding, was heated to 
970°C to facilitate the transformation of δ-ferrite into the 
austenite phase in SS316L, thereby improving the bond 
strength over the as-fabricated sample.26 The process of 
normalizing applied to the IN625/carbon steel bimetallic 
joint resulted in the recrystallization of the constituent 
materials, along with the emergence of a diffusion zone 
and the precipitation within IN625.27 After heat treatment, 
the bimetallic parts made of Ni-based superalloy and SS 
exhibited a secondary phase (Nb-rich phase) near the fusion 
boundary in the heat-affected zone on the Inconel side 
with higher hardness values.28 Heat treatment effectively 
diminishes residual stresses and improves the toughness of 
aluminum (Al) bronze-steel bimetallic structures produced 
through AM, resulting in a sample with reoriented 
grains and a more uniform microstructure.29 Varying the 
temperature or duration of heat treatment led to different 
levels of bonding strength at the interface. A continuous 
layer of titanium aluminide (TiAl3) intermetallic was 
formed in the interface of Al/Ti bimetallic during specific 
heat treatment conditions, and the shear strength was 
governed by the strength of Al, with minimal impact from 
changes in the interlayer thickness.30 The bonding behavior 
of a copper (Cu)/Al/Cu clad composite was investigated 
under different heat treatment temperatures, uncovering 
significant formation of intermetallic layers following 
specific heat treatment cycles, such as annealing at 500°C, 
leading to higher ductility and relatively high strength.31 
For a bimetallic part consisting of SS and carbon steel, 
the diffusion transition zone exhibited a rising trend with 
increasing annealing temperature, resulting in enhanced 
interfacial shear strength and improved ductility; however, 
it had a less pronounced effect on impeding fatigue 
crack propagation along the interface.32 Heat treatment 
between 800°C and 1100°C for 30 min to 2 h significantly 
improved the properties of a bimetallic low-carbon steel 
and austenitic-SS structure, increasing its ultimate tensile 
strength by 35% and elongation by 250%.33

Nevertheless, there is insufficient research on the effects 
of heat treatment on the microstructure and mechanical 
properties of 17-4PH/IN625 bimetals produced through 
ES-AM. The co-sintering process, conducted at relatively 
low temperatures, results in pore formation and weaker 
bonding strength, necessitating heat treatment to enhance 
bonding strength and overall material properties. 

Consequently, this study aimed to investigate 17-4PH/
IN625 bimetallic composites fabricated via ES-AM. It 
presents a comparative analysis elucidating the effects 
of heat treatment on the interfacial characteristics of 
bimetallic composites, with a focus on elemental diffusion, 
transition zone thickness, and microhardness evolution. 
To facilitate the expansion of the diffusion zone, specific 
heat treatment conditions were explored, including a 
homogenization treatment at 1150°C, with varying dwell 
times and cooling rates, followed by an aging treatment 
to establish an optimized heat treatment procedure for 
superior interfacial bonding strength.

2. Materials and methods
2.1. Materials and fabrication procedures

In this study, 17-4PH SS and IN625 filaments were procured 
from Markforged Corporation., (USA) consisting of 
metal powders combined with a consistent binder system 
comprised of wax and polyethylene. These filaments were 
fabricated using a dual-nozzle desktop 3D printer (F350, 
Creatbot, China) with a heated nozzle capable of reaching 
temperatures up to 450°C. An illustrative diagram of the 
manufacturing process is presented in Figure  1A. The 
17-4PH SS filament was on the left and first extruded 
through a heated nozzle to reach a thickness of 2  mm 
with a layer thickness of 0.1 mm. Then, IN625 was printed 
using the right nozzle to deposit onto 17-4PH parts with 
a thickness of 0.1 mm. Finally, the overall size of parts is 
15 × 15 × 4 mm3, as shown in Figure  1D. The material 
properties for each filament and specific printing settings 
employed for each material are documented in Table  1. 
The processes of binder removal and solid-state sintering 
were carried out utilizing the Markforged production 
equipment (Metal X™ System, USA). A tailored sintering 
profile for IN625 alloy was applied due to its lower melting 
point compared to 17-4PH, with the entire procedure 
lasting 29 h. To achieve a denser structure during sintering, 
a smaller component with a thickness of 2 mm was placed 
on top of the bimetallic part. The printed and sintered 
bimetallic parts are presented in Figure 1B and C. The alloy 
compositions for 17-4PH and IN625 feedstocks are listed 
in Table 2. In addition, the properties of single metals are 
listed in Table 3 for comparison with bimetallic parts.

The heat treatments were conducted at a steady 
temperature of 1150°C and a heating rate of 10°C/min, 
with durations of 1, 4, and 8 h, labeled as HT1, HT4, and 
HT8, respectively. The utilization of this high constant 
temperature and extended holding time was aimed at 
effectively broadening the transition zone.32 Typically, 
a homogenization temperature exceeding 1000°C is 
required for 17-4PH to attain complete supersaturation 
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of martensite. Considering factors such as the presence 
of NbC and oxides, as well as the dimensions of prior 
austenite grain and martensite lath, the homogenization 
temperature was set at 1150°C to ensure adequate 

uniformity.34 One of the recommended heat treatment 
procedures for the IN625 alloy involves subjecting it 
to a solutionizing operation at 1150°C. This thermal 
processing step serves to eliminate compositional 
inhomogeneities, eliminate secondary phases present, 
trigger recrystallization phenomena, and promote grain 
coarsening.35 The aging temperature and duration were 
adjusted for specific applications to balance strength 
and toughness while controlling tempered martensite 
and precipitation. In addition, an aging heat treatment 
was employed (482°C for 1  h holding time), following 
HT8 to enhance hardness. Rapid cooling through water 
quenching was implemented for the samples to promote 
expedited heat extraction and mitigate the potential for 
carbide precipitation, especially within the temperature 
regime of 1150°C sustained for 8 h. Figure 2 illustrates the 
heat treatment conditions used during the experiments.

2.2. Microstructure characterizations and 
mechanical properties

To investigate the microstructure and microhardness, 
bimetallic samples were prepared in both as-sintered 
and heat-treated states. Pore distribution and grain 
morphology were analyzed using optical microscopy 
(OM; Olympus DSX 510, Olympus, Japan) and scanning 
electron microscopy (SEM; Supra 55-VP, Zeiss, Germany). 

Table 1. Material properties for 17‑4PH and IN625 filament 
and optimized printing parameters for 17‑4PH/IN625 
bimetallic green part

Parameters 17‑4PH IN625

Filament 

Version V2 ‑

Diameter 1.75 mm 1.75 mm

Specification 400 cc/spool 200 cc/spool

Composition 20 vol.% wax, 20 vol.% 
polyethylene, and 60 vol.% powder

Optimized printing parameters

Nozzle temperature 230°C 210°C

Bed temperature 80°C 80°C

Chamber temperature 60°C 60°C

Nozzle size 0.4 mm 0.4 mm

Layer thickness 0.1 mm 0.1 mm

Infill density 100% 100%

Speed 40 mm/s 40 mm/s

Infill orientation 45° 135°

Figure 1. The illustration of the ES-AM process and the fabricated 17-4PH/IN625 bimetal part. (A) An illustration ES-AM process with a dual nozzle 
system (B) A bimetallic material after printing. (C) The top perspective of the sintered component. (D) Profile of the sintered component, showcasing 
geometrical details. Scale bars: 2 mm.
Abbreviation: ES-AM: Extrusion-based sintering-assisted additive manufacturing.
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Initially, the samples were sectioned transversely relative 
to the building direction and embedded in epoxy to 
ensure secure fixation. The process involved grinding 
and polishing, culminating in a final polish utilizing 
an alumina suspension with a particle size of 0.25 μm. 
After polishing, the samples underwent microstructural 
characterization utilizing an SEM integrated with an 
energy-dispersive X-ray spectroscopy (EDS) system to 
analyze the elemental distribution across the interfacial 
region. Meanwhile, internal porosity was assessed using 
OM at ×40 magnification, followed by the analysis of the 
polished internal surfaces of cut samples using ImageJ 
software (National Institutes of Health, USA). To reveal 
the grain structure, chemical etching was performed using 
Marble’s and Kalling’s 2 reagents (ES Laboratory, LCC, 

USA), followed by observation through OM. XRD analyses 
were employed to identify the phase constituents present in 
the bimetallic samples. Microindentation hardness testing 
following ASTM E384 guidelines was conducted utilizing a 
Vickers hardness tester (LM-310AT, LECO, USA). The test 
was conducted with a load of 1.0 kg, an approach speed of 
60 μm/s, and a measurement period lasting 10 s.

3. Results and discussion
3.1. Interface characterization

The microstructure of the interface between 17-4PH and 
IN625 after heat treatment reveals metallurgical bonding, 
as depicted in Figure 3. Figure 3A-D depicts the variation 
in pore population and dimensions across the polished 
surface subjected to distinct heat treatment conditions. 
The grain morphology of 17-4PH after surface etching 
with Marble’s reagent is presented in Figure 3A1-D1. Small 
pores (dark pores) were distributed within the 17-4PH 
parts due to insufficient densification when employing the 
sintering profiles for IN625. Nevertheless, with an increase 
in holding time, the pore size decreased owing to the heat 
contribution facilitating densification to a certain extent.36 
Typical martensitic and ferrite phases were observed on the 
17-4PH side of the interface, resulting from the precipitation 
hardening process.37 Concurrently, the grain size of 
17-4PH initially decreased and subsequently increased 
with increasing holding time, a phenomenon attributable 
to recrystallization and grain growth induced by excessive 
heat input.32 The chemical etching process did not reveal 
the phase composition of IN625; however, subsequent XRD 
analysis confirmed the presence of the austenitic phase, 
corroborating the findings reported in the literature.38

No evident intermetallic phases were formed at the 
interface under different heat treatment conditions, 
which aligns with the findings in the relevant literature.5 
In Figure  3A-D, the interface is marked by a band with 
a lighter appearance, which lacks visible grain structure, 
suggesting an absence of grain development in this 
transition zone. Figure 3 illustrates that the thickness of 
the interfacial white bands did not significantly vary with 
extended holding times, maintaining an approximate 
width of 60 μm in both as-sintered and heat-treated states. 
Significantly, the precipitation of minute particulates, 
visible as black dots in Figure  3, was localized within 
the IN625 alloy region. Meanwhile, as time increases, 

Table 2. The alloy composition of the 17‑4PH and IN625 feedstocks

Weight % Cr Fe Ni Nb Mo Mn Si C Cu Co Other elements

17‑4PH 15 – 17.5 Balance 3 – 5 0.15 – 0.45 ‑ 1 1 0.07 3 – 5 ‑ 0.07

IN625 20 – 23 5 Balance 3.15 – 4.15 8 – 10 0.5 0.5 0.1 ‑ 1 0.82

Table 3. Material properties of 17‑4PH and IN625

Material properties 17‑4PH V2 IN625

Relative density >96.5% >96.5%

Hardness (HRC) 36 7

Ultimate tensile strength (MPa) 1180 765

0.2% yield strength (MPa) 710 334

Elongation at break 7% 42%

Corrosion Good Excellent

Thermal coefficient 10.8×10‑6/°C16 12.8×10‑6/°C17

Figure 2. Schematic overview of heat treatment conditions.
Abbreviations: AC: Air cooling; WQ: Water quenching.
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the porosity of the entire part decreases, as depicted 
in Figure 4, which uses images from OM taken at three 
different locations along the interface.

SEM analysis revealed a comparable phenomenon 
occurring at the interface, irrespective of whether heat 
treatment was applied or not, as shown in Figure  4. To 

Figure 3. Optical micrographs of the bimetallic part at different dwell times. (A) 1 h, (B) 4 h, (C) 8 h, and (D) 8 h + aging, all at 482°C/h. Scale bars: 200 
µm; magnification: ×222. The enlarged images (A1, B1, C1, and D1) represent chemically etched surfaces after polishing. Scale bars: 100 µm; magnification: 
×555.

Figure 4. Internal porosity of samples at different heat treatment conditions.
Note: Images were processed using ImageJ software.
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further delineate the specific transition zone within the 
interface, an EDS line scan analysis was conducted to 
investigate the elemental variations. The EDS line scan 
data, as depicted in Figure 5F, reveal that the white bands 
observed in the OM images (Figure 3) and the precipitate 
accumulations (Figure 5A-E) correspond to regions where 
iron (Fe) and Ni constituents undergo interdiffusion in 
opposite directions. Within these areas, the concentrations 
of Fe and Ni elements are diminished in comparison to 
their respective pure forms, accompanied by a depletion 
of Nb and Mo relative to pure Inconel. Conversely, Cr 
exhibits a uniform distribution since both 17-4PH and 
IN625 alloys contain this element.

These white bands are characterized by reduced 
porosity, exhibiting either smaller pores or an absence of 
pores altogether, as evident from Figure 5A-E. The white 
band region, dominated by the Fe element, is referred 
to as the Fe-predominant zone. With increasing holding 
time, the thickness of these bands remains relatively 
unchanged, a phenomenon vividly illustrated in Figure 3. 
It measures almost 60 μm under both as-sintered and 
heat-treated conditions, consistent with our previous 
research.39 Another region is primarily characterized by Ni 
elements, termed the Ni-predominant zone, as illustrated 
in Figure 5F. The segregation of precipitates and inclusions 
within this region undergoes modifications as the holding 
time increases. During heat treatment, precipitates form 
during heat treatment as carbon diffuses from steel into 

the Inconel alloy, containing elements (Cr, Mo, Nb) with a 
strong affinity for carbon.40 After 1 h of heat treatment, the 
size and distribution of precipitates and inclusions diminish 
in comparison to the as-sintered condition. Similarly, 
the 4-h holding time yields the smallest precipitates and 
inclusions relative to the other holding times investigated. 
However, an excessively prolonged holding time of 8  h 
promotes grain growth, resulting in larger precipitate sizes. 
In addition, elongated precipitates are observed in the 
sample subjected to the 8-h holding time.

3.2. Element diffusion at the interface

The behavior of element diffusion at the interface between 
17-4PH and IN625 is critical for the bonding quality and 
strength of the bimetallic composite. Previous observations 
indicate that a larger distance of alloy diffusion correlates 
with increased interfacial shear strength.32,41 This 
study highlights significant variations in the chemical 
compositions of 17-4PH and IN625, particularly in the 
elements Fe, Ni, Mo, and Nb. These variations in elemental 
concentrations between two materials initiate diffusion 
during heat treatments, detectable through EDS analysis. 
SEM images and EDS maps illustrating the distribution 
of Fe and Ni elements near the interface post-annealing at 
varied durations of 1, 4, and 8 h are presented in Figure 6.

The primary constituents of the diffusion zone, Fe 
and Ni, exhibit marked variations in their concentrations 
within this region. Notably, the concentration of Ni sharply 

Figure 5. Scanning electron microscopy analysis of the interface following different heat treatment conditions. (A) As-sintered; (B) heat-treated at 1150°C 
for 1 h; (C) 4 h; (D) 8 h; (E) 8 h + aging; and (F) energy-dispersive X-ray spectroscopy line scanning of the interface highlighting five primary elements.
Scale bars: (A-E) 10 μm, magnification: ×1280; (F) 50 μm, magnification: ×862.
Note: In all panels, the top part is the 17-4PH side, and the bottom part is the IN625 side. Abbreviation: OM: Optical microscopy.
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declines at the boundary of the diffusion zone, while that of 
Fe correspondingly surges. In the diffusion zone between 
two layers, the boundary of Ni and Fe elements is not 
distinct after 1 h and 4 h, as shown in Figure 6; however, a 
gradient distribution of these elements becomes noticeable 
after 8 h. In addition, Nb and Mo elements segregate near 
the diffusion zone, leading to the formation of delta phase or 
precipitates in IN625, which is characterized by increased 
brittleness, consistent with another previous publication.42 
Furthermore, the Nb-  and Mo-rich zone, depicted in 
Figure  6A as a light area, becomes less pronounced and 
diminishes in size as the holding time is extended.

To measure the diffusion distance of the alloy, profile 
curves depicting the diffusion of elements in various states 
(Figure 7A-E) were plotted along the scan line shown in 
Figure 7. The transition zone for diffusion between the two 
steel layers expands as the holding time is prolonged. This 
result is aligned with the findings reported by Li et al.32 and 
Jiang et al.,43 who noted a similar trend. The expansion of 
the transition zone is believed to follow a parabolic law, 
allowing its thickness to be quantified as Equation I:

� �
��

�
�

�

�
�K Q

RT
t0 exp * � (I)

where δ denotes the thickness (m), t stands for annealing 
duration (s), K0 represents the factor (m2/s), Q signifies the 
activation energy (J∙mol) required for interface diffusion, 
R is the universal gas constant (8.3145 J/(mol∙k)), and T 
indicates the absolute temperature (Kelvin).

Figure  7 presents the EDS line scanning across the 
interfaces of 17-4PH/IN625 bimetals fabricated under 
varying solution times. It reveals distinct concentrations 
of Fe and Cr elements at the interfaces, indicating a high-
quality metallurgical bond. In addition, it demonstrates that 
the thickness of the reaction layer significantly increases 
with extended heat treatment times, correlating with related 
research on diffusion zone thickness.43 Initially, a 1-h solution 
time slightly thickens the reaction layer compared to the 
as-sintered state, with the diffusion zone measuring 105 µm 
compared to 75 µm for the as-sintered sample, as shown in 
Figure 7A. Extending the solution time to 4 h results in the 
reaction layer thickening to approximately 160 µm, a 52% 
increase over the 1-h solution time sample, as detailed in 
Figure 7B. Nevertheless, there are holes within the reaction 
layer. According to Equation  I, δ3  =  √2 δ2 = 2√2 δ1, where 
δ1, δ2, δ3 represent the diffusion zone thicknesses under heat 
treatment for 1, 4, and 8 h, respectively. At an 8-h solution 
time in Figure 7C, the transition zone reaches nearly 220 µm, 

Figure 6. Scanning electron microscopic images and energy-dispersive X-ray spectroscopy maps of Fe, Ni, Nb, and Mo adjacent to the interface following 
different annealing durations. (A) As-sintered; (B) 1 h; (C) 4 h; (D) 8 h; and (E) 8 h + aging at 482°C for 1 h. Scale bars: 100 µm, magnification: ×543).
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about 2.1  times the thickness at 1  h, aligning closely with 
the calculated value of approximately 2.8  times. Prolonged 
solution times, while increasing the reaction layer thickness, 
also enhance the risk of cracking and excessive growth of 
grain size, as shown in Figure 3. Additional EDS analyses at 
the interfaces of 17-4PH/IN625 bimetals for different solution 
times, as illustrated in Figure  7, indicate that solution time 
does not alter the composition of interface phases within the 
reaction layer. In addition, Figure 7F and G present EDS point 
scan analyses at points i and ii in Figure 7B, corresponding 
to the 17-4PH and IN625 alloys, respectively. Figure  7H 
illustrates elemental distribution at point iii in Figure  7B, 
identifying Fe, Ni, Co, Si, and Mn in the specified area.

3.3. Interface microstructure analysis

To delve deeper into the characteristics of the diffusion zone, 
a focused examination of a select region was conducted 
to analyze the distribution of elements and identify the 
presence of precipitates, as illustrated in Figure  8. This 
investigation employed linear analysis and mapping 
techniques to scrutinize the chemical composition of the 
white band observed in Figure 3 and the precipitates found 
within the diffusion zone.

Figure  8A illustrates the characteristic structure 
observed at the interface, which features a black zone 
encircled by a lighter zone. Elemental mapping reveals 
that the darker oxides are composed of oxygen (O), 
manganese (Mn), and Cr, while Nb and Mo constitute the 
lighter secondary phase. These zones are characterized 
as Ni-predominant areas, as corroborated by EDS 
analyses referenced in Figure 8A, C, and E. Furthermore, 

examination of Figure  8F and J reveals that the 
Fe-predominant zone comprises Fe, Cr, and Mn elements 
exclusively, devoid of any other discernible phases, thus 
aligning with earlier findings outlined in Section 3.1.

The emergence of oxidized regions and the formation 
of carbides are anticipated outcomes during the 
debinding and sintering stages, largely attributable to the 
accumulation of impurities. Within the comprehensive 
microstructure of the material, carbides, characterized 
by a blocky appearance, were observed both internally 
and at the grain boundaries in parts manufactured 
through ES-AM.4 Further SEM analyses highlighted a 
homogeneously distributed secondary phase within the 
material (Figure 7A, B, and  D), which was predominantly 
composed of Mo, Nb, and Si (Figure 7B). A comparative 
analysis of its EDS spectrum with that of the matrix 
revealed a marginal increase in carbon content within 
this secondary phase, which also exhibited a reduction in 
Ni, Fe, and Cr in comparison to the matrix, as outlined 
in Table  4. Heat-treated samples, as contrasted with 
as-sintered ones, demonstrated the presence of elongated 
carbides, as illustrated in Figure  3. These carbides were 
arranged in semi-continuous sequences along the grain 
boundaries, consistent with the literature.35 In other studies, 
a similar phenomenon was observed in heat-treated IN625 
produced using PBF and DED methods.44 These carbides 
are classified into two types: NbC and Cr23C7.45 Among 
the two, NbC typically has a higher dissolution temperature 
(above 1200°C) and remains incompletely dissolved 
during heat treatment under 1150°C.29 Cr23C7 usually 
forms during the solid-phase transition process due to a 

Figure 7. Scanning electron microscopic images and transition zones across different heat treatment conditions. (A) As-sintered; (B) treated at 1150°C for 
1 h; (C) 4 h; (D) 8 h; and (E) 8 h + aging. Scale bars: 200 µm, magnification: ×200. Elemental composition analysis at specific locations in (B): (F) Element 
at point A, (J) element at point B, and (K) element at point C.
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slower cooling rate.46 The elongated morphology of these 
carbides is due to the slow cooling rates experienced at 
the conclusion of the heat treatment process, a detail that 
aligns with the observed structural characteristics.

The XRD patterns of phases present at the 17-4PH/
IN625 composite, both in as-sintered and heat-treated 
states, were analyzed to assess changes in intermetallic 

phases, as depicted in Figure 9A. The primary phases in 
17-4PH are the α-phase (martensitic and ferritic phases), 
whereas in IN625, the dominant phase is the γ-phase 
(austenitic phase). No additional phases were discovered 
following the heat treatments, which were under 1150°C 
for various durations, with or without subsequent 
aging, of 17-4PH, with only austenite and martensite 
peaks detected.20 Both direct aging and aging following 
Hot Isostatic Pressing (HIP) of 17-4PH fabricated 
through PBF showed no formation of other phases.31,47 
Furthermore, the absence of additional peaks suggests the 
absence of reactive phase formation within the bimetallic 
structure of SS316L and IN718 alloy.48 Similarly, further 
XRD patterns corroborate the observation in our 
research that no new intermetallic phases form within 
the diffusion zone following heat treatment, aligning 
with the findings from EDS analyses. Independent of 

Table 4. Element distribution in the interface of bimetal

Weight % Cr Fe Ni Nb Mo Mn Si C O

Precipitates 9.7 5.1 20.9 25.8 15.9 ‑ 2.1 16.5 2.3

Oxides 39.5 ‑ ‑ ‑ ‑ 19.5 0.5 8.7 30.4

White bands 14.8 51.9 14.6 ‑ 1.4 ‑ 0.3 10.6 ‑

17‑4PH 12.6 57.6 3.1 ‑ ‑ 0.4 2.8 9.1 7.0

IN625 18.5 5.8 52.0 2.6 7.0 ‑ 0.6 11.6 1.9

Figure 8. Microstructural analysis of interfaces. (A) Elemental mapping covering an oxide inclusion and secondary phase. Scale bars: 10 µm, magnification: 
×3678; Scale bars: 2 µm, magnification: ×3678. Energy-dispersive X-ray spectroscopy (EDS) line scans for light (B) and dark (C) areas; elemental analyses 
for specific spots: (D) analysis at spot D, (E) analysis at spot E; (H) EDS line scans for white band.
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whether they underwent heat treatment, the reaction 
layers predominantly consist of oxides and precipitates 
exhibiting a high concentration of Nb and Mo elements. 
In addition to the Ni matrix, peaks indicative of MC 
carbides were also identified.49 Similarly, MC carbides 
were found in IN625 treated under 1150°C.50 The heat 
treatment process appears to diminish the presence of 
carbides, as evidenced by Figure 4, showing a reduction 
in both the size and quantity of carbides. Simultaneously, 
as the duration increases, the peak position shifts due to 
stress relaxation and precipitate formation,35 as depicted 
in Figure 9B. As IN625 alloy and 17-4PH possess different 
coefficients of thermal expansion, the stress level escalates 
with prolonged time. Previous literature has reported 
similar observations regarding the behavior of IN625 
under various heat treatment conditions, especially when 
compared to stress-free powder materials.50

3.4. Effects of heat treatment on microhardness

The impact of heat treatment on the microhardness 
of 17-4PH/IN625 bimetallic parts was determined 
through microhardness testing. Figure  10 presents the 
microhardness distributions along the bimetallic interfaces 
under both as-sintered and heat-treated states.

The microhardness of the bimetal improves 
uniformly across all areas, including both the 17-4PH 
side and the IN625 side, as well as the interface, after 
undergoing heat treatment. In the case of 17-4PH 
steel, there is an initial increase in hardness, peaking 
at 367 HV1.0, followed by a subsequent decline. This 
observation aligns with other studies wherein a peak 
hardness value of approximately 360 HV1.0 was noted 
following solution heat treatment.34 The enhancement 

in hardness can be attributed to the reduction in 
porosity and the diminution of pore size. However, 
over time, an enlargement in grain size is discernible, as 
indicated in Figure 3, adversely affecting hardness. The 
predominant phases in 17-4PH consist of ferrite and 
martensite. Slower cooling rates or extended heating 
periods facilitate the migration of carbon and other 
alloying elements, leading to a reversal from martensite 
to ferrite. An increase in the proportion of ferrite, at the 
expense of martensite, typically results in a diminished 
hardness, given the inherent softness of ferrite compared 
to martensite.51 A comparable trend was observed in the 
microhardness of 17-4PH manufactured through PBF 
as time progressed, manifesting a decrease. This trend is 
attributed to the presence of samples consisting of fine 
lath martensite lacking distinct preferred orientations, 
coupled with the elimination of delta-ferrite following 
homogenization.34 Meanwhile, through aging followed 
by homogenization, fine particles (precipitates) form 
and impede dislocation movement, thereby augmenting 
hardness compared to the material devoid of aging, as 
illustrated in Figure  10. For IN625, the microhardness 
initially experiences a marginal increase from 208 
HV1.0 to 209 HV1.0, before subsequently decreasing to 
205 HV1.0. The strengthening of IN625 alloy mainly 
ensues through solid solution hardening facilitated by 
Cr, Mo, and Nb.49 However, during heat treatment, the 
segregation of these elements within the transition zone 
forms precipitates, thereby reducing the strengthening 
effect in IN625. In alternative bimetallic structures 
consisting of IN625 and Ti6Al4V, the absence of Cr- and 
Mo-enriched phases within the Ni matrix on the IN625 
side culminates in a reduced hardness gradient.52 
With prolonged holding time, the enlargement of 

Figure 9. The X-ray diffraction (XRD) patterns of 17-4PH/IN625 bimetallic samples under different heat treatment conditions: (A) Overall XRD patterns; 
(B) The XRD peak shift at specific location. (A) The XRD patterns and (B) the XRD peak shift at the specific locations of 17-4PH/IN625 bimetallic samples 
under different treatment conditions.
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Table 5. Thickness of the diffusion zone across various treatment conditions

Diffusion zone (µm) As‑sintered HT1 HT4 HT8 HT8+aging

EDS line scan analysis (μm) 75 105 160 220 200

Results derived from Equation I ‑ a 2 a 2.8 a 2.8 a

Microhardness measurements (μm) 100 150 188 250 250

Abbreviation: EDS: Energy‑dispersive X‑ray spectroscopy.

grain size and the reduction in the spread of elongated 
precipitates on the IN625 side (Figure 5) lead to reduced 
microhardness.

The microhardness distributions, regardless of whether 
in the as-sintered or heat-treated state, exhibit a consistent 
pattern, wherein the microhardness of the reaction layers is 

markedly lower than that of the matrices, particularly evident 
in the steel matrix, as depicted in Figure 10. The indentations 
on the interface appear larger compared to those in Inconel 
alloy and SS, as depicted in Figure 10F. This significant decrease 
in microhardness within the diffusion zone is attributed to 
the presence of pores and the absence of secondary phases. 

Figure 10. Microhardness profiles across bimetal interfaces. (A) As-sintered and heat-treated at 1150°C for (B) 1 h, (C) 4 h, (D) 8 h, and (E) 8 h + aging. 
(F) Optical microscopic image showing indentations. Scale bar: 200 µm; magnification: ×264.
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With an increase in holding time, the microhardness of the 
transition zone initially rises, and then decreases after 4 h, as 
shown in Figure 11. Heat treatment for 4 h yields the highest 
microhardness value, approximately 186 HV1.0, compared to 
the lowest value of 156 HV1.0 observed in samples without 
heat treatment. This observed increase represents a nearly 
20% post-treatment enhancement, closely aligning with 
the microhardness on the IN625 side. With the increase in 
time, the size of pores reduces, and the occurrence of pores 
decreases. During heat treatment, oxides and carbides form 
in the transition zone, creating an intermetallic compound 
that is both hard and brittle. Excessively long dwell times 
typically result in larger grain sizes, which are detrimental 
to the hardness of the interface. Notably, microhardness 
measurements also allow us to determine the thickness of the 
transition zone in Figure 10A-D. These values are consistent 
with results calculated using Equation I and EDS scan line 
analysis results from Table 5.

4. Conclusion
This study investigated the effects of various heat treatment 
approaches on the microstructure and mechanical 
properties of 17-4PH/IN625 bimetallic components 
fabricated through the ES-AM process. The key findings 
are summarized below.
(i)	 The 17-4PH/IN625 bimetallic composite exhibited 

excellent interfacial bonding after heat treatment, 
with few pores at the interface and uniform elemental 
distribution without delamination. The diffusion 
zone could be separated into two regions: an Fe-rich 
zone and a Ni-rich zone (containing oxides and 
Mo-, Nb-rich precipitates). Significant Nb segregation 

was observed in the transition zone.
(ii)	 With extended dwell time, overall porosity decreased. 

Simultaneously, carbides, an intermetallic compound 
(a hard and brittle phase), exhibited a more uniform 
and finer distribution after 4 h of heat treatment.

(iii)	The thickness of the transition zone increased with 
prolonged dwell times, resulting in enhanced bonding 
strength for the bimetallic components. Empirical 
data on microhardness and the theoretical parabolic 
diffusion law provided supporting evidence for the 
observed phenomenon.

(iv)	 No new phases were detected after heat treatment; 
however, XRD peak shifts occurred due to stress 
relaxation and precipitate formation.

(v)	 The microhardness of the transition zone increased 
with heat treatment, reaching a maximum of 186 HV1.0 
after a 4-h holding time. The optimized heat treatment 
condition was determined to be 1150°C for 4 h to attain 
uniform microstructures and high bonding strength.

Future studies could involve complementary 
computational efforts involving modeling and simulations to 
acquire insights into the mechanisms facilitating interfacial 
bonding. Particular attention should be paid to elucidating 
the role of elemental segregation and diffusion phenomena.
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Abstract
This study investigated the impact of aging heat treatment time on the mechanical 
properties of NiTi triply periodic minimal surface structures fabricated through laser 
powder bed fusion. X-ray diffraction analysis results indicate that with increasing 
aging time, the NiTi2 phase precipitates while the content of the B19’ phase decreases. 
At 10 h of aging time, the Ni4Ti3 phase becomes evident in the sample. The differential 
scanning calorimeter results show that R phase transformation occurs, and the phase 
transformation temperature increases when the aging time reaches 6 h. Microhardness 
increases with aging time, peaking at 477.8 HV after 10 h. Compression experiment 
results reveal a maximum elastic modulus of 1262.82 MPa for the gyroid sheet-shaped 
structure achieved after 2 h. In addition, the superelasticity test indicates the highest 
recoverable strains at 2%, 4%, and 6% compressive strain for the gyroid rod-shaped 
structure after aging for 10 h. In cyclic compression experiments, the ratio of shape 
memory recovery increases from 40% at 0 h to 97% at 6 h. Fracture analysis results 
show that the transition in the fracture mechanism from brittle fracture to quasi-
cleavage fracture occurs after aging heat treatment.

Keywords: NiTi alloy; Laser powder bed fusion; Aging heat treatment; Triply periodic 
minimal surface; Shape memory effect

1. Introduction
Shape memory alloys (SMAs) constitute a family of metallic materials capable of 
reverting to their original shape on heating after deformation by external forces.1 SMAs 
include Cu-based, NiTi-based, and Fe-based variants.2 Among these variants, NiTi-based 
SMAs exhibit excellent shape memory properties, characterized by high shape recovery 
ratios, hyperelastic strain capacities, excellent corrosion resistance, biocompatibility, 
and superior damping properties.3 Compared with traditional NiTi alloy components, 
NiTi alloy porous structures, such as minimal surface structure and lattice structure,4-8 
offer distinct advantages, including lightweight construction, low density, large specific 
area, and high specific strength.9 These attributes render them applicable across diverse 
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domains such as biomedicine, aerospace, automotive 
engineering, shock absorption systems, and propulsion 
devices, capitalizing on the characteristics of NiTi alloy.10 For 
example, porous biomaterials enable adjustments of elastic 
modulus, while the biocompatibility of NiTi alloy enhances 
implant integration with host bone tissue and improves 
bone tissue regeneration. In addition, the porous structure 
increases surface area, facilitating the functionalization of 
biomaterials.11,12 Due to their lightweight nature, extensive 
contact area, and excellent transmission characteristics, 
minimal surface structures offer great advantages in 
aerospace thermal management technologies.13,14

The triply periodic minimal surface (TPMS) structure 
represents a form of porous architecture characterized by 
smooth surfaces devoid of sharp edges, thus mitigating 
stress concentration. Fundamental properties of TPMS, 
such as the type, size, and porosity of monomer cells, are 
controllable through adjustment of functional parameters, 
with significant implications for mechanical properties. 
Stress in the NiTi sheet gyroid structure primarily localizes 
at the joint of inclined surfaces under compressive loading. 
As the volume fraction increases, mechanical properties 
such as compression modulus and ultimate yield strength 
improve.15 Research by Shi et al.16 highlights that gyroid, 
diamond, and I-graph-wrapped package (IWP) structures 
are prone to shear failure, coupled with flexural and 
torsional coupling deformation. Primitive deformation 
predominantly involves stretching, manifesting in layer-by-
layer collapse. Gyroid and IWP structures exhibit heightened 
energy absorption among the four TPMS lattices. Axial 
loading results in a notable increase in effective stress and 
martensite volume fraction with rising relative density of 
TPMS cells, with the diamond structure exhibiting superior 
mechanical properties.17 In cyclic compression experiments, 
the residual strain of the gyroid structure escalates with the 
number of cycles. A  rise in maximum strain from 4% to 
8% corresponds to an increase in residual strain from 1% 
to 4%, indicative of favorable superelasticity.18 Jin et al.19 
similarly affirm the superior superelastic properties of 
Ni-Ti gyroid TPMS lattice structure. In addition, the gyroid 
structures exhibit superior static mechanical properties 
and fatigue resistance compared to traditional octahedral 
minimum trabecular lattice structures at equivalent volume 
fractions.20 In addition to mechanical research, TPMS 
structures find applications in sound absorption,21-23 heat 
dissipation,24,25 catalysis,26,27 and other fields. However, 
traditional machining methods encounter challenges in 
forming TPMS structures due to the high work hardening 
and strength characteristics of NiTi SMA,28,29 resulting in 
poor processing ability.

Laser powder bed fusion (LPBF) technology offers 
a viable approach for manufacturing metallic porous 

structures. LPBF uses laser spots to selectively melt metal 
powder on a powder bed to form metal parts with complex 
shapes.30 However, the LPBF process applied to NiTi SMA 
can result in residual thermal stress and the formation 
of Ni-rich precipitates in the sample, due to the high 
thermal cycling, substantial thermal gradient, and rapid 
cooling rate involved.31 Heat treatment serves as a means 
to alleviate residual stress, dissolve precipitates, adjust Ni 
content, control precipitate existence and distribution, and 
consequently affect microstructure, phase transformation 
characteristics, and mechanical properties.32 Given the 
apparent over-solid solubility of the B2 phase relative 
to Ni, Ni-rich NiTi alloy lends itself to solid solution 
heat treatment to dissolve the second phase, resulting in 
uniform microstructure, high plasticity, elimination of 
residual stress, and reduction of dislocation density.33 
However, the solution temperature generally tends to 
be relatively high, which can promote grain growth.34 
Subsequent aging heat treatment is often necessary 
after the solution heat treatment. Aging heat treatment 
facilitates the precipitation of the Ni4Ti3 phase with 
uniform size and dispersed distribution, thereby altering 
phase transformation behavior and enabling controlled 
adjustments of mechanical properties, shape memory 
effect (SME), and superelasticity.35

The mechanical properties of NiTi alloy are influenced 
by varying aging temperatures and durations. For 
example, the residual strain in samples aged at 350°C 
was significantly lower compared to those aged at 450°C. 
This disparity arises from a slight increase in dislocation 
formation during the loading process in samples aged at 
350°C, resulting in a significantly lower content of retained 
stable martensite.36 After aging heat treatment at 600°C, 
the tensile strength of NiTi alloy could reach 729 MPa, 
with a strain recovery ratio of 92.85%. This enhancement 
is attributed to the gradual formation of Ni4Ti3 and NiTi2 
precipitates, which affects the adjustments of properties 
and microstructure.37 As the aging temperature increases 
to 700°C, particle aggregation, dislocation formation, and 
strain-induced boundary migration occur.38 Yan et al.39 
concluded that aging at 750°C for 5 h could improve the 
mechanical strength of NiTi alloy, with the effect of aging 
temperature on the hardness of NiTi alloy surpassing that of 
aging time. These studies underscore the significant impact 
of aging temperature on microstructure characteristics and 
thermal properties such as phase transformation process, 
temperature, and rate. Moreover, increasing aging time 
leads to uneven precipitation of Ni-rich intermetallic 
compounds such as Ni4Ti3 and Ni3Ti from the matrix.40 In 
addition, the type, volume fraction, size, and distribution 
of precipitated phases within the matrix after LPBF can 
affect phase transformation behavior and mechanical 
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properties, thus complicating the effect of aging on the 
mechanical properties of NiTi alloy.

In this study, sheet-shaped gyroid cellular structure 
(SGCS) and rod-shaped gyroid cellular structure (RGCS) 
were designed and manufactured using LPBF with NiTi 
alloy powder. Subsequently, the effects of aging heat 
treatments on the microstructure and phase transformation 
behavior of NiTi cellular structures were investigated 
through metallographic microscopy and X-ray diffraction 
(XRD) analyses. Furthermore, the influence of aging heat 
treatments on the mechanical properties, superelasticity, 
and SME of NiTi cellular structures was analyzed using 
an electronic universal testing machine and digital 
image correlation (DIC) technique. Finally, the fracture 
mechanism of NiTi cellular structures was elucidated 
through detailed examination employing scanning 
electron microscopy (SEM).

2. Materials and methods
2.1. Design of gyroid surface structure

All models in this study were designed using MATLAB 
software (MathWorks Inc, America), employing the implicit 
function of the gyroid structure expressed in Equation I:

FGyroid = sin (2πx/a) cos (2πy/a) + sin (2πy/a) cos (2πz/a) + 
sin (2πz/a) cos (2πx/a)−t(x,y,z)� (I)

where a denotes the size of the cell body in millimeters 
(mm), and t(x,y,z) represents the relative density variation 
parameter controlling the structure of minimal surfaces. 
Utilizing this function, samples of SGCS and RGCS with 
a volume fraction of 15% were designed. The dimensions 
of the cell body were set at 3 mm × 3 mm × 3 mm, and the 
overall size of the structure was 15 mm × 15 mm × 15 mm, 
as illustrated in Figure 1A. For SGCS, the surface thickness 
was set as 0.15 mm, while the minimum rod diameter for 
RGCS was set as 0.64 mm.

2.2. Manufacturing

The RGCS and SGCS samples were printed using the 
Dimetal-100H laser selective melting manufacturing 

equipment (Guangzhou Laseradd Additive Technology 
Co., LTD., China). The powder employed was Ni50.67Ti49.33 
(Shenzhen MINATECH CO., LTD., China), with a particle 
size distribution range of 15 – 53  µm (D10=17.8  μm, 
D50=33.6 μm, D90=55.8  µm). Given the known benefits 
of laser remelting in effectively increasing sample 
density, refining surface roughness, reducing defects, and 
optimizing microstructure through multiple laser scans 
applied to each layer of slices,41,42 the remelting process 
was deemed suitable for this study. The pertinent forming 
process parameters are detailed in Table 1. Subsequently, 
based on these process parameters, the RGCS and SGCS 
were prepared using LPBF technology, as illustrated in 
Figure 1B.

2.3. Aging heat treatment

Before aging heat treatment, the manufactured samples 
underwent solution heat treatment. They were placed 
into quartz tubes and sealed with argon of 99.9% purity, 
then kept in a furnace at 1000°C for 2 h, followed by water 
quenching. Different aging times were designed, as outlined 
in Table 2. The heating rate for both heat treatments was 
set at 10°C/min. The designation “A0” denoted no heat 
treatment, while samples subjected to 2  h of aging heat 
treatment were labeled by SGCS-A2 and RGCS-A2.

2.4. Characterization of microstructure

The aged samples were cold-set and coarsely ground 
using sandpaper ranging from 120 grit to 2000 grit. 
Subsequently, mechanical polishing was conducted using 
a 50 nm diamond abrasive paste. The polished surface was 
then etched using an etching solution (HF: HNO3:H2O in 
a volume ratio of 1:2:5) for 120 s. The samples were then 
thoroughly washed with water and alcohol. The phase 
structure was observed using a metallographic microscope, 
and photographic documentation was performed. 
Analysis of the crystalline phases presented in the samples 
before and after the aging process was conducted using 
XRD patterns with Cu-Kα radiation, with a scanning 
angle ranging 20 – 90° and a scanning speed of 10°/min. 

Figure 1. NiTi alloy porous structures. (A) Illustrations of sheet-shaped gyroid cellular structure (SGCS) and rod-shaped gyroid cellular structure (RGCS) 
structures, and (B) the structures fabricated through laser powder bed fusion.
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https://dx.doi.org/10.36922/msam.3137


Materials Science in Additive Manufacturing Mechanical properties of NiTi TPMS

Volume 3 Issue 2 (2024)	 4� doi: 10.36922/msam.3137 

Furthermore, the phase transformation temperatures 
of the aged sample were measured using a differential 
scanning calorimeter (DSC) operating with a heating and 
cooling rate of 10°C/min in a helium atmosphere within a 
temperature range of 0 – 80°C.

2.5. Mechanical properties and functional 
properties test

Compression test was conducted using a CMT5105 
testing machine (SUST Co., Ltd., China) at room 
temperature. The superelasticity test was conducted in 
an electronic universal testing machine equipped with 
a high-temperature test chamber (CMT5105GD, SUST 
Co., Ltd., China). The temperature was raised above the 
end temperature of reverse martensitic transformation, 
and the recoverable strain and unrecoverable strain were 
determined based on the stress-strain curve obtained from 
loading the sample from 0% to 8% strain with a 2% strain 
increment. The SME test involved loading the sample 
to a 6% strain at room temperature and unloading it for 

15 cycles. After the cycles, the sample was heated in a water 
bath at 100°C for 3 min. The ratio of height changes before 
and after heating to the original height was measured, and 
the shape memory recovery ratio (η) was calculated using 
Equation II. The loading and unloading speeds were both 
set at 0.5 mm/min.

η = (h3−h2)/(h2−h1)×100%� (II)

where h1 is the height of the sample before testing, h2 is 
the height of the sample after the end of the cycle, and h3 is 
the height of the sample after heating, all in mm.

Microhardness of the aged samples was measured using 
a Vickers microhardness tester (HV-1000, CVOK Co., Ltd., 
China) with a 1000 gf load applied for 15 s.

2.6. DIC test

The deforming behavior of the gyroid structure was 
analyzed using VIC-3D (Related Solutions Co. Ltd., 
United States of America). A white paint was sprayed on 
the surface as a background in advance, and random black 
spots were sprayed after drying for DIC data acquisition 
and analysis. During the static compression test, 
deformation was captured by a data acquisition camera 
(camera resolution=3376 × 2704 pixels), with a camera 
sampling frequency of 1  Hz. Subsequently, the collected 
images during the structural deformation process were 
calculated and analyzed using DIC software. To achieve a 
more accurate analysis of the deformation of the Gyroid 
structure, the non-interest region of the gyroid’s internal 
holes was removed from the initial image to identify the 
region of interest (ROI), and the strain cloud diagram of 
the maximum principal strain was obtained.

2.7. Fracture morphology

The fracture morphology of RGCS and SGCS was analyzed 
using SEM (TESCAN CLARA, TESCAN, Czech Republic) 
with an acceleration voltage of 10 kV.

3. Results and discussion
3.1. Effect of aging time on microstructure and 
phase transformation behavior

The metallographic structure of the NiTi minimum surface 
structure after different aging times in the X–Z direction 
is depicted in Figure  2. The figure illustrates that the 
microstructures of the samples exhibited coarse columnar 
crystals. During the LPBF process, samples were printed 
layer by layer from bottom to top, resulting in significant 
temperature gradient changes that facilitated vertical 
grain growth and columnar crystal formation. The crystal 
size of sample A0, as measured using ImageJ software, 
was 56.46 ± 10.92 μm. In contrast, samples aged for 2 h, 

Table 2. Process parameters of aging heat treatment

Sample no. Shape Temperature 
(°C)

Aging 
time (h)

Cooling 
method

RGCS‑A0 Rod‑shape ‑ ‑ ‑

RGCS‑A2 Rod‑shape 400 2 Air cooling

RGCS‑A4 Rod‑shape 400 4 Air cooling

RGCS‑A6 Rod‑shape 400 6 Air cooling

RGCS‑A8 Rod‑shape 400 8 Air cooling

RGCS‑A10 Rod‑shape 400 10 Air cooling

SGCS‑A0 Sheet‑shape ‑ ‑ ‑

SGCS‑A2 Sheet‑shape 400 2 Air cooling

SGCS‑A4 Sheet‑shape 400 4 Air cooling

SGCS‑A6 Sheet‑shape 400 6 Air cooling

SGCS‑A8 Sheet‑shape 400 8 Air cooling

SGCS‑A10 Sheet‑shape 400 10 Air cooling

Abbreviations: RGCS: Rod‑shaped gyroid cellular structure;  
SGCS: Sheet‑shaped gyroid cellular structure. 

Table 1. The processing parameter for laser powder bed 
fusion

Parameters Value

Laser power (W) 240

Laser speed (mm/s) 600

Hatch spacing (mm) 0.1

Layer thickness (mm) 0.03

Remelting power (W) 60

Remelting speed (mm/s) 200
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4 h, 6 h, 8 h, and 10 h exhibited sizes of 31.11 ± 3.67 μm, 
26.81 ± 1.89 μm, 46.77 ± 4.16 μm, 39.17 ± 4.57 μm, and 
44.63 ± 6.03 μm, respectively. These results indicated a 
decrease in grain size and an increasing trend of columnar 
crystals after aging treatment.

The XRD and semi-quantitative analysis results are 
presented in Figure 3. The untreated samples exhibited the 

B2 parent phase, with three primary peaks corresponding 
to the crystal plane index of (100), (110), and (200), 
respectively, with the highest intensity observed for the 
diffraction peak of (200). On aging heat treatment, the 
samples exhibited the presence of the B2 phase, B19’ 
phase, and NiTi2 phase. This phenomenon was attributed 
to the decrease in Ni content due to evaporation during 

Figure 2. The microstructure of the X–Z plane of the sample treated with different aging times. (A) 0 h; (B) 2 h; (C) 4 h; (D) 6 h; (E) 8 h; and (F) 10 h. Scale 
bars: 100 μm; magnification: ×5.

D

B E

C F

A

Figure 3. Phase analysis of laser powder bed fusion samples with aging heat treatment. (A) X-ray diffraction pattern. (B) Semi-quantitative analysis results.
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the LPBF process, leading to excessive Ti precipitation 
in the form of the NiTi2 phase. The appearance of the 
B19’ phase is a result of changes in the Ni/Ti ratio after 
aging heat treatment. The intensity of the highest peak 
of the B2 phase started decreasing after aging for more 
than 2 h, with some overlapping peaks observed with the 
NiTi2 phase. It is worth noting that when the aging time 
reached 10 h, a diffraction peak for the Ni4Ti3 phase was 
revealed. Semi-quantitative analysis indicated that aged 
samples were mainly composed of B2 and B19’ phases, 
with a small amount of NiTi2 phases present. In the LPBF 
process, the content of the B2 phase is the highest because 
the high cooling rate inhibits the transition of B19’ phase, 
while the NiTi2 phase preferentially precipitates due to 
heat and supercooling.43 The content of B19’ and NiTi2 
phases decreased with aging time. A  small amount of 
the Ni4Ti3 phase appeared in the A10  sample, indicating 
that the second phase was almost completely dissolved, 
and the Ni4Ti3 phase began to precipitate between 8 and 
10 h. As a brittle phase, the NiTi2 phase led to the fracture 
of NiTi alloy in the early stage of plastic deformation, 
resulting in a sharp decrease in the ductility of the alloy.44 
The precipitation of NiTi2 changed the ratio of Ni/Ti atoms 
in the matrix, and the phase transformation temperature 
changed accordingly, inducing uneven microstructure and 
low ductility. The Ni4Ti3 phase is one of the vital precipitated 
phases in the NiTi alloy. The mechanical properties and 
shape memory properties of the NiTi alloy were adjusted by 
controlling their physical properties, such as morphology, 
size, density, and position distribution.45 For example, 
the recoverable strain of the NiTi alloy after stretching is 
due to the interaction between the dislocation formed 
under a certain number of stretching cycles and the Ni4Ti3 
nanoprecipitate.36 By increasing the laser volume energy 
density, the content of Ni4Ti3 was markedly reduced, which 
improved the pseudoelastic recovery behavior of the matrix 
during nanoindentation to a certain extent.46

The DSC curves of the aging samples and the analysis 
of phase transformation temperatures are depicted in 
Figure 4. In these curves, Ms and Mf represent the starting 
and ending temperatures of martensitic transformation, 
respectively, while As and Af represent the starting and 
ending temperatures of reverse martensitic transformation, 
respectively. Figure  4A illustrates a two-step phase 
transformation behavior in the samples after aging heat 
treatment. The precipitation of the second phase induced 
multistep phase transformation behavior in the Ni-rich NiTi 
alloy. The primary mechanism underlying multistep phase 
transformation is the non-uniform position distribution 
of the precipitated phase during the initial stages of aging. 
Most precipitates form and grow along the grain boundary, 
resulting in an uneven composition of the matrix. 
Consequently, different parts of the matrix undergo phase 
transformation at varying aging temperatures or durations. 
As the aging time increased, both the endothermic peak 
and exothermic peak shifted to the right. The width of the 
martensite transformation peak slightly decreased, while 
the width of the austenite transformation peak increased. 
In Figure  4B, it can be observed that Mf decreased from 
18.6°C to 7.9°C with increasing aging time, then increased 
to 16.7°C, while Ms only slightly increased from 22.5°C to 
27.9°C. As As increased from 32.7°C to 54.9°C, Af increased 
and stabilized at about 63°C after decreasing to 58.2°C, 
with the phase transformation temperature lag gradually 
increasing. The decrease in Mf and Af before 6 h may be 
attributed to the precipitation of the NiTi2 phase, resulting 
in an increase in Ni content and a decrease in phase 
transformation temperature. Conversely, after aging heat 
treatment, the evaporation of Ni and Ni-rich secondary 
phase led to a low Ni concentration in the matrix, resulting 
in an increased phase transformation temperature.47

The hardness of sample A0 was 278.2 HV and increased 
with the aging time, as depicted in Figure 5. The maximum 

Figure 4. (A) DSC curves of NiTi fabricated by LPBF. (B) Analysis of Ms, Mf, As, and Af.
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value recorded was 477.8 HV for A10, representing a 
71.74% increase compared to the untreated samples. This 
notable increase can be attributed to the precipitation of 
the second phase, which enhances the resistance to plastic 
deformation. As a result, the critical stress required for 

slip in the matrix increases, leading to an overall increase 
in hardness.48 In addition, the precipitation of the NiTi2 
phase also contributes to the improved hardness of the 
sample. Saedi49 similarly observed an increase in sample 
hardness with extended aging time, underscoring the 
significant influence of aging duration on the hardness of 
NiTi alloy. Moreover, it is worth noting that the hardness 
of NiTi alloy is highly dependent on the test environment 
temperature.

3.2. Effect of aging heat treatment on compressive 
properties

The compressive stress-strain curves of RGCS and SGCS 
after different aging times are depicted in Figure 6A and B. 
Both structures exhibited three classical stages during the 
compression process: (i) linear elastic stage, (ii) yield stage, 
and (iii) fracture stage. During the initial stage, RGCS 
underwent a brief period of linear elastic deformation 
before transitioning into the yield stage. During the yield 
stage, stress increased non-linearly until reaching the 
strength limit, followed by a sharp stress drop leading to 
sample failure. Following aging heat treatment, the yield 
plateau of RGCS structures extended, enhancing plasticity Figure 5. Microhardness of samples with aging heat treatment.

Figure 6. Compression results of samples treated with different aging times. (A) The stress-strain curve of rod-shaped gyroid cellular structure (RGCS). 
(B) The stress-strain curve of sheet-shaped gyroid cellular structure (SGCS). (C) Elastic modulus. (D) Compressive strength.

B
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Figure 7. The maximum principal strain of rod-shaped gyroid cellular structure (RGCS) with different aging times. (A) 0 h; (B) 2 h; (C) 4 h; (D) 6 h; (E) 
8 h; and (F) 10 h.

A B C

FED

Figure 8. The maximum principal strain of sheet-shaped gyroid cellular structure (SGCS) with different aging times. (A) 0 h; (B) 2 h; (C) 4 h; (D) 6 h; (E) 
8 h; and (F) 10 h.

A B C
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Figure 9. Digital image correlation (DIC) analysis of the compression strain of rod-shaped gyroid cellular structure (RGCS) at different time points after 
heat treatment with different aging times.
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while maintaining strength, with RGCS-A6 and RGCS-A8 
demonstrating the highest yield strength.

In contrast, the aging heat treatment shortened the 
yield plateau of SGCS, leading to a rapid transition 
through the yield stage and prompt initiation of fracture 
on reaching its strength limit. The failure strain of RGCS 
increased from 10% to 15%, while that of SGCS decreased 
from 10% to approximately 5%. These results indicate that 
aging heat treatment improved the plasticity and strength 
of RGCS but increased the brittleness of SGCS. Due to 
age hardening, the strength of SGCS increased while 
its plasticity and toughness declined, causing it to enter 
the compression fracture stage more rapidly, consistent 
with age hardening principles. Figure  3A illustrates the 
precipitation of the NiTi2 phase in the matrix after aging 
heat treatment, impeding dislocation movement within 
the alloy and thereby enhancing both yield strength and 
compressive strength. Furthermore, the LPBF process 
introduced sample defects such as micropores, with SGCS 
exhibiting greater sensitivity to defects compared to RGCS, 
leading to faster progression to the compression fracture 
stage. This study demonstrates enhanced plasticity for 
RGSC after aging heat treatment while maintaining nearly 
unchanged strength.

The compressive elastic modulus is depicted in Figure 6C. 
The elastic modulus of RGCS-A0 was 564.89 MPa, while 
that of SGCS-A0 was 1011.74 MPa. Compared with the 
untreated samples, the elastic modulus of RGCS decreased, 
whereas that of SGCS increased after aging heat treatment. 
At 2 h of aging, the minimum elastic modulus recorded for 
RGCS-A2 was 361.52 MPa, whereas the maximum elastic 
modulus observed for SGCS-A2 was 1262.82 MPa.

Figure  6D illustrates the compressive strength. Both 
RGCS and SGCS demonstrated higher compressive 
strength after aging heat treatment compared to the 
untreated samples. The maximum compressive strength of 
SGCS-A4 reached 69.48 MPa, marking a 61.39% increase 
over the compressive strength of SGCS-A0. Conversely, 

the maximum compressive strength of RGCS-A6 only 
exhibited a modest increase of 22.23%, reaching 29.38 MPa 
compared to RGCS-A0. These results indicate a significant 
enhancement in the mechanical properties of rod-shaped 
gyroid structures due to aging heat treatment.

Five evenly distributed points were extracted from the 
DIC strain cloud diagram, from top to bottom, to analyze 
the compression process of the gyroid, as depicted in 
Figures 7 and 8. Except for RGCS-A0, the strain at point 
P0 from RGCS-A2 to RGCS-A10 consistently exceeded 
that of the other four points after 45 s. Notably, the strain 
at the P0 point of samples A4, A6, and A8 surpassed 2%, 
as shown in Figure 7. The upper unit of RGCS experienced 
the most significant compression deformation. Conversely, 
the strain at the five extraction points of SGCS exhibited 
a synchronous upward trend within 20 s in Figure  8, 
indicating that the overall structure underwent rapid, 
uniform elastic deformation during the compression 
process. Twenty seconds later, the rate of strain increased 
more rapidly at points P2, P3, and P4 in the middle 
compared to the other points, except for SGCS-A8. 
Figures  9 and 10 display the strain contours of the two 
structures analyzed using DIC. The compressive shear 
failure of RGCS was attributed to the significant stress near 
the diagonal of the structure. Zhang50 discovered that the 
initial fracture of the uniform gyroid rod structure occurred 
on the diagonal rod at the corner with higher stress and 
strain levels. The first fractures occurred at the bottom 
of the cell and then extended to the upper layer. Most 
fractures were observed on the diagonal rod, while very few 
occurred on the horizontal rod. Chen51 discovered that the 
homogeneous gyroid structure developed a 45° shear band 
along the cube diagonal and fractured due to the localized 
shear stress aligned with the loading direction at a 45° angle. 
The text explained that the uniform gyroid structure was 
prone to failure when diagonal yield deformation occurred. 
However, the angle of the fracture zone of RGCS was slightly 
larger than 45°, and the position showed an offset near the 
diagonal. The RGCS-A2 and RGCS-A6 displayed a 45° 

Figure 9. (Continued).
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Figure 10. Digital image correlation (DIC) analysis of the compression strain of sheet-shaped gyroid cellular structure (SGCS) at different time points after 
heat treatment with different aging times.
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Figure 10. (Continued).

fracture zone around t=80 s. At the base of the structure, the 
micro-rod was bent upward due to compressive stress.

The initial collapse, as depicted in Figure 10, occurred 
at the upper edge of the structure, resulting in fragment 
formation under pressure. This collapse primarily stemmed 
from the stress exerted on the uppermost layer of SGCS 
reaching a local maximum and leading to the compaction 
of fragments and the formation of voids. Subsequently, 
this stress-induced fracturing propagated to the successive 
layer, demonstrating the strain ratio of the lower layer. 
Figure  10 further illustrates that while the upper layer of 
SGCS suffered damage, the bottom structure retained a 
certain level of integrity. The collapse of SGCS proceeded 
layer by layer, elucidating the serrated stress-strain curve of 
SGCS depicted in Figure 6B after reaching the failure strain. 

In addition, SGCS-A2 exhibited a vertical downward fault 
zone in the middle at t=100 s, whereas SGCS-A6 exhibited 
a 45° fault. Sun et al.52 proposed that SGCS reaches its initial 
ultimate stress after undergoing elastic deformation and 
subsequently collapsed, losing a substantial portion of its 
strength. After the initial collapse, the remaining structure 
partially regained its strength and experienced a cascading 
collapse during the subsequent process, ultimately displaying 
an upward trend. This abrupt collapse exemplifies the 
typical failure behavior observed in brittle minimal surface 
structures under minimal deformation.

Figure 11 illustrates the fracture morphology of RGCS 
after the compression test. For RGCS-A0 without heat 
treatment, the fracture morphology exhibited the typical 
river patterns and multiple cleavage steps, accompanied by 

Figure 11. Fracture morphology of rod-shaped gyroid cellular structures (RGCS) with different aging times. (A) 0 h; (B) 2 h; (C) 4 h; (D) 6 h; (E) 8 h; and 
(F) 10 h.
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a small number of dimples in localized areas, indicative of 
brittle fracture mechanisms. Conversely, after aging heat 
treatment, RGCS-A2 displayed a plethora of dimples on its 
fracture section, signaling a transition to ductile fracture 

behavior. As the aging time extended beyond 4h, the 
dimples in RGCS (Figure 11C-E) became shallower than 
RGCS-A2, with tear ridges featuring planes also observed 
in RGCS-A4 to RGCS-A10. This result underscores a shift 

Figure 12. Fracture morphology of sheet-shaped gyroid cellular structures (SGCS) with different aging times. (A) 0 h; (B) 2 h; (C) 4 h; (D) 6 h; (E) 8 h; 
and (F) 10 h.
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Figure 13. Superelasticity behavior of rod-shaped gyroid cellular structure (RGCS) under different strains after different aging times. (A) 0 h; (B) 2 h; 
(C) 4 h; (D) 6 h; (E) 8 h; and (F) 10 h.
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Figure 14. Superelasticity behavior of sheet-shaped gyroid cellular structure (SGCS) under different strains after different aging times. (A) 0 h; (B) 2 h; 
(C) 4 h; (D) 6 h; (E) 8 h; and (F) 10 h.

B C

D E F

A

Figure 15. The recoverable and unrecoverable strain of the gyroid cellular structures. Rod-shaped gyroid cellular structure (RGCS) with compressive strain 
at (A) 2%, (B) 4%, and (C) 6% and sheet-shaped gyroid cellular structure (SGCS) with compressive strain at (D) 2%, (E) 4%, and (F) 6%.
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A
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toward quasi-cleavage fracture mechanisms in RGCS-A4, 
RGCS-A6, RGCS-A8, and RGCS-A10.

Figure  12 depicts the fracture morphology of SGCS 
after the compression test. Similar to RGCS-A0, the 
fracture morphology of SGCS-A0 exhibited characteristics 
typical of river patterns and cleavage steps, without evident 
macroscopic plastic deformation. This observation suggests 
that brittle fracture is the primary fracture mechanism. 
After aging heat treatment, numerous dimpled fractures 
were observed in SGCS-A2 and SGCS-A4, indicating a 
shift toward ductile fracture mechanisms in these samples. 
With aging time exceeding 6  h, the dimples in SGCS 
became shallower and fewer in number. Notably, the tear 
ridge observed in SGCS-A6 was significantly higher than 
in SGCS-A8 and SGCS-A10. These results suggest that 
quasi-cleavage fracture was the fracture mechanism in 
SGCS-A6, SGCS-A8, and SGCS-A10.

Yan39 observed a significant presence of ductile dimples 
on the fracture surface of samples treated with a solid 
solution, indicating the dominance of ductile fracture. 
After compression, the fracture pattern resembled a river-
like formation, indicating rapid crack propagation speed. 
This phenomenon was attributed to the absence of a plastic 
zone in the NiTi sample to prevent crack propagation 
during compression. Bhardwaj53 noted that after aging heat 

treatment at 350°C, the density of dimple and tear ridge in 
the NiTi alloy increased, accompanied by the appearance 
of micro-cracks, indicative of ductile fracture. Subsequent 
heat treatment at 450°C resulted in the emergence 
of substantial microcracks, with the cleavage surface 
becoming predominant. In addition, grain refinement was 
observed after solution treatment, leading to a decrease in 
the average particle size from 52.43 μm to 15.45 μm.

3.3. Effect of aging heat treatment on the 
superelasticity

Superelasticity is an important characteristic of NiTi SMA, 
denoting its capacity to undergo significant deformation on 
the application of stress to the austenite phase, exceeding 
its elastic limit strain, and subsequently automatically 
reverting to its original shape during unloading.54 
Figures 13 and 14 depict the stress-strain curves of RGCS 
and SGCS subjected to 2%, 4%, 6%, and 8% compressive 
strain at 100°C, respectively. RGCS-A0, RGCS-A2, 
RGCS-A6, and RGCS-A8 exhibited the capability to 
withstand a compressive strain of 8%, accompanied by a 
reduction in unrecoverable strain from 3.12% to 1.27% 
with increasing aging time. Conversely, SGCS exhibited 
commendable superelasticity up to 6% compressive strain, 
with a maximum unrecoverable strain not exceeding 
1.35%. However, only the SGCS-A6 and SGCS-A8 samples 

Figure 16. Shape memory behavior of rod-shaped gyroid cellular structure (RGCS) under different strains with different aging times. (A) 0 h; (B) 2 h; 
(C) 4 h; (D) 6 h; (E) 8 h; and (F) 10 h.
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withstood an increase to 8% compressive strain, while 
the SGCS-A0, SGCS-A2, SGCS-A4, and SGCS-A10 
fractured before reaching 8% compressive strain, resulting 
in a sharp decline in stress. The superelasticity range of 
SGCS appeared relatively narrow, spanning between 2% 
and 4% compressive strain. Notably, the stress-strain 
curves of SGCS exhibited a slight jagged change at 6% 
strain, suggesting the onset of compression fracture. 
The superelastic response of SGCS outperformed that of 

RGCS, likely attributed to the increased elastic modulus 
and compressive strength of SGCS after aging heat 
treatment. In addition, as compressive strain increased, 
irreversible plastic deformation ensued, due to the 
accumulation of unrecoverable strain resulting from 
minor defects such as microcracks and microvoids in the 
LPBF process. On reaching a strain level of 8%, SGCS 
attained its maximum compressive strength. The internal 
collapse of the structure resulted in a significant reduction 

Figure 17. Shape memory behavior of sheet-shaped gyroid cellular structure (SGCS) under different strains with different aging times. (A) 0 h; (B) 2 h; 
(C) 4 h; (D) 6 h; (E) 8 h; and (F) 10 h.
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Figure 18. Shape memory recovery ratio of samples treated with different aging times. (A) Rod-shaped gyroid cellular structure (RGCS); (B) Sheet-shaped 
gyroid cellular structure (SGCS).
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in elastic strain, causing permanent deformation of the 
structure.

The recoverable and unrecoverable strains of RGCS 
and SGCS under various compressive strains are depicted 
in Figure  15. The recoverable strain of RGCS remained 
relatively consistent under 2% compressive strain. 
However, as the compressive strain reached 4% and 6%, 
an expected increase in recoverable strain was observed, 
with a slight augmentation noted with prolonged aging 
time. Among these rod-shaped structures, RGCS-A10 
exhibited the largest recoverable strain, measuring at 
1.77%, 3.68%, and 5.36%, following compression strains 
of 2%, 4%, and 6%, respectively. Conversely, within the 
sheet-shaped structures, the SGCS-A4  sample exhibited 
the highest recoverable strain, measuring 1.84%, 3.82%, 
and 5.75% after undergoing 2%, 4%, and 6% compression 
strain, respectively. The aging heat treatment exerted a 
positive effect on enhancing the superelasticity of the NiTi-
TPMS structures. Moreover, maintaining a constant aging 
temperature while appropriately increasing the aging time 
significantly enhanced superelasticity.

3.4. Effect of aging heat treatment on shape 
memory

The SME is an important functional characteristic of SMA, 
denoting its capability to restore its original shape after 
deformation induced by applied stress. This phenomenon 
hinges on the reversible transformation between the 
martensite phase and the austenite phase.55 The results 
obtained from DSC and XRD analyses indicated that 
the samples predominantly existed in the B2 phase at 
room temperature. The recovery of deformation after 
compression primarily stemmed from martensitic 
transformation induced by stress excitation. The cyclic 
compression curves of RGCS and SGCS samples subjected 
to aging heat treatments are illustrated in Figures 16 and 17. 
It was observed that the stress hysteresis of both RGCS 
and SGCS peaked during the initial cycle. Subsequent 
cycles witnessed a decline in stress hysteresis, suggesting 
a reduction in energy dissipation during the deformation 
process. The recoverable strain during the first cycle was 
measured at 4.96% for RGCS and 4.46% for SGCS. Over 
15 cycles, the total irrecoverable strain decreased to 4.3% 
for RGCS and 3.6% for SGCS. With increasing aging time, 
the overall recoverable strain of both RGCS and SGCS 
gradually decreased, while the total unrecoverable strain 
increased. By the time the aging time reached 10  h, the 
recoverable strain decreased to 2.67% for RGCS and 2.88% 
for SGCS.

The shape memory recovery ratios of the samples 
after cyclic compression and heating in a water bath are 

presented in Figure 18. On heating the samples above the Af 
temperature, the formation of the martensite phase, induced 
by residual stress, underwent re-transformation into the 
austenite phase, leading to partial recovery of residual 
deformation. The irreparable deformation primarily 
stemmed from internal structural fractures under stress. 
For RGSC-A0, the shape recovery ratio was measured at 
36.93%, while for SGCS-A0, it stood at 40.7%. The recovery 
ratio of SGCS and RGCS structures gradually increased 
with aging time. Specifically, the shape recovery ratio of 
RGCS-A6 and SGCS-A6 increased to 97.63% and 97.62%, 
respectively. Notably, between 4  h and 6  h of aging time, 
the enhancement of SMEs was more pronounced, with the 
recovery ratio reaching its peak. Sun et al.52 measured the 
recovery strain of the NiTi gyroid structures compressed by 
4%, 8%, and 12% strain following immersion in a silicone 
oil bath at 150°C. The recorded recovery strains were 
1.65%, 4.19%, and 5.91%, respectively. Yang et al.56 reported 
an overall shape recovery ratio of NiTi gyroid structures 
with varying volume fractions and unit sizes, ranging from 
96.5% to 98.8% after heating under compressive strain. 
Therefore, NiTi alloy samples fabricated through LPBF can 
undergo aging heat treatment to enhance the recovery ratio 
and improve the SME.

4. Conclusion
This study investigates the effects of various aging times 
on the microstructure, phase transformation behavior, 
mechanical properties, and functional properties of 
NiTi-TPMS structures after LPBF remelting. The main 
conclusions drawn from this study are as follows:
(i)	 The microstructure of the samples manifested as 

coarse columnar crystals. On aging heat treatment, 
precipitation of the B19’ phase and NiTi2 phase 
occurred. With increasing aging heat treatment 
time, Mf initially decreased and then increased, 
Ms increased from 22.5°C to 27.9°C, and As rose 
from 32.7°C to 54.9°C. Notably, from sample A0 
to sample A10, the microhardness value increased 
from 278.2 HV to 477.8 HV, representing a 71.74% 
increase.

(ii)	 The plasticity of RGCS was enhanced after aging 
heat treatment, while the strength remained almost 
unchanged. Due to the aging hardening effect, the 
strength of SGCS increased while the plasticity and 
toughness declined. When aging time reached 2 h, the 
minimum elastic modulus of RGCS-A2 was 361.52 
MPa, and the maximum elastic modulus of SGCS-A2 
was 1262.82 MPa. The maximum compressive 
strength of SGCS-A4 reached 69.48  MPa, which 
was 61.39% higher than the compressive strength of 
SGCS-A0. Compared with RGCS-A0, the maximum 
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compressive strength of RGCS-A6 only increased by 
22.23%, reaching 29.38 MPa. In addition, after aging 
heat treatment, a plethora of dimples appeared in 
the fractures of RGCS-A2, SGCS-A2, and SGCS-A4, 
indicating that the fracture mechanism was ductile.

(iii)	Under a 6% compressive strain, SGCS exhibits excellent 
superelasticity. The superelastic response of SGCS is 
superior to that of RGCS. The shape recovery ratio 
of RGCS-A0 was 36.93%, while the shape recovery 
ratio of SGCS-A0 was 40.7%. With the extension of 
aging time, the recovery ratio of both SGCS and RGCS 
increased gradually. Specifically, the shape recoveries 
of RGCS-A6 and SGCS-A6 were increased to 97.63% 
and 97.62%, respectively.
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Abstract
Coral reefs boast one of the planet’s most diversified ecosystems, serving as an 
essential source of food and revenue for millions of people while providing shelter to 
a wide variety of marine creatures. However, overfishing, pollution, climate change, 
and other factors collectively pose an escalating danger to coral reefs. Therefore, 
coral reef restoration efforts are urgently needed to save corals. In this study, we 
exploited 3D printing technology based on vat polymerization to fabricate artificial 
coral plugs, expediting the reef restoration process while minimizing labor costs. 
We have developed a scalable model through the photoinitiated polymerization 
of an eco-friendly resin composed of modified soybean oil and calcium carbonate 
which has the potential to significantly enhance global restoration efforts. Material 
characterization demonstrated that the printed scaffold was highly cross-linked. 
Based on cytotoxicity analysis, the printed scaffold exhibited excellent cell adhesion 
and proliferation characteristics. The coral microfragmentation experiment showed 
initial signs of coral settlement on the printed coral plugs. This work demonstrates 
that plant-based material and vat-polymerization-based 3D printing techniques 
hold promise for coral restoration.

Keywords: Coral restoration; 3D printing; Sustainable resin; Calcium carbonate-based ink; 
Vat polymerization; Acrylated epoxidized soybean oil

1. Introduction
A coral reef is a diverse underwater ecosystem that provides refuge and protection 
to a variety of marine species.1 However, due to pollution, overfishing, climate 
change, and other factitious factors, coral reefs are now under unprecedented peril.2,3 
Coral bleaching, a process characterized by the loss of vibrant symbiotic algae (e.g., 
Zooxanthellae), has become increasingly common, rendering corals more vulnerable 
to disease and mortality.4 Numerous coral reefs worldwide are experiencing a decline, 
and by predictions, as much as 90% of coral reefs could vanish by 2050 if conservation 
measures are not implemented.5

Coral reefs are mostly constructed by calcium carbonate skeletons and colonial 
marine animals known as coral polyps.6 The coral polys can spread in two-dimensional 
(2D) areas and three-dimensional (3D) volumes by the secretion of calcium carbonate. 
The secretion of the calcium carbonate skeleton is very slow and serves as a rate-
determining process, with an average vertical extension rate of 1 – 10 cm/year.7 Thus, 
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many coral restoration projects concentrate on supporting 
and facilitating the growth of coral skeletons.

The rapid development of 3D printing technology (also 
known as additive manufacturing) in recent years has 
offered a promising tool for coral restoration purposes.8 3D 
printing can produce 3D objects by layering materials 
such as plastic, ceramic, or metal according to the digital 
design.9 Artificial reefs that mirror the complexity and 
morphology of the original coral reefs have been made 
using this technology, offering coral polyps a substrate to 
attach and flourish.

3D printing enables exact control over the size and 
structure of the artificial reef, allowing it to be customized 
to the unique requirements of various coral species and 
marine environments with less labor.10 However, some 
issues still need to be resolved, such as ensuring the 
materials/resin used for 3D printing are secure for marine 
life in the long term, as well as optimizing the structural 
design. In addition, the cost of the materials and the 
scalability of the prints are also topics of concern. Despite 
the challenges, researchers have been actively exploring 
various 3D printing techniques for coral restoration 
purposes and have already made some significant progress.

One of the examples is the “Coral Carbonate” project, 
led by the objects and ideograms design workshop.11 They 
created a calcium carbonate-based coral skeleton using 
binder jetting technique,12 with the powder ground from 
natural coral rubble. Paste-based extrusion is another 
popular technique for coral restoration.13 Examples of such 
applications include 3DPARE modules14 and the Rexcor 
reef by XtreeE.15

Vat polymerization is a widely used 3D printing technique 
that falls under the category of photopolymerization 
processes. One of the most common vat polymerization 
methods is digital light processing (DLP), a technique 
that utilizes a digital light projector to selectively cure 
photopolymer resins.16 In general, DLP offers faster printer 
speed and different material selection compared to other 
printing techniques. To the best of our knowledge, coral 
restoration projects using the vat polymerization technique 
are rarely reported thus far.

One of the key challenges in 3D printing of coral 
skeletons is choosing the appropriate materials/resin for 
printing. Further investigations on many conventional 3D 
printing materials, such as thermoplastics and metals, are 
warranted due to their potential to leach harmful chemicals 
or micro-plastics and their limited degradability over time.17 
As a result, a range of biocompatible and environmentally 
friendly materials have been explored such as limestone.18 
In addition, ceramic terracotta materials have been utilized 

to create 3D-printed ceramic tiles,19 effectively mimicking 
the morphologies of natural coral structures. In recent 
years, biodegradable substrates have gained prominence 
in many applications. Biopolymer-based materials, 
specifically designed to degrade over time, can provide 
temporary support for coral growth while promoting 
natural integration with the surrounding environment.

One of the most common examples is acrylated 
epoxidized soybean oil (AESO). AESO is a form of acrylate 
polymer that originates from the chemical transformation 
of soybean oil. This process involves the initial reaction of 
soybean oil with hydrogen peroxide to produce epoxidized 
soybean oil (ESO). Following this, ESO is further processed 
through a reaction with acrylic acid or methacrylic acid, 
forming AESO.20,21 The resulting AESO has a high degree 
of functionality due to the high double bond concentration 
from the acrylate group, allowing it to be used as a resin for 
3D printing22-24 and other applications. AESO-based resin 
affords eco-friendly and sustainable ways to construct 
biomaterials.25 The molecular structure of AESO consists 
of natural fatty acids, which have negligible cytotoxicity.

Previously, our group at the Laboratory for 
Nanomedicine developed a specialized ink called calcium 
carbonate-photoinitiated ink (CCP) by mixing 70% 
commercially available photocurable resin (Anycubic 
Plant-Based UV Resin, China) with 30% calcium carbonate 
to fabricate coral skeletons using extrusion-based 3D 
printing.26 In this work, the primary objective is to optimize 
the CCP and modify the current formulation to develop a 
more sustainable resin formulation for fabricating 3D coral 
plugs using the DLP printing technique. In addition, we 
aim to evaluate the biocompatibility of the modified CCP 
with coral fragments and assess its cytotoxicity to cells. 
In the subsequent chapter, the resin will be referred to as 
“modified CCP.”

In addition, various material characterizations were 
conducted to test the scaffold’s composition, morphology, 
glass transition temperature, and wettability. This study 
advances the coral restoration effort using sustainable 
plant-based soybean oils and vat photopolymerization 
method. With continued research and innovation, we hope 
to see more practical and cost-effective solutions soon that 
can help protect and preserve coral reefs for generations 
to come.

2. Experimental methods
2.1. Resin preparation and coral plugs fabrication

The objective of this paper is to print a relatively simple 
structure, namely, coral plugs for the microfragmentation 
experiment. These plugs are widely used in the realm of coral 
restoration.27 Figure 1 shows an example of commercially 
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available coral plugs that are made of ceramic. Computer-
aided design (CAD) software was utilized to design the 
model for printing.

2.1.1. Preparation of AESO resin

The process of preparing the AESO resin can be described as 
follows: 80 g of AESO (containing 4000 ppm monomethyl 
ether hydroquinone as an inhibitor; Sigma-Aldrich, USA) 
was mixed with 80 mL of acetone (HPLC grade) and 20 g 
of 1,6-hexanediol diacrylate (Sigma-Aldrich, USA). The 
mixture was stirred thoroughly to achieve a homogeneous 
solution. Then, 1.25  g of bis(2,4,6trimethyl benzoyl)-
phenylphosphineoxide (Irgacure 819; Sigma-Aldrich, 
USA) was added to the solution. The mixture was stirred 
until the photoinitiator was fully dissolved and then placed 
in a vacuum chamber for 2 days to remove the solvent. The 
resulting yellow resin can be used for 3D printing (referred 
to as AESO resin).

2.1.2. Preparation of modified CCP resin

The AESO resin, weighing 100  g, was thoroughly mixed 
with 43 g of fine calcium carbonate powder (particle size 
≤50 µm, with a purity of 98%; Thermo Scientific, USA). 
The ratio of AESO resin to calcium carbonate is 7:3. The 
resulting resin, which appeared white/yellowish in color, 
was utilized for 3D printing. The size of the filler particles 
(calcium carbonate) needs to be smaller than the height 
of each printing layer to ensure successful printability. In 
addition, the selection of the specific calcium carbonate 
type is significant. It was found that finer calcium carbonate 
particles facilitate their integration with resin matrix.

2.1.3. 3D printing of CCP and AESO coral plugs

CCP coral plugs were printed through vat polymerization 
using a tabletop DLP-based printer (ELEGOO Mars 3). 

The wavelength of the ultraviolet (UV) light source is 
405 nm. After polymerization, the coral plugs were lifted 
off the building platform, soaked, and washed in 70% 
isopropanol for 30 min to remove unpolymerized ink and 
photoinitiator. Subsequently, the coral plugs were cured 
for 60 min at 40°C in the Formlab UV curing machine to 
enhance the mechanical strength of the structures.

2.2. Material characterizations

2.2.1. Fourier transform infrared (FTIR) spectroscopy

A FTIR spectrometer (FTIR-Nicolet iS50R, Thermo 
Scientific Instrument, USA) equipped with a built-in wide-
range diamond ATR was used to analyze the AESO sample 
before and after curing. The scan range was between 400 
and 3800 cm-1 with a resolution of 5 cm-1.

2.2.2. Scanning electron microscopy

The surface morphology of the printed CCP scaffold was 
analyzed using a scanning electron microscope (SEM; 
Zeiss Merlin SEM-61-95, Zeiss, Germany) operating 
under a 5.0 kV accelerating voltage electron beam. Before 
imaging, the samples were sputter-coated with gold to 
dissipate the charge that builds up during SEM imaging. 
The gun vacuum and system vacuum were maintained at 
9.26 × 10−10 mbar and 1.37 × 10−5 mbar, respectively. The 
current probe (I Probe) was set to 100 pA.

2.2.3. Water contact angle

The surface wettability of the printed CCP scaffold was 
assessed using a contact angle analyzer (DSA100E, Kruss-
Scientific, Germany). Approximately 2.2 µL of deionized 
water was dispensed onto the surface of the samples. The 
entire process of water deposition and sample absorption 
was recorded. The first image captured after water 
deposition was utilized for static water contact angle 
measurements. The measurements were conducted at 
room temperature and repeated 6 times for accuracy.

2.2.4. Thermogravimetric analysis (TGA)

The decomposition of the printed AESO and CCP 
scaffold was analyzed using a TGA analyzer (Discovery 
TGA 5500, TA Instruments, USA). Initially, the sample 
was equilibrated at a temperature of 50°C and then 
heated from 50°C to 900°C at a programmed ramp rate 
of 10°C/min. The heating process was conducted in a 
nitrogen atmosphere.

2.2.5. Differential scanning calorimetry

The glass transition temperature (Tg) of the printed 
AESO scaffold was measured using a differential scanning 
calorimeter from TA Instruments (Discovery 250) at 

Figure  1. Schematic illustration of commercial coral plugs with 
dimensions.
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a programmed ramp rate of 10°C/min. The sample 
underwent a two-step cycle:
(i)	 Heating from room temperature to 160°C and holding 

at 160°C for 1 min.
(ii)	 Cooling from 160°C to −30°C and holding for another 

1 min.

Subsequently, the second cycle was used to determine 
the Tg:
(i)	 Heating from −30°C to 160°C.
(ii)	 Holding at 160°C for 1 min.
(iii)	Decreasing from 160°C to room temperature.

2.2.6. Cytotoxicity analysis

The scaffold, as depicted in Figure 2, was 3D-printed using 
the modified CCP resin. It features a diameter of 5 mm and 
a minimal height of 0.3 mm, with four holes incorporated 
to facilitate visualization of the cells. In post-printing, the 
scaffolds underwent a thorough cleaning process using 
95% ethanol to remove any uncured resin. Subsequently, 
they were cured for 2  h using the Formlab UV curing 
machine at room temperature. To ensure sterilization, 
all printed constructs were immersed in 70% ethanol for 
30  min. Before cell culturing, the scaffolds were further 
soaked in phosphate-buffered saline (PBS, 1×) overnight.

Human neonatal dermal fibroblasts (HDFs; Cat. 
#C0045C, Gibco, USA) were selected as the most suitable 
cell type to test the cytotoxicity of the printed material and 
investigate potential biomedical applications. Fibroblasts 
are integral in synthesizing the extracellular matrix (ECM), 
playing a pivotal role in wound healing, tissue repair, 
and tissue homeostasis.28 Due to their sensitivity to toxic 
substances, fibroblasts exhibit noticeable cellular responses 
when exposed to cytotoxic materials, making them 
suitable indicators of potential harm to cells.29 Moreover, 
fibroblasts are readily available from commercial sources 
and research institutions, facilitating experimentation and 
ensuring consistency in cell sources.

Given our interest in the potential biomedical 
applications of the modified CCP resin, a peptide-based 

hydrogel was employed to establish an ECM environment. 
This hydrogel, mimicking the collagen structure found in 
the ECM, has the capacity to create a 3D microenvironment 
that closely resembles native tissues.30 Among the various 
ultrashort self-assembling peptides tested, ultrashort self-
assembling peptide IIZK (Ac-Ile-Ile-Cha-Lys-NH2) was 
selected. This peptide has previously been successfully 
utilized in the Laboratory for Nanomedicine to create 
diverse 3D in vitro cellular models.31-33

The study utilized a 96-well assay plate (white plate, 
clear bottom; Corning, USA). The vertical plate layout for 
the experiment is structured as follows:

(i)	 The six columns on the left are designated for 
adenosine triphosphate (ATP) analysis, a method 
employed to measure cell proliferation by detecting 
ATP, a biomarker of active cellular metabolism.34

(ii)	 The middle three columns are reserved for the live/
dead assay, which is performed to assess cell viability 
and distinguish between live and dead cells.35

(iii)	The right three columns are allocated for studying the 
cytoskeleton, enabling investigation of cell structure 
and morphology.36

This plate layout facilitates efficient analysis of various 
aspects of cell behavior and responses in a high-throughput 
manner. Figure 3 offers a visual representation of the plate 
layout.

The horizontal plate layout for the experiment is 
structured as follows:
(i)	 First row: Reserved for printed constructs only.
(ii)	 Second row: Reserved for printed constructs and 

IIZK-based hydrogel at 2 mg/mL.
(iii)	Third row: Cells cultured in IIZK-based hydrogel at 

2 mg/mL (control).
(iv)	 Fourth row: Cells cultured directly on the well plate in 

two dimensions (control).

The experimental procedure involved transferring 
printed constructs from 1× PBS to the first two rows of 
the 96-well assay plate. Subsequently, the IIZK peptide 

Figure 2. The “button” design of the construct for cytoxicity study.
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powder was weighed to prepare a 2 mg/mL hydrogel. The 
undissolved peptide powder was sterilized inside the bio-
fume hood under UV light for 45  min. Sterile nuclease-
free water (Ambion, USA) was used to dissolve the peptide 
powder. After complete dissolution, 20 μL peptide solution 
was dispensed into each well. An equal volume (20 μL) of 
2× DPBS (−Ca2+/−Mg2+) (Gibco, USA) was added to the 
well plate. Gentle mixing of the peptide with PBS facilitated 
the self-assembly process of the peptide compound into a 
hydrogel within 5 min at room temperature.

HDFs obtained from Gibco, USA, at passages 5 – 9, 
were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM, Gibco, USA) supplemented with 1% penicillin/
streptomycin (Gibco, USA) and 10% fetal bovine serum 
(FBS; Gibco, USA) and in T75 flask (Nunc™ EasYFlask™ 
Cell Culture Flasks, USA) until reaching 70 − 80% 
confluency. Subsequently, HDFs were trypsinized, and the 
cell count was determined using a TC20 automated cell 
counter (BioRad, USA).

The cells were divided into two groups for the 
experiments. Each well designated for ATP analysis 
requires approximately 5000 cells, while each well for the 
Live/Dead assay and cytoskeleton assay requires around 
20,000  cells. To ensure proper cell suspension, complete 
media was added to achieve a final volume of 200 µL in 
each well. After seeding the cells, the 96-well assay plates 
were placed inside the incubator, and the media were 
replenished every 3  days to maintain cell viability and 
growth. For this study, a total of three plates were prepared 
for analysis on days 1, 3, and 7, allowing for multiple time 
points to assess the cellular responses and behavior to the 
printed construct over time.

The Live/Dead Kit for mammalian cells (Thermo Fisher 
Scientific, USA) was utilized across the four mentioned 

conditions to evaluate the viability of HDFs. This kit 
enables the discrimination of live cells, which emit vibrant 
green fluorescence on interaction with calcein (excitation/
emission ~494/517  nm). Simultaneously, ethidium 
homodimer-1 (EthD-1; excitation/emission ~528/617 nm) 
binds to the DNA of the dead cells with compromised cell 
membranes and releases red fluorescent light.37

The procedure involved replacing the culture media 
with a mixture of EthD-1 and calcein diluted in 1× PBS. 
This mixture was then incubated with the cells for 25 min 
at room temperature. Subsequently, a fluorescence 
microscope (EVOS M7000 Imaging System) was utilized 
to capture images of the cells and analyze their viability.

In addition, to evaluate HDF proliferation under four 
different conditions, the CellTiter-  Glo 3D Cell Viability 
Assay (Promega, USA) was employed. This assay relies 
on quantifying the luminescent signal resulting from the 
release of ATP by metabolically active cells. To conduct 
the assay, half of the media in each well was replaced 
with the ATP reagent. After a 25-min incubation at room 
temperature, the released ATP was measured using a 
BMG Labtech microplate reader (USA) on days 1, 3, 
and 7 of the cell culture plate. The ATP assay provided 
valuable quantitative data regarding cell proliferation and 
metabolic activity in response to the varying conditions, 
offering critical insights into cell behavior throughout the 
experiment.

HDF cytoskeleton staining was performed to analyze 
the cells’ morphology by staining the actin fibers and 
structure. Actin fibers are thin and flexible proteins that 
provide structural support to the cells.38 The staining of 
actin fibers was performed using rhodamine phalloidin 
(Invitrogen, Thermo Fisher Scientific, USA) with excitation/
emission wavelengths of approximately 540/565 nm.39 The 
cells were fixed with 4% paraformaldehyde (SantaCruz 
Biotechnology, USA) for 30 min, followed by washing with 
1× PBS. Subsequently, cell permeabilization was achieved 
through a buffer solution containing 3 mM MgCl2, 300 mM 
sucrose, and 0.5% Triton X-100 in 1× PBS solution. Each 
well received 40 µL of the permeabilization buffer. After 
5 min of incubation, a blocking buffer consisting of 0.02% 
sodium azide (Sigma Aldrich, USA), 5% FBS and 0.1% 
Tween-20 (Sigma Aldrich, USA) in 1× PBS was added 
(50 μL per well), and the mixture was incubated at room 
temperature for 25 min.

Next, rhodamine phalloidin was diluted to a ratio of 
1:40 in 1× PBS and then added to the cells, followed by 
incubation at room temperature for 2 h. Cells were washed 
again with 1× PBS and then incubated for 5 min with 4, 
6-diamidino-2-phenylindole (DAPI), which was diluted 
to a ratio of 1:1500 in sterile nuclease-free water to stain 

Figure 3. Schematic illustration of the cytotoxicity assay.
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the cells’ nuclei.40 The imaging of the stained cells was 
conducted using the EVOS M7000 Imaging System, and 
a confocal microscope (LSM 710 Laser Scanning Confocal 
Microscope, Germany) was used for higher resolution and 
Z-stack images.41

2.2.7. Microfragmentation on coral plugs

To evaluate the suitability of the materials for coral 
restoration, healthy coral fragments retrieved from the 
Red Sea were carefully chosen and fixed onto three printed 
AESO and modified CCP resin coral plugs. Serving as 
comparative controls, three ceramic coral plugs (Reefing 
Art Ceramic Coral Frag Plugs, USA), commonly utilized in 
the coral restoration field, were included in the experiment. 
The coral fragments, ranging approximately 1.5–2.5  cm 
in size, were carefully excised from the same colony to 
maintain uniformity (Acropora species).42 To securely 
attach the coral fragments to the plugs, a small quantity 
of coral glue (Aqua Medic Coral Construct, Switzerland) 
was applied at the center of the coral plugs. Subsequently, 
the coral plugs with the attached fragments were affixed to 
a mesh and placed in an outdoor seawater tank for further 
observation and growth monitoring before out-planting, 
as depicted in Figure 4. The seawater tank was maintained 
at specific environmental conditions, with a pH of 8.2, 
temperature of 25.7°C, and salinity level of 4.1  g/100  g. 
The coral plugs within the tank were carefully monitored 
every week to evaluate the coral growth and development. 
Regular deep tank cleaning was conducted to mitigate algae 
overgrowth on coral, thereby maintaining an environment 
conducive to the growth of the coral fragments.

3. Results and discussion
In this section, we present the results of successfully 
printing the coral plugs using the novel AESO and modified 

CCP resin, employing a table-top stereolithography printer 
(LCD-based, ELEGOO Mars 3), as depicted in Figure  5. 
The UV light source utilized had a wavelength of 405 nm, 
facilitating the printing of the coral plugs in good resolution.

3.1. Effect of adding diluent to resin formulation

The impact of the diluent is evident in Figure 6, where the 
coral plug on the right side, printed without the diluent, 
appears distorted. In contrast, the plug on the left side, 
printed with the addition of diluent, displays improved 
structural integrity. Incorporating a diluent, also known as 
monomer or thinner, into the resin offers several benefits 
for 3D printing: Diluents effectively reduce the resin’s 
viscosity, making it less thick and facilitating smoother 
flow.43 During the printing process, as each layer is formed, 
the building platform is lifted, requiring the resin to flow 
beneath it to ensure adequate resin for the subsequent 
layer.44 Moreover, the acrylate diluent reinforces the 
mechanical strength of the cured AESO resin by promoting 
a higher level of crosslinking. The AESO molecules, being 
relatively bulky, face challenges in initiating polymerization 
through their double bonds. However, introducing a 
smaller monomer facilitates a more efficient crosslinking 
process, leading to improved mechanical properties in 
the final printed object.45 In addition, the acrylate diluent 
enhances the solubility of the photoinitiator within the 
resin. For instance, Irgacure 819 demonstrates relatively 
good solubility in 1,6-hexanediol diacrylate (HDDA) at 
10% w/v.46 In terms of cost evaluation, diluting the resin 
with a diluent reduces the consumption of the original, 
more expensive resin. Reducing material usage helps to 
minimize waste and lowers production costs, making the 
3D printing process more economically viable.

However, excessive dilution can compromise the 
mechanical properties and final quality of the printed 

Figure 4. Schematic illustration of coral microfragmentation on coral plug.

https://orcid.org/ 10.36922/msam.3125


Materials Science in Additive Manufacturing Sustainable resin for coral restoration

Volume 3 Issue 2 (2024)	 7� doi: 10.36922/msam.3125

object. In this study, the AESO and HDDA diluent ratio 
of 4:1 was found to achieve an optimal combination of 
improved flow, reinforced strength of the print, and cost-
efficient resin utilization, ensuring successful 3D printing 
outcomes.

3.2. FTIR analysis

The FTIR analysis provides conclusive evidence of the 
polymerization of AESO resin after printing (Figure 7). The 
observed signals at 1635 to 1618 cm-1 correspond to the 

carbon-carbon double bond stretching in the acrylic acid 
within AESO. These signals display a significant reduction 
after the reaction, indicating the successful polymerization 
of the carbon-carbon double bonds. Moreover, the 
reduction in peaks at 1406 and 810 cm-1 further confirms 
the reduction of double bonds. These signals are associated 
with the bending of the double bonds. Another noteworthy 
observation is the shift in signals from 1186 to 1159 cm-1 
after the polymerization, corresponding to the C-O-C 
oscillation in the ester group. Given the proximity of the 
C-O-C group to the double bond, any decrease in the 
presence of double bonds would influence the oscillation 
pattern of the C-O-C group.47

3.3. TGA analysis

According to the TGA spectra of the printed AESO and 
CCP scaffold shown in Figure 8, it can be observed from the 
left spectrum that cured AESO resin starts to decompose 
at approximately 350°C and completely burns away at 
800°C.48 The right spectrum shows a 70% weight loss at 
approximately 400°C. This weight loss corresponds to the 
decomposition of the organic part of the modified CCP 
resin. On the other hand, calcium carbonate decomposes 
at 750 °C, producing carbon dioxide and calcium oxide.49 
The weight loss observed corresponds to 12.6% carbon 
dioxide, indicating that calcium carbonate accounts for 
approximately 28.7% of the sample’s composition.

3.4. Differential scanning calorimetric analysis

The differential scanning calorimetric spectrum (Figure 9) 
reveals that the glass transition temperature of the printed 
AESO resin is 48°C. The absence of a distinct sharp 
melting peak indicates the high degree of crosslinking in 
the printed AESO scaffold and shows the lack of crystalline 
domains.50

Figure 7. Fourier transform infrared spectra of acrylated epoxidized soybean oil (AESO) resin (top) and printed AESO scaffold (bottom).

Figure 5. Coral plugs printed in acrylated epoxidized soybean oil resin 
(left) and modified calcium carbonate-photoinitiated resin (right).

Figure 6. Resin with diacrylate diluent printed coral plug (on the left) and 
resin without diacrylate diluent printed (on the right).
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3.5. Cytoxicity assay

In the fluorescent microscopy images (Figure 10, Live/Dead 
assay), live cells are stained in vibrant green, while dead 
cells in red. Notably, on day 1, cells already covered a small 
part of the construct. By day 3, the cells had substantially 
spread across the construct, showing rapid growth and 
colonization. Finally, by day 7, the cells had fully covered 
the entire area of the construct, indicating successful 
proliferation and tissue development. Importantly, only a 
few dead cells were observed in these images, affirming the 
favorable biocompatibility and suitability of the material 
for cell culture applications.

Regarding the experimental setup that involves 
wells containing both the material construct and the 
peptide hydrogel, cells were observed within the material 
substrate and the hydrogel matrix. The hydrogel effectively 
simulates the microenvironment akin to the ECM. This 
observation highlights the potential of modified CCP resin 

for biomedical applications beyond its coral restoration 
context.

The confocal microscopy images, seen in Figure  11, 
provide a more detailed view of the cells’ morphology and 
structures. Z-stack images show that the cells have spread 
throughout the entire layer of the constructs, indicating that 
the printed CCP construct enables good cell attachment 
and growth. For a more comprehensive understanding, the 
videos of the Z-stack, taken on days 3 and 7 (Videos S1 and 
S2, respectively), provide dynamic insights into the cellular 
behavior and distribution within the constructs. These 
supplementary confocal videos depict HDFs spreading on 
the printed CCP construct.

The ATP assay reveals a notable trend in cell proliferation 
across all four conditions, with ATP luminescence values 
consistently rising from day 1 to day 7 (Figure  12). 
Interestingly, the sample featuring solely the printed CCP 
construct consistently demonstrated the highest ATP 
levels at all three time points. Following closely is the 
sample combining the printed CCP construct with the 
peptide hydrogel. This pattern underscores the potential of 
the printed CCP construct to enhance cell metabolism and 
proliferation significantly.

3.6. Water contact angle

Water contact angle measurements provide valuable insights 
into surface-wetting behavior. The measured water contact 
angle of the printed CCP construct was 77.4° (n = 5, SD 
= 0.64), indicating its hydrophilic nature. A representative 
image is shown in Figure 13. This low contact angle value 
potentially enhances favorable cell attachment, growth, and 
biocompatibility.51 Moreover, the composition of AESO resin 
primarily consists of hydroxyl and ester groups. Both groups 
are recognized as being biocompatible.52 The water contact 
angle for ceramic plugs can vary depending on factors such 
as the specific type of ceramic material, its surface treatment, 

Figure 8. Thermogravimetric analysis spectra of the printed acrylated epoxidized soybean oil scaffold (left) and printed calcium carbonate-photoinitiated 
scaffold (right), ramp 10°C/min from 50°C to 900°C.

Figure  9. Differential scanning colorimetric analysis of the printed 
acrylated epoxidized soybean oil scaffold, ramp 10°C/min from −30°C 
to 100°C.
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and the cleanliness of the surface. In general, ceramic 
surfaces tend to be also hydrophilic, meaning that they often 
have a relatively low water contact angle below 90°.

3.7. SEM analysis

The SEM images of the printed CCP scaffold (Figure 14) 
reveal a well-mixed combination of calcium carbonate 
and AESO resin. The larger chunks with a smooth surface 
represent the AESO resin, while the smaller crystalline 
structures correspond to the calcium carbonate particles.

3.8. Microfragmentation on coral plugs

The coral microfragments at day 1 and day 20 are depicted 
in Figure  15. The coral plugs were randomly distributed 
inside the water tank to minimize the variables, and they 
were assembled solely for imaging purposes. After day 7, 
marine life started settling on the CCP and ceramic plugs. 
Subsequently, the algae started to accumulate on the coral 
plugs after around 2 weeks. Interestingly, the algae almost 

Figure 10. Fluorescent microscopy images of human dermal fibroblasts spreading on the printed calcium carbonate-photoinitiated construct on days 1, 
3, and 7, from left to right. Scale bars: 150 µm.

Figure 11. Confocal images of human dermal fibroblasts spreading on the printed calcium carbonate-photoinitiated construct on days 1, 3, and 7, from 
left to right. Scale bars: 100 µm.
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Figure  12. Adenosine triphosphate levels of human dermal fibroblasts 
cultured in construct, construct + peptide, peptide, and two dimensions 
measured at days 1, 3, and 7.

Figure 13. Image of the water contact angle measurement for the printed 
calcium carbonate-photoinitiated scaffold. The dimension of the needle is 
0.51 mm, and the volume of the water is 2.2 μL.
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covered the whole coral plugs but not the area around 
the coral fragments. One of the hypotheses is that coral 
fragments might release certain chemical compounds or 
signals during their initial growth or attachment phase that 
repel or inhibit the settlement and growth of algae.53-55 This 
could be a natural defense mechanism of corals to prevent 
algae overgrowth, which is a positive indication.

At day 25, the purple crustose coralline algae (CCA) 
was clearly visible on the surface of the modified CCP, 
AESO, and ceramic plugs (Figure 16). CCA plays a crucial 
role in the formation and maintenance of coral reefs. CCA 
deposits calcium carbonate in their cell walls, giving them 
a hard, crusty appearance. They are often found covering 
the surfaces of coral reefs, contributing to reef structural 
integrity, and providing a substrate for coral larvae to 
settle on.56

After 3  months, a notable progression was evident 
as the coral tissue expanded its coverage on the printed 
substrate, as illustrated in Figure  17. The growth was 
observed spreading in both dimensions, in two and three 
dimensions, respectively, indicating successful settlement 
and adaptation of the corals to the printed substrate.

Figure  15. Microfragmentation on different coral plugs at day 1 (left) 
and day 20 (right). For both images, the first row showcases the calcium 
carbonate-photoinitiated plugs, the second the acrylated epoxidized 
soybean oil plugs, and the third the ceramic plugs.

Figure 14. Scanning electron microscope images of the printed calcium 
carbonate-photoinitiated scaffold. The right picture provides a zoomed-in 
view of the part circumscribed in the black square on the left image.

Figure 16. Microfragments on different coral plugs at day 25. From left to right: Acrylated epoxidized soybean oil, calcium carbonate-photoinitiated, and 
ceramic plugs. The purple crustose coralline algae can be seen on the side of the surface.

Figure 17. Photo depicting experiment of microfragmentation on calcium carbonate-photoinitiated coral plugs (first row) and ceramic coral plugs (second 
row) on day 90.
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4. Conclusion
The modified CCP resin represents a novel and renewable 
material suitable for vat polymerization-based 3D printing, 
fulfilling objectives in both coral restoration and potential 
biomedical applications. Microfragmentation experiments 
have demonstrated the successful settlement and expansion 
of corals on CCP plugs. Moreover, the printed modified CCP 
construct exhibits high biocompatibility, facilitating cell 
attachment and proliferation. Material characterization by 
FTIR and differential scanning calorimetry confirmed that 
the printed scaffold is highly cross-linked. Furthermore, 
the CCP plugs exhibit comparable effectiveness to 
ceramic plugs, which have widely been used in coral 
restoration. This study contributes to the advancement of 
printable plant-based renewable materials for fabricating 
constructs across various applications, thereby supporting 
sustainability.
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Abstract
Nickel titanium (NiTi) lattice structures prepared by laser powder bed fusion 
(LPBF) have great application potential, due to their unique shape memory effect, 
superelasticity, and controlled geometry characteristics. In this study, the NiTi I-graph-
wrapped package (I-WP) and NiTi body-centered cubic (BCC) lattice structure samples 
were prepared by the LPBF process. The uniaxial compression properties and cyclic 
compression properties of NiTi lattice structure samples prepared by LPBF process were 
studied. The results showed that the surfaces of NiTi lattice structures were very rough 
and adhered with many powder particles. The sample optimization design through the 
minimal surface could effectively improve the mechanical properties and deformation 
resistance and change the surface morphology of fracture surfaces in high cycle 
fatigue. The I-WP lattice structure had a higher Young’s modulus and yield strength. 
The fatigue strength improved from 1.88 MPa (BCC structure lattice) to 2.08 MPa 
(I-WP structure lattice). The simulation was performed to investigate the mechanism 
underlying the improvement in fatigue strength, revealing that optimization of surface 
stress distribution could be the plausible reason. In general, this study provides valuable 
guidance for the preparation and design of NiTi lattice structure by the LPBF process.

Keywords: Nickel titanium alloy; Additive manufacturing; Triply periodic minimal surface; 
Laser powder bed fusion; Lattice structure

1. Introduction
Nickel titanium (NiTi) alloys possess distinctive shape memory effect, superelasticity, 
biocompatibility, superior fatigue life1, and other characteristics and have outstanding 
performance in shock absorption, justifying their extensive applications in aerospace, 
biomedical, automotive, construction engineering, and other fields.2,3 In addition, the 
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alloys can safely prevent excessive swaying of the piers, as 
demonstrated by Fang et al. who introduced NiTi washer 
springs into seismic bridge design.4 To explore its use in 
orthopedic applications, Xie et al. treated the surface of 
NiTi alloy to improve surface hardness and antibacterial 
properties.5

The NiTi porous structure features high specific 
strength and stiffness, as well as remarkable mechanical 
properties in low-density structures. The internal structure 
of conventionally made NiTi porous structure is composed 
of randomly distributed pores with different shapes, giving 
a random microstructure that leads to local performance 
differences and affects the structure’s applications. 
However, the development of additive manufacturing 
technology has enabled the precise fabrication of NiTi 
porous structures with regular shapes inside.6,7 Laser 
powder bed fusion (LPBF) technology is an emerging 
polymer and metal additive manufacturing technology 
that uses a laser or electron beam as the energy source 
to melt or sinter powder materials in a layer-by-layer 
fashion.8-11 Hussain et al. utilized LPBF to prepare a NiTi 
triply periodic minimal surface (TPMS) lattice, revealing 
the effects of process parameters and structural topology 
on microstructure characteristics.12

The service life of NiTi materials is extremely critical 
in applications such as cardiovascular stents13 and 
helical springs.14 Over the past few decades, many cyclic 
compression experiments have been conducted on NiTi 
alloys.15 Kan et al. studied the functional degradation 
of superelastic NiTi rods in cyclic tension-unloading 
and compression-unloading experiments,16 while Safdel 
et al. investigated the tensile-compression asymmetric 
behavior of NiTi alloys by laser powder bed melting.17 
However, studies on the fatigue properties of NiTi alloys 
remain scarce.18 The experiments of Zhang et al. showed 
that rock-like splitting and chipping through nucleation 
and slow, stable growth of compression-parallel cracks 
driven by very small stress intensity are the major factors 
driving fatigue failure of the material.19 Zhao and Kang 
showed that the fatigue life of NiTi alloy microtubules 
would be affected by the loading path and stress level 
under uniaxial cyclic loading.20 Most of the previous 
studies focused on the fatigue performance of the alloy 
or the structure itself. However, there was no comparison 
between structural optimization design and fatigue 
performance.

For the most commonly used strut-based lattice 
structure, the sharp pillar at the node can lead to 
higher stress concentration, which adversely affects 
the mechanical properties and fatigue properties of the 
sample. Furthermore, the cantilever of strut-based lattice 

structure is less conducive to additive manufacturing. In 
contrast, an emerging bionic structure, that is, the TPMS 
structure, not only reduces the stress concentration at 
the node but also changes the geometric characteristics 
of the lattice structure, making its surface smoother 
and the stress distribution more uniform.21-23 In this 
study, the body-centered cubic (BCC) lattice structure 
and the I-graph-wrapped package (I-WP) lattice structure 
generated through minimal surface optimization were 
investigated.24,25 The I-WP curved surface, commonly 
referred to as I-WP, is a kind of TPMSs. The “I” denotes 
the BCC lattice. The “WP” is the abbreviation for “wrapped 
package,” named for the resemblance of finite portions 
of the I-WP surface to string arrangement on a simply 
wrapped package.26

Therefore, BCC and I-WP structures were selected for 
experiments to study the forming quality and properties of 
NiTi lattice structures prepared by LPBF. The applicability 
of the TPMS optimization design method in the field of 
metal materials prepared by the LPBF process was also 
investigated in this study.

2. Methods
2.1. Design and manufacture of lattice structures

2.1.1. Design of BCC and I-WP

As shown in Figure 1, the volume fraction of the sample is 
10%. The unit cell is a cube with a side length of 5 mm. The 
whole sample is composed of unit cells and is a cube with a 
side length of 20 mm.

The BCC lattice structure was designed by the 3D 
geometric modeling software Creo (Pro/E), whereas the 
I-WP lattice structure was parameterized using MATLAB, 
and their implicit function control equations are as follows:
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Where L denotes the unit cell size, which was 5  mm 
in this study, and t denotes the control volume fraction, 
which was 10%.

2.1.2. Materials and equipment

NiTi alloy powder with an elemental ratio of 1:1 was 
prepared by electrode induction melting gas atomization 
and purchased from Avimetal Powder Metallurgy 
Technology Co., Ltd. The density of the powder was 
6.45 g/cm3. The BLT-S210 (Xi’an Bright Laser Technologies, 
Ltd., China) was utilized to conduct the LPBF process.
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The process parameters shown in Table 1 were selected 
for manufacturing. Pre-heating at a temperature of 200°C 
was required before printing. Before printing the sample, 
a layer of thin plate was printed with the same parameters 
for heat accumulation, so that the NiTi powder could 
efficiently melt and adhere to the substrate. The parameters 
were optimized by the orthogonal experiment method.27,28 
It is worth noting that the layer thickness was 30 μm and 
the hatch space was 100 μm in the NiTi sample fabricated 
by LPBF process. Ge et al. have discussed the utilization 
of different laser powers and scanning speeds for 
manufacturing.27 The laser power employed in this study 
was 125 W, and the scanning speed was 600 mm/s.

It should be noted that the entire LPBF fabrication 
process was carried out in an inert gas (argon) atmosphere 
to avoid oxidation of the NiTi powder and the additive-
manufactured parts. Upon completion of printing, the 
sample was cut from the substrate using wire electrical 
discharge machining and then placed in a 99% alcohol 
solution for ultrasonic cleaning for 15  min to remove 
residual powder particles from the surface. Finally, the 
sample was dried using a high-pressure air gun. The 
finished sample is shown in (Figure 1E).

2.2. Measurement and characterization

2.2.1. Macro- and micro-scopic characterization

The lattice-structured samples prepared by LPBF were 
measured for their dimensions using a vernier caliper 
(smallest scale division of 0.01 mm) and weighed using an 
electronic balance (smallest scale increments of 0.1 mg). 
The surface and fracture surfaces of the samples were 
characterized using a Quanta 650 FEG scanning electron 
microscope (FEI, USA) with a chamber’s air pressure of <8 
× 10-3 Pa.

2.2.2. Static compression test

Typically, additive-manufactured parts exhibit significant 
anisotropy, whereas the anisotropy of the compressive 
mechanical properties of additive-manufactured TPMS 
lattice structures is relatively small.29 Therefore, we only 
attempted to study the compressive mechanical behavior 
in the printing direction (Z-axis) in the present work. 
The NiTi samples were tested using a materials high-
temperature performance testing machine (AG-IC 
100 kN, Shimadzu, Japan). Uniaxial compression tests 
were conducted at room temperature using two devices 
with top and bottom loading heads. The compression rate 
was 0.02 mm/s according to ISO 13314:2011.30

2.2.3. Dynamic compression-compression fatigue test

The compression-compression fatigue test was performed 
at room temperature using an electrohydraulic servo 
thermal fatigue testing machine (EHF-UK100K2-040-1A, 
Shimadzu, Japan). The loading frequency was set to 30 Hz; 
the loading curve took the shape of a sinusoidal waveform; 
and the load ratio R was set to 0.1. The cycle of the test 
stop was set to 106. The loading stress value of 0.3–0.7 σs 
was selected as the loading condition for the fatigue test. 
σs is defined as a yield strength value of 0.2%. BCC-10% 
load stress values were 1.71 MPa, 2.28 MPa, 2.86 MPa, 3.43 
MPa, and 4.00 MPa, whereas I-WP-10% load stress values 
were 1.85 MPa, 2.47 MPa, 3.09 MPa, 3.71 MPa, and 4.33 
MPa. For each loading condition, two samples were tested.

2.3. Finite element analysis simulation

ABAQUS (2020 version) was used to simulate the static 
compression test. The boundary conditions were applied 
to the model, the lower boundary was fixed, and the upper 
boundary moved downward. General contact and a penalty 
friction coefficient of 0.1 were utilized as the interaction Figure 1. (A-E) The sample design and manufacture of this study.

D
C

BA
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Table 1. Process parameter of LPBF

Layer thickness (µm) Hatch space (µm) Laser power (W) Scanning speed (mm/s) Pre‑heating temperature (°C)

30 100 125 600 200

Abbreviation: LPBF: Laser powder bed fusion.
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conditions. HyperMesh (2019 version) was used to 
mesh the I-WP, and the I-WP lattice model was divided 
into 1387668 elements. The BCC was optimized using 
Materialise Magics software (Materialise, Belgium), and 
then, the volume mesh was re-divided using Materialise 
3-Matic software (Materialise, Belgium). The BCC lattice 
model was divided into 230681 elements.

3. Results and discussion
3.1. Surface morphologies and molding accuracy

Figure 2 shows that the surfaces of both BCC and I-WP 
lattice structures are very rough and covered with many 
powder particles, which is usually caused by the partial 
melting of nearby powder by the energy dissipated from 
the molten pool. By observing the side surface of the two 
lattice structure pillars from the side view, some stripes 
caused by the “stair effect” of the addition process can be 
observed. Furthermore, it can be observed in both BCC 
and I-WP samples that the lower surface of the node and 
strut is rougher and has more attached particles than the 
side surface. During the LPBF process, the node locations 
acted as cantilevers, and the lower side surfaces lacked 
support, causing the surface there to adhere more easily to 
the NiTi powder.31-33

As shown in (Figure 2C and D), there are more powder 
particles adherent to the underside than to the side. It can 
also be observed that the powder adhesion was more severe 
at the BCC sample node, where the powders accumulated 
at the nodes. Despite the larger cantilever area, less powder 
adhesion was observed at the I-WP sample node than at 
the BCC sample node, due to the better self-supporting 
properties of the I-WP TPMS structure.34,35 Thus, the unit 
cell type of lattice structures is an important factor affecting 
fabrication quality. Although the I-WP TPMS is not spared 
from powder adhesion on the surface of the lower side, it is 
still superior to the BCC lattice.

The size and weight of the NiTi lattice structure were 
measured by vernier caliper and electronic balance, 
respectively. The actual volume fraction was calculated by 
determining the ratio of the actual mass of the sample to 
the design mass. As shown in the (Figure 2E and F), the 
average actual volume fractions of BCC and I-WP lattice 
structure samples are 12.26% and 12.30%, respectively, 
which are higher than the design volume fraction. This is 
because, during the LPBF process, many powder particles 
are attached to the sample surface, especially at the lower 
surface. As a result, the actual quality of the sample 
increases, followed by an enlargement of the actual volume 

Figure 2. (A-F) Scanning electron microscope images and actual volume fraction of as-built lattices.
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fraction, all of these happen because of the excessive 
adhesion of metal powder particles on the surface of the 
sample. The occurrence of this phenomenon will become 
more common if the laser power is too large or the laser 
scanning speed is too slow.

The LPBF process has similar forming accuracy in the 
preparation of two lattice structures. Figure 2E and F show 
that there is not much of a difference in actual volume 
fraction between the two structures, indicating that 
TPMS optimization design has little effect on the forming 
accuracy of additive manufacturing of lattice structures.

3.2. Static compression mechanical results
3.2.1. Stress-strain

The stress–strain curve in (Figure  3A) shows similar 
behavior. At the initial stage of the compression test, the 
curves exhibit linear elasticity; then, the curves show a 
rapid and significant drop in stress due to the applied 
load exceeding the strength of the lattice structure’s struts, 
which resulted in the collapse of the struts and the flight of 
some sample fragments out of the test bench. Afterward, 
the curves show sawtooth fluctuations due to further 
collapse and damage of the remaining samples.

The compressive mechanical behavior of the NiTi 
lattice structures exhibited a near 45° “shear” fracture 
mode, as shown in (Figure  3B). The force-displacement 
curves of the NiTi lattices published in the study of Chen 
et al.36 also indicate similar brittle behavior and 45° fracture 
mode. Yang et al.24 showed that the lattice structure of 
photosensitive resin samples exhibited densification 
behavior under high compressive strain. The NiTi lattice 
structures prepared by Sun et al.37 produced a significant 
45° “shear” fracture during uniaxial compression. It can 
be inferred that the fracture behavior of lattice structures 
after compression is mainly influenced by the material 

properties, and different unit cell types of lattice structures 
also exhibit similar mechanical behavior.

The main mechanical properties of NiTi BCC and 
I-WP lattice structures calculated from Figure 3 are listed 
in Table 2. The Young’s modulus and yield strength of the 
I-WP lattice structure were higher than those of the BCC 
lattice structure. According to ISO13314, the gradient 
of the straight line in (Figure  3A) can be determined 
within the linear deformation region at the beginning 
of the compressive stress–strain curve.30 The quasi-
elastic gradient is usually believed to be the modulus of 
lattice structures.38,39 In this study, Young’s modulus was 
calculated from the elastic region of (Figure 3A). As shown 
in Table 2, Young’s moduli of the I-WP and the BCC lattice 
structures were 250.74 MPa and 208.00 MPa, respectively. 
The yield strength of the I-WP lattice structure was 
6.18 MPa, whereas the BCC lattice structure had a yield 
strength of 5.71 MPa. Therefore, structural optimization of 
the minimal surface can favorably improve the mechanical 
properties of the NiTi lattice structures.

3.2.2. Energy absorption

It has been reported that the total energy absorption 
€, derived from the area under the load-displacement 
curve of the lattice structure under compression test, can 
be employed to define the deformation energy per unit 
volume (EPV) and the specific energy absorption (SEA). 
The energy absorption efficiency (η) is obtained from the 
stress–strain curve.24 EPV is defined as the ratio of total 
energy absorption to the volume of lattice structures40; SEA 
is determined by the ratio of total energy absorption to the 
mass of lattice structures41; and η is defined as the ratio of 
energy absorption to stress value per unit volume under a 
certain strain.42

In this study, the NiTi sample was destroyed under 
compression, causing a large stress drop in the stress–strain 
curve, as shown in (Figure 3A). Therefore, while studying 
the energy absorption capacity of the NiTi lattices, we 
considered that failure of NiTi lattice structure samples 
had occurred following the large stress drop, and thus, 
energy absorption performance parameters of the samples 
were calculated with reference to this particular position 
in the curve.

Table 2. Mechanical properties of NiTi BCC and I‑WP lattice 
structures

Mechanical property BCC I‑WP

Young’s modulus (MPa) 208.00 250.74

Yield strength (MPa) 5.71 6.18

Abbreviations: NiTi: Nickel titanium; BCC: Body‑centered cubic; 
I‑WP: I‑graph‑wrapped package.

Figure  3. Stress-strain compression of Nickel titanium (NiTi) body-
centered cubic (BCC) and I-graph-wrapped package (I-WP) lattice 
samples: (A) stress-strain curves of NiTi BCC and I-WP lattices; 
(B) samples after the static compression tests.
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The strain positions of the flying out of large fragments, 
ε1, of the two samples of BCC lattice structures were 
12.86% and 15.69%, respectively, while those of I-WP 
samples were 8.95% and 11.98%, respectively. The ε1 strain 
positions of BCC samples were slightly larger than those 
of I-WP, which may be due to the smaller diameter of the 
middle positions of the struts of the I-WP lattice structures 
and the more concentrated stress distribution, which made 
it easier for the applied load to exceed the strength limit 
during the compression tests, resulting in the collapse and 
fracture of I-WP lattices before the BCC lattices.

Figure 4A shows the rise of total energy absorption of 
these two structures with the increase of strain. At the same 
strain position, the total energy absorption values were 
very close. Figure  4C-E show that the values of E, EPV, 
and SEA of the BCC lattice structure and are higher than 
those of the I-WP lattice structure at the ε1 strain position. 
Although, as shown in (Figure  4A), the total energy 
absorption of I-WP was not inferior to that of BCC, the 

value of ε1 strain of I-WP was smaller, and the strain range 
that can effectively absorb energy was smaller. Therefore, 
the total energy absorption of I-WP was lower. The energy 
absorption per unit strain of these two lattice structures at 
ε1 strain was calculated. The values for BCC and I-WP were 
0.53 J and 0.48 J, respectively, suggesting that the ability of 
NiTi BCC to absorb energy is slightly stronger.

Figure  4B presents the energy absorption capacity 
of two NiTi lattice structures. First, in the linear elastic 
stage, the stress values of the lattice structures increased 
uniformly with the gradual increase of strain, and its 
energy absorption efficiencies also increased uniformly 
with the increase of strain. Then, it is worth noting that 
after entering the plateau stage, the pillars of the lattice 
structures began to yield and deform, and finally break, 
manifested as a rapid decline in the stress–strain curves. 
At this strain position, the energy absorption efficiency 
curves had an inflection point and rose rapidly. According 
to the definition and formula of the energy absorption 

Figure 4. The energy absorption capacity of two Nickel titanium (NiTi) lattice structures: (A) The total energy absorption-strain curves of the NiTi lattice 
structures; (B) The energy absorption efficiency-strain curves of the NiTi lattice structures; (C) The total energy absorption (E); (D) The energy absorption 
per unit volume (EPV); (E) The specific energy absorption (SEA).
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efficiency,24 when the lattice structure collapses and breaks, 
the stress value as the denominator decreases sharply in 
a small strain range, resulting in an inflection point and 
a rapid rise in the energy absorption efficiency curve. It 
can be concluded that during compression, the lattice 
structures improve the energy absorption efficiency 
through the deformation of struts.

3.3. Fatigue performance

3.3.1. Strain accumulation

Figure  5A and B show the accumulative strain-cycle 
curves of the two lattice structures at different stress 
levels, respectively. The strains of the two structures 
gradually increased and accumulated with the increase 
of the cycles, and the compression height of the sample 
was reduced. The strain accumulation curves can be 
divided into three stages: the initial strain increase stage 
(N < 50), the constant strain plateau stage, and the rapid 
strain accumulation stage. As shown in (Figure 5A and B), 
between the constant strain plateau stage and the rapid 
strain accumulation stage, the abrupt strain point, Nc can 
be clearly observed in the strain accumulation curves. 
As the loading stress increased, the strain value of the 
abrupt strain point also increased, but the cycle number 

corresponding to this point decreased, indicating that a 
smaller load could improve the fatigue life.

The curve bulge observed in the initial stage, as shown 
in (Figure 5A and B), is attributed to the instability of the 
fatigue testing machine at the initial stage of operation. 
Since the load ratio of the fatigue test was set to R = 0.1, the 
minimum value of the load set in the test conditions was too 
small relative to the working load range of the equipment, 
so the fatigue test machine was unstable during the initial 
operation cycles. The changes in applied load and indenter 
position during the operation of the machine are plotted in 
(Figure 5C). Between 10 and 100 cycles, the values of the 
load and indenter position were not stable, and a region of 
fluctuation in the load and indenter position curves was 
observed, corresponding to the fluctuations in the strain 
accumulation curves in (Figure 5A and B).

The accumulative strain per cycle was calculated as 
shown in (Figure  5D). By calculating the cumulative 
strain per cycle before the strain mutation point in 
(Figure 5A and B), we found that the larger the load, the 
higher the cumulative strain per cycle. In addition, the 
I-WP exhibited a much lower accumulative strain per 
cycle than the BCC in high-cycle fatigue (low-stress level), 

Figure 5. Accumulative strain-cycle curves, as well as changes of force and indenter position during fatigue test. (A and B) Accumulative strain-cycle 
curves of body-centered cubic (BCC) (A) and I-graph-wrapped package (B). (C and D) Variation of force and indenter position of the fatigue test machine 
during fatigue tests: BCC1.71 MPa (C), and accumulative strain per cycle (D).
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while the accumulative strains per cycle for both lattice 
structures tended to be close in low-cycle fatigue (high-
stress level). It can be inferred that the TPMS design has 
superior deformation resistance in high-cycle fatigue.

3.3.2. Cyclic responses

Since the fatigue test machine can only operate stably at 
4000  cycles, the starting point of the test was set to the 
4000th cycle. The hysteresis curves of the BCC and I-WP 
under the stress condition of 0.3σs (1.71 MPa for BCC 
and 1.85 MPa for I-WP) are shown in (Figure 6A and B), 
respectively. Each hysteresis loop moves right along the 
strain axis, indicating the existence of a cyclic ratchet 
effect. The hysteresis curves at the initial several cycles were 
almost parallel to each other. As the fatigue test continued, 
the tangent modulus of the hysteresis loops decreased with 
the increase of cycles, which is due to the fatigue crack 
generation and extension occurring in the struts.43

In addition, in (Figure  6A), a “crescent-shaped” 
hysteresis loop was observed in the BCC lattice structure 
in the latter cycles, pointing out the superelasticity of 
the NiTi alloy.44,45 Compared with the lattice of other 
materials, the recoverable deformation range of NiTi 
lattice structure samples is larger.24,46 During the fatigue 
test, the cyclic variation of the load applied to the sample 

was equivalent to loading and unloading, and the BCC 
structure recovered some of its deformation when the load 
decreased,47 resulting in the decrease of the strain value as 
shown in (Figure 6A). However, this phenomenon is not 
evident in the I-WP structure because the I-WP is more 
resistant to deformation and has less deformation under 
the same stress level conditions. Therefore, the deformation 
recoverable by the superelasticity is smaller.

The cyclic ratchet strains and fatigue damage strains48 
of the BCC and I-WP lattice structures were calculated 
and plotted in (Figure 6C and D), respectively. During the 
low-stress region of the fatigue cyclic loading, the strain 
values of the NiTi lattice samples were much smaller, 
even smaller than the strain values of the previous cyclic 
cycles. This leads to negative values of the cyclic ratchet 
strains as shown in (Figure 6C and D). In this study, the 
load and indenter position of the fatigue test machine 
tended to be constant when the number of cycles was 
4000. Therefore, the ratcheting strain curve and the 
fatigue damage strain curve of the NiTi lattice structure all 
started with the 4000th  cycle. Figure  6A and B show the 
hysteresis curves of different cycles in the fatigue test. The 
minimum strain corresponding to the hysteresis curves of 
these different cycles varies with the number of cycles as 
the fatigue experiment progresses. The ratcheting strain 

Figure 6. Hysteresis curves, as well as cyclic ratchet strain and fatigue damage strain. (A and B) Hysteresis curves of body-centered cubic (BCC) (A) 
and I-graph-wrapped package (I-WP) (B) lattice structures. (C and D) Cyclic ratchet strain and fatigue damage strain of BCC (C) and I-WP (D) lattice 
structures.

C

DB

A C

https://dx.doi.org/10.36922/msam.3380


Materials Science in Additive Manufacturing NiTi lattice: Performance optimization

Volume 3 Issue 2 (2024)	 9� doi: 10.36922/msam.3380

is characterized by the change of the minimum strain 
corresponding to the hysteresis curve of different cycles 
with the number of cycles. In this study, the 4000th cycle 
was used as the starting cycle. The ratcheting strain is 
defined as the difference between the minimum strain of 
the hysteresis curve of different cycle periods minus the 
minimum strain of the starting cycle period. The formula 
for ratcheting strain is given in Equation (II):

ɛd = ɛmin – ɛ4000� (II)

Where ɛd refers to the ratcheting strain; ɛmin refers to 
the minimum strain of the hysteresis curve of different 
cycle periods; and ɛ4000 refers to the minimum strain of 
the starting cycle period. In this study, the 4000th cycle was 
used as the starting cycle period.

The fatigue damage strain is defined as the change 
in the difference between the maximum and minimum 
strain of the current cycle with respect to the 4000th cycle. 
It can be found that the fatigue damage strain played 
a dominant role in the fatigue failure of NiTi lattice 
structures. At high cycles, the fatigue damage strain 
accumulated before failure in I-WP was much lower than 
that in BCC, indicating that I-WP was more capable of 
inhibiting crack generation and expansion than BCC. It 
can be inferred that the TPMS design improves the ability 
of the BCC lattice structure to resist fatigue cracking, 
which in turn improves the fatigue performance. In 
addition, a certain range of negative ratchet strains can be 
found in both NiTi lattice structures, which was caused 
by the superelasticity of NiTi alloy recovering a certain 
amount of deformation.

The fatigue behavior of NiTi lattice structures could be 
affected by the properties of the NiTi alloy. It can be easily 
observed that there were “crescent-shaped” hysteresis 
loops of NiTi lattice structures. The superior superelasticity 
of NiTi enables a greater range of recoverable deformation 
of NiTi lattice structure samples than that of lattices with 
other materials. As a result, during the low-stress region of 
one cycle of the fatigue cyclic loading, the strain values of 
the NiTi lattice samples became much smaller, even lower 
than the strain values of the previous cyclic cycles, leading 
to negative values of the cyclic ratchet strains as shown in 
(Figure 6C and D). Therefore, the effect of superelasticity of 
NiTi lattice structure on fatigue performance was studied 
using a cyclic compression test.

3.3.3. Fatigue life and fatigue strength

As shown in Figure  5, the fatigue life is defined as the 
corresponding cycle number.49 The fatigue strength is 
defined as the maximum stress at a certain cycle.50 It can 
be observed in Figure 5 that for two structures, a greater 
load is associated with a smaller fatigue life. The number of 

cycles corresponding to the abrupt strain point decreased 
with the increase in stress levels.

As shown in Figure 7, the I-WP lattice structure exhibits 
a higher fatigue strength than the BCC at the same cycles. 
In addition, the I-WP structure exhibits longer fatigue life 
when both lattice structures are under the same level of 
stress conditions. The formulas of life and cycle period 
fitted by curve are shown in Figure 7.

The fatigue strengths of the NiTi BCC and I-WP at 
106 cycles were 1.88 MPa and 2.08 MPa (calculated by the 
curve fitting formula in Figure 7), respectively. The fatigue 
strength of I-WP was about 1.11  times higher than that 
of BCC, indicating that the TPMS design is beneficial to 
the fatigue strength. The fatigue strength ratio is defined 
as the ratio of the fatigue strength to the yield strength at 
106 cycles under compression-compression fatigue tests.51 
The fatigue strength ratios of BCC and I-WP were 0.33 
and 0.34, respectively. In summary, the fatigue strength 
ratio of NiTi is constant and unaffected by the structural 
optimization method of TPMS, which can only enhance 
the fatigue performance of the material.

3.3.4. Fracture characteristics

The fracture characteristics of the two structures are 
portrayed in Figure 8. A near 45° shear fracture band can 
be found in all failed samples. This phenomenon has also 
been reported by Speirs et al.52 in their study of the fatigue 
behavior of NiTi structure, which presented identical 
shear failure characteristics as in the NiTi lattice structure 
samples shown in Figure  3. The fatigue failure modes of 
the two NiTi lattice structures did not change with the 
alteration of loading stress.

Figure  7. Stress-number of cycles to failure (S-N) curves of Nickel 
titanium lattice structures.
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Figure 9 shows the crack characteristics of NiTi lattice 
structures. As shown in (Figure 9A and B), the red-dotted 
line indicates that the break occurred near the node, and 
the yellow dotted line indicates that the break occurred at 
the node. The fracture of the BCC sample occurred at or 
near the node location, while the I-WP sample fractured 
only at the location on the column near the node.

As shown in (Figure  9C and D), differences in the 
fracture morphology between the two NiTi samples 
exist. The fracture morphology of the pillar of BCC was 
flatter. Some river-like streaks can be observed on the 
upper side of the fracture, indicating the nucleation and 
growth of the crack. The cracks started from the roots of 
the particles adhered to the strut surface and the stress 
concentration area at the nodes of BCC and then spread 
to the interior of the strut. The lower section was relatively 
smooth, and it can be inferred that a transient fracture 

occurred inside the strut after the cracks expanded to a 
certain area.

Unlike the BCC lattices, the fracture of the pillar of 
I-WP sample features many “small steps” (the white-
dotted lines in Figure 9D), which can be used to determine 
the direction of crack propagation. Cracks of the I-WP 
samples were also mainly generated at the root of the 
metal powder particles attached to the surface. It is worth 
noting that a certain number of small voids (the red 
circles in Figure  9) were observed in the cross-sections 
of the struts of both NiTi lattice samples, which were 
usually caused by incomplete melting or mixing with 
impurities due to low laser power or high scanning speed. 
This phenomenon is conducive to the emergence and 
expansion of fatigue cracks, which is an unfavorable factor 
for fatigue strengthening of lattice structures. The research 
of Zhu et al. showed that repeated opening and closing 
of cracks in the sample will lead to early fatigue damage, 
which may merge into fatigue steps or form radial ridges.53 
In this study, the same fracture morphology characteristics 
are found in (Figure 9C and 9D). In addition, the attached 
particles on the surface of NiTi lattice samples, as shown 
in Figure 2, acted as crack initiation points during fatigue 
failure and promoted fatigue crack generation.

3.4. Analysis of compression failure behavior

Figure 10 shows the whole compression process, starting 
from the initial state to 40% strain. Figure 11 records the 
changes before and after inducing fractures in BCC and 
I-WP lattice structures. As shown in Figure 10, the pillars 
between the two nodes of the BCC structure deviated from 
the original direction during the compression process. The 
offset of the pillars between different nodes appeared when 
the strain was 10%. As the compression progressed, the 
BCC structure broke along the 45° direction at the joint. 
After the fracture, the overall structure became unstable, so 

Figure 8. Fracture characteristics of Nickel titanium body-centered cubic and I-graph-wrapped package lattice structure specimens.

Figure 9. Crack characteristics of Nickel titanium lattice structures: The 
scale of body-centered cubic (BCC) (A) and I-graph-wrapped package 
(I-WP) (B) is 2 mm. The scale of BCC (C) and I-WP (D) is 300 μm.
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no pictures were recorded after achieving a strain of 20%. It 
can be observed that the pillar offset of the BCC structure, 
enclosed by a yellow dotted-line box in Figure 11, at 13.5% 
strain was more serious than other parts, and the fracture 
occurred at the node of this section.

As shown in Figure  10, the pillars between the two 
nodes of the I-WP structure also deviated from the 
original direction during the compression process. As the 
compression progressed, the I-WP fractured along the 45° 
direction of the strut. Figure  11 shows that the pillar of 
the I-WP structure enclosed by a yellow dotted-line box 
bent, and subsequently, the 45° fracture zone occurred 
at this section. After the fracture, the overall structure 
remained relatively stable, and the compression process 
could still continue. Failure appeared, as shown in the red 
dotted-line box, when the structure was compressed by 
20%. The pillars of this unit cell were more easily broken 
than the other layers. Slight damage can be seen in the 
region enclosed by the red dotted-line box in Figure  11 
when the structure was compressed by 10.4%. When the 
compression reached 40% for the I-WP structure, a new 
fracture zone of 45° along the pillar appeared.

Figure 12 presents the static simulation analysis of the 
two NiTi structures. The stress at the joints of the BCC 
structure was significantly higher than that of the pillars. 
As the compression progressed, the pillars between the 

nodes shifted. The pillar offset aggravated the force at the 
node, offering an explanation for the fracture at the BCC 
nodes shown in Figure 11. It is noted that the stress at the 
joints of the I-WP structure was significantly lower than 
that of the pillars. The pillars between the nodes exhibited 
bending as the compression progressed. The bending of 
the pillar aggravated the stress at the pillar, justifying the 
occurrence of fracture at the I-WP pillars, as shown in 
Figure 11.

Figure 10. The whole compression process.

Figure 12. Finite element simulation of body-centered cubic and I-graph-
wrapped package lattice structures.

Figure 11. The cracking and failure process.
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3.5. Analysis of the fatigue fracture mechanism

A schematic diagram presenting the fatigue fracture 
mechanism of the two NiTi lattice structures is shown 
in Figure 13. The red dotted lines in (Figure 13A and B) 
indicate the location where the sample composed of the two 
structures is prone to fracture when subjected to uniaxial 
compression. The BCC structure is prone to fracture at the 
node, whereas the I-WP structure is prone to fracture at 
the pillar. This is because the stress distribution of the BCC 
structure is mainly concentrated at the nodes (Figure 13C), 
whereas the stress distribution of the I-WP structure 
is mainly concentrated on the pillars (Figure  13D). In 
uniaxial compression, as shown in (Figure 13E and  F), the 
red arrows represent tensile stresses and the blue arrows 
denote compressive stresses. Under compressive loads, the 
area marked by red arrows produces tensile stress under 
tension, and the area marked by blue arrows produces 
compressive stress under compression. When the BCC 
structure is subjected to cyclic compression, there is a 
greater stress concentration at the joint. After a certain 
number of cycles, the joint becomes more susceptible to 
fatigue fracture. In contrast, when the I-WP structure is 
subjected to cyclic compression, there is a greater stress 
concentration at the pillar. After a certain number of 
cycles, the pillar becomes more vulnerable to fatigue 
fracture. This proposed mechanism offers some insights 
into how the fractures resulted in the samples, as shown in 
Figures 3 and 8, due to compression and fatigue.

It is worth noting that the fracture surfaces of the 
two metal structures are relatively smooth and bright 

(Figure 13G and I), characteristic of the cleavage fracture 
in the fracture analysis of metal materials.54 However, the 
morphology of the fracture surface is different for the 
two structures (Figure 13H and J). As shown in the part 
enclosed by red dotted lines in (Figure  13C), the stress 
concentration at the node is more intensive, accelerating the 
occurrence of fatigue failure at this spot, which allows for 
the observation of the relatively flat fracture morphology 
shown in (Figure  13H). The stress concentration at the 
pillar, as shown in the part circumscribed by red dotted 
lines in (Figure  13D), is more dispersed, significantly 
slowing down the occurrence of fatigue failure at this 
spot, and causing the internal microstructure to break 
after undergoing longer cyclic loading. These deductions 
are reflected in the fracture observed in the NiTi lattice 
structures shown in Figure  8. Obvious cleavage steps 
formed are shown in (Figure 13J).

4. Conclusion
In this study, NiTi BCC and I-WP lattice structures 
were prepared by the LPBF process. The microstructure, 
mechanical properties, and fatigue properties of BCC and 
I-WP NiTi lattice structures were studied experimentally. 
The main conclusions stemming from this work are 
summarized as follows:
(i)	 The NiTi lattice structure samples prepared by the 

LPBF process share almost similar forming accuracy. 
The surfaces of both BCC and I-WP lattice structures 
produced by LPBF process are very rough, attached 
with numerous powder particles, especially at the 

Figure 13. (A-J) Schematic diagram depicting the fatigue fracture mechanism of a Nickel titanium lattice structure.
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lower surface. The minimal surface of the I-WP lattice 
structure has a slight benefit in avoiding powder 
adhesion on the side surface

(ii)	 The minimum surface optimization design is still 
applicable to the field of NiTi. The mechanical properties 
can be improved when the minimum surface optimization 
design is considered. The I-WP lattice structure has a 
higher Young’s modulus and yield strength

(iii)	Fatigue damage stands as the primary factor for the 
fatigue failure of NiTi lattice structures prepared by 
the LPBF process. The cracks of NiTi lattice structure 
samples always occur at the root of metal powder 
particles attached to the surface. The attached powder 
particles on the surface of NiTi lattice samples are 
prepared to act as crack initiation points during fatigue 
failure and promote the generation of fatigue cracks, 
which is not conducive to the fatigue performance of 
the NiTi sample.

(iv)	 The sample optimization design through the minimal 
surface can effectively improve the deformation 
resistance of NiTi lattice structure and change the 
morphology of fracture surfaces in high cycle fatigue. 
The fatigue strength improved from 1.88 MPa (BCC 
lattice structure) to 2.08 MPa (I-WP lattice structure). 
The enhancement in fatigue strength is attributed to 
the predominant stress concentration of TPMS lattice 
structures at the pillar with a more dispersed form 
and the stress concentration of strut-based lattice 
structures at the nodes with an intensive form.
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Abstract
Lattice structures inspired by triply periodic minimal surfaces (TPMS) have attracted 
increasing attention due to their lightweight properties and high mechanical 
performance. Recent research showed that hybrid structures based on the topology 
of two or more types of TPMS can present interesting multifunctional properties. 
However, the complexity of TPMS-based lattice designs presents challenges in both 
design and evaluation. To address these challenges, this study was designed to 
explore the integration of the machine learning method to predict the mechanical 
properties of hybrid lattice structures inspired by TPMS based on their patterns. 
A back propagation neural network (BPNN) was designed and trained on a dataset 
generated through finite element (FE) simulations and homogenization methods. 
The BPNN demonstrated robustness in predicting elastic modulus and Poisson’s ratio 
of TPMS hybrid lattice structures, offering rapid and efficient predictions. Validation 
against FE simulations confirmed the accuracy and reliability of the BPNN predictions, 
proving its potential as a valuable tool for accelerating the design and evaluation of 
complex hybrid lattice structures.

Keywords: Lattice structures; Triply periodic minimal surfaces; Elastic modulus; Poisson’s 
ratio; Machine learning

1. Introduction
Lattice structures are attracting increasing attention from researchers as they present 
promising multifunctional properties, such as exceptional specific modulus and strength 
and energy absorption capabilities.1,2 Thus, these structures have the potential to meet 
the requirements of various applications, for example, thermal management,3 bone tissue 
engineering,4 energy absorption,5-7 heat dissipation,8,9 and structural components.10-12 
The base material and cell topology are the two dominant factors affecting the properties 
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of lattice structures.13 Efforts were made by researchers 
to investigate different cell topologies to improve the 
mechanical responses of lattice structures.14-19

Lattice structures inspired by triply periodic 
minimal surfaces (TPMS) have captured increasing 
attention within the research community due to their 
promising combination of lightweight properties and 
high mechanical performance.20-22 Mathematically, 
TPMS is characterized by zero mean curvature, three 
dimensionally periodic, and smooth topology, which 
is achieved through the minimization of an area within 
defined surface boundaries. In practical terms, structures 
with TPMS-like topologies can be modeled using level-
set approximation methods.23 Two primary strategies 
are employed in generating a TPMS-based lattice. In 
the network phase TPMS structures, one sub-domain 
of the space isolated by the surface is filled with a solid 
material, while the matrix phase is formed by assigning 
thickness to the TPMS surface.20 Evaluation of the 
mechanical properties of TPMS-based lattices has been 
carried out using various materials such as stainless 
steel,24 aluminum alloy,25 polymer26,27 and concrete,28,29 
illustrating superior properties to conventional strut-
based structures. Furthermore, the geometry of TPMS-
based structures can be tailored locally, as it is controlled 
by mathematical equations.30,31 For instance, Maskery 
et al. demonstrated the feasibility of designing TPMS-
based lattices with graded relative density, resulting in 
customized collapse behaviors and enhanced energy 
absorption under compression.32 Al-Ketan et al. proposed 
a novel class of stochastic cellular structures inspired 
by TPMS, presenting superior mechanical responses at 
high relative densities.31 Recently, Maskery and Ashcroft 
proposed the concept of designing honeycomb-like 
structures based on TPMS.33 Peng et al. investigated the 
multifunctional properties of hybrid honeycomb-like 
lattices based on TPMS, revealing exceptional mechanical 
properties and tunable responses.34 These TPMS-based 
honeycomb-like structures presented superior mechanical 
properties compared to traditional honeycomb structures. 
Meanwhile, hybrid structures can be designed based on 
different unit cells to exhibit distinct properties that are 
not possible with monolithic structures. However, the 
complexity of these structures presents challenges in their 
design and property evaluations.

In recent years, there has been a notable surge in interest 
regarding the application of artificial intelligence (AI) 
and machine learning in the designs of metamaterials.35-38 
Notably, neural networks and evolutionary algorithms 
have emerged as prominent examples, offering expedited 
problem-solving capabilities with reduced computational 

costs. Particularly beneficial for addressing high-complexity 
challenges characterized by a multitude of design 
parameters, such as those encountered in the architecture 
design of lattice structures, AI algorithms excel due to their 
rapid and reliable nature.39 Research indicates that machine 
learning algorithms have significantly accelerated the 
process of lattice structure design compared to conventional 
methods, such as trial-and-error or analytical physics-based 
approaches.39 Moreover, the advance of new technologies 
has not only facilitated quicker solutions but has also 
enabled the discernment of previously unseen correlations 
between design parameters and mechanical performance.40 
The growing demand for novel structures with distinctive 
functionalities serves as a driving force for researchers to 
explore innovative approaches aimed at accelerating the 
development and discovery of novel architectures. Efforts 
toward automating the design process and enhancing the 
evaluation rate of new structures have been underscored in 
recent literature.41,42 This necessitates the establishment of 
frameworks that utilize various AI techniques to streamline 
these processes. Indeed, the pivotal role of AI in advancing 
the field of metamaterials is becoming increasingly evident; 
as it facilitates the automation of labor-intensive discovery 
processes and unveils previously unnoticed patterns.43-46

With the aim of accelerating the design of hybrid 
lattice structures inspired by TPMS, this work explores 
the potential of predicting the mechanical properties of 
complex hybrid lattice structures using machine learning 
methods. First, the strategy to design hybrid lattices 
with TPMS-like unit cells, the homogenization method 
to generate datasets for training, and the architecture of 
artificial neural networks are introduced in the paper. 
Then, the dataset evaluation, performance of the model, 
and further validation by finite element (FE) modeling 
are discussed. Finally, the key findings of this work are 
presented.

2. Materials and methods
2.1. Design of TPMS honeycomb cell

Mathematically, minimal surfaces are surfaces with zero 
mean curvature at a given point H = 0 � (I)

where H=(k1 + k2)/2; and k1 and k2 represent the 
principal curvatures in orthogonal planes.47

The normal unit vector of the surface maintains a zero 
divergence across all points, and the Gaussian curvature of 
the surface is expressed as follows:

K = k k1 2 � (II)

When a minimal surface is replicated infinitely and 
periodically throughout three-dimensional (3D) space, it 
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is referred to as a TPMS. TPMS exhibits distinct geometric 
characteristics, notably smooth surfaces devoid of sharp 
corners. These surfaces are prevalent in numerous biological 
systems, including soap films,48 block copolymers,49 wings 
of butterflies,50,51 and the skeleton of sea urchins.52

Various methods are utilized to model TPMS structures, 
including parametric, implicit, and boundary functions. 
The level-set approximation method is mainly employed 
in modeling TPMS-based honeycomb structures. TPMS in 
3D space can be represented by a Fourier summation:

� r k k r k
k

� � � � � � � � ��� �� ��F cos 2 0� � � (III)

where k represents the reciprocal vector, α(k) denotes 
the phase shift, and F(k) represents the amplitude for 
vector k.53 Equation III can be simplified by truncating it to 
a trigonometric function, φ, which satisfies:

� x y z c, ,� � � � (IV)

where c is the iso-value controlling offset from the zero 
level-set. Then, lattice structures based on TPMS can be 
created using:

� 2 2x y z c, ,� � � � (V)

where the intervals [−c,c] specify the fraction of 
the solid region of the structure. The TPMS gyroid and 
primitive surfaces can be modeled using the following 
equations:

f x y z w x w y

w y w z w z

gyroid x y

y z z

, , cos sin cos

sin cos s

� � � � � � � �
� � � � � � � iin w xx� � � (VI)

f x y z w x w y w zprimitve x y z, , cos cos cos� � � � � � � � � � � � (VII)

where x, y, and z represent coordinates in the 3D 
Cartesian coordinate system. The variable w defines the 
periodicities of the TPMS function:

w
n
L

fori x y zi
i

i

� �2� , , � (VIII)

where ni controls the number of unit cells along each 
direction. Li defines the dimensions of the lattice along 
each direction.

To introduce new two-dimensional (2D) structures, the 
z periodicity in Equations VI and VII can be eliminated by 
substituting z = 0 and then inserting them into Equation V:

U w x w y w x cG Honeycomb x y x� � � � � � � � �� � �cos sin sin
2

2 	 (IX)

U w x w y cP Honeycomb x y� � � � � � �� � �cos cos
2

2
� (X)

Equations IX and X define honeycomb-like structures 
based on TPMS Gyroid and Primitive. The relative density 
of each cell is approximately 0.25. Examples of unit 
cells based on TPMS-Gyroid and TPMS-Primitive are 
illustrated in Figure 1A and B, respectively.

2.2. Hybrid lattice design

As depicted in Figure  1C and D, G-Honeycomb and 
P-Honeycomb cells exhibit distinct stiffness, with the 
P-Honeycomb cell being approximately four times stiffer 
than the G-Honeycomb cell. By combining these hard and 
soft cells within larger hybrid lattices, a broad spectrum 
of tunable mechanical responses can be achieved. In 
this study, a 10 by 10 lattice (100  mm by 100  mm) was 
designed, incorporating a total of 100 randomly distributed 
G-Honeycomb and P-Honeycomb cells, as shown in 
Figure  2A and B, respectively. Figure  2C illustrates an 
example design of the hybrid lattice, where cells are color-
coded: red representing P-Honeycomb (hard) and blue 
representing G-Honeycomb (soft). To streamline dataset 
preparation and reduce complexity, the hybrid lattice is 
further simplified into a binary matrix representation. 
Figure 2D presents the simplified binary matrix, wherein 
0 represents a hard cell (P-Honeycomb), and 1 represents a 
soft cell (G-Honeycomb).

2.3. FE simulation

To validate the results obtained from the homogenization 
method, FE analysis was conducted utilizing a pre-validated 
numerical model.34 ABAQUS/Explicit 2020 was employed 
to predict compressive responses of the structure. To 
enhance computational efficiency, uniform G-Honeycomb, 
and P-Honeycomb structures were modeled under the 
plane strain assumption, given their 2D surface-based 
origins. The lattice structures were discretized using 2,437 
CPE4R four-node bilinear plane strain elements with 
reduced integration and hourglass control for each unit cell. 
The material behaviors of the base material were simplified 
to be elastic and perfectly plastic, in line with testing data 
obtained from 3D-printed tensile samples in literature,34 as 
summarized in Table  1. Two platens were modeled, with 
the bottom platen fixed, while displacement was applied 
to the top platen to load the structure. Contact behaviors 
were characterized by a hard formulation along the normal 
direction and the penalty method with a friction coefficient 
of 0.3 along the tangential direction. The elastic modulus 
was determined as the slope of the stress-strain curve in the 
linear elastic region, while Poisson’s ratio was approximated 
as the ratio between the horizontal displacement of the 
midpoint on the edge and the applied vertical displacement. 
In terms of the computational cost, the 2D FE model took 
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2.4. Homogenization method

The elastic modulus and Poisson’s ratio of the hybrid lattice 
were calculated based on the homogenization method. 
According to homogenization theory, the elasticity tensor 
of a periodic structure can be determined by:

E E dijkl
H

pqrs pq
ij

pq
ij

rs
ij

rs
ij� �� � �� �� � � � � � � � �1 0 0

�
�

'

� � � � � (XI)

where Epqrs is the locally varying stiffness tensor, |Ω| is 
the area of the domain, � pq

ij0� �  refers to the applied strain 
fields at the macroscopic scale, and � pq

ij� �  refers to the locally 

varying strain fields given by:

( ) ( ) ( ), ,
1 
2

ij ij ij ij
pq pq p q q pε ε χ χ χ= = +

� (XII)

χij is the displacement field that can be determined 
based on applied macroscopic strain:

� �

� �� �� � � � � � � � �� �E d E dijpq ij pq
kl

ijpq ij pq
kl� � � � � � � �0 V �

� (XIII)

where ν represents the virtual displacement field. The 
elastic modulus and Poisson’s ratio of the hybrid lattice can 
then be calculated based on the elastic tensor Eijkl

H .

Each hybrid lattice was first discretized into a voxel 
model. Then, the homogenized elastic tensor was calculated 
based on the code developed by Dong et al.54 Finally, the 
elastic modulus and Poisson’s ratio of the hybrid lattice 
were determined according to the elasticity tensor. The 
material behavior is based on the same material as used 
in the 2D FE model. As presented in Figure  3, a good 
agreement was achieved between the homogenization 
method and the 2D FE model. Since a large number of 
data was required to train the artificial neural network, 
the homogenization method was used to obtain the elastic 
modulus and Poisson’s ratio of the hybrid lattice to reduce 
computational costs.

2.5. Data set preparation

A Python script was developed to randomly arrange 
G-Honeycomb and P-Honeycomb cells within a 10 × 
10 hybrid lattice and export it as a stereolithography 
file, facilitating input for the homogenization model. In 

about 20 min to calculate the elastic modulus and Poisson’s 
ratio of a lattice running on six cores Intel® I7-8700K CPU 
at 3.7 GHz.

Figure 2. Hybrid lattice generation and simplification to binary matrix. 
(A) Process of hybrid lattice generation. (B) Example of hybrid lattice. (C) 
Simplified representation of the lattice. (D) Binary matrix representation 
of the hybrid lattice. 

A B

C D

Figure 1. Elastic responses of triply periodic minimal surfaces (TPMS)-
based honeycomb-like lattice unit cell. (A and B) The geometry of unit 
cell based on TPMS-gyroid (A) and TPMS-primitive (B). (C and D) 
Normalized spatial dependence of homogenized elastic moduli of TPMS-
gyroid (C) and TPMS-primitive (D).

A

C D

B

Table 1. Material properties in finite element model

Elastic modulus (MPa) Yield strength (MPa) Poisson’s ratio Strain at break Density (g/cm3) 

Properties 2400 61 0.35 0.25 1.2
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addition, a binary matrix is generated for each lattice to 
serve as input data. Following topology creation, elastic 
modulus and Poisson’s ratio values along both the X- and 
Y-directions were computed for each lattice using the 
homogenization method. Each data point comprised a 
10 × 10 binary matrix representing the lattice topology, 
along with corresponding labels: elastic modulus along the 
X-direction (Ex), elastic modulus along the Y-direction (Ey), 
Poisson’s ratio along the X-direction (νxy), and Poisson’s 
ratio along the Y-direction (νyx). In total, 3000 random 
lattices were generated using this approach. Figure  4 
presents examples of randomly generated hybrid lattices, 
providing visual insight into the diversity and complexity 
of the lattice structures produced.

2.6. Architecture of artificial neural network

A back propagation neural network (BPNN) was designed 
to train the dataset, utilizing TensorFlow and Keras 
frameworks.55 The architecture of the network unfolds 
sequentially, including an input layer, several hidden layers, 
and an output layer, as presented in Figure 5. Commencing 
with a flattening layer to process input 10 × 10 binary 
matrix, subsequent layers include three densely connected 
layers with 128, 64, and 32 neurons, respectively. In the 
BPNN, the information from the input layer propagates as 
follows:

Z A W bl l l l� � �� � � � � �� � �1 � (XIV)

A f Zl l l� � � � � �� � � � (XV)

where l is the layer number, A is the activation signal, Z 
is the output signal, W is the weight, b is the bias, and f is 
the activation function of a given layer.

Rectified linear unit (ReLU) activation function was 
used for each neuron:

( ) ( )+ + >= = = = 


0
max 0,  

02
x x xifx

f x x x
otherwise

�
(XVI)

where x represents the input to the neuron.

To enhance generalization and mitigate overfitting, dropout 
layers were strategically positioned between dense layers, with 
dropout rates of 30% and 20%. The output layer comprises four 
neurons with a linear activation function, which quantifies 
Ex, Ey, νxy and νyx of the hybrid lattice. The model was trained 
utilizing the mean squared error (MSE) loss function:

( ) ( )( ) ( ) ( )( )
( ) ( )( ) ( ) ( )( )ν ν ν ν=

 − + − 
=  

 + − + −
 

∑
2 2

2 2
1

1
ˆ ˆ

ˆ ˆ

i i i i
N x x y y

i i i ii
xy xy yx yx

E E E E
MSE

N
�

(XVII)

where N is the number of points in the dataset; 
ν( ) ( ) ( ), ,i i i

x y xyE E  and ν yx
i( )  are the properties predicted by the 

model; and ˘ ˘ ˘, ,E Ex
i

y
i

xy
i� � � � � ��  and �̆ yx

i� �  are the target properties.

An Adam optimizer with a learning rate of 0.001 was 
used to train the model. A batch size of 64 and 100 epochs 
was set for the training process. Key callbacks, including 
Early Stopping and Model Checkpoint, were integrated to 
enhance training efficiency and prevent overfitting.56 Input 
data were reprocessed to improve model performance 
before training. Duplicated entries were removed, and 
normalization was applied to standardize input features, 
ensuring a well-conditioned dataset with zero mean and 
unit standard deviation.

3. Results and discussion

3.1. Dataset analysis

The properties of randomly generated hybrid lattices are 
analyzed in this section. Figure 6 illustrates the probability 
density of P-Honeycomb and G-Honeycomb cells across 
the entire dataset. It is evident that both cell types exhibited 
similar probability densities within the dataset, and their 
distributions can be effectively approximated using a 
normal distribution. The result confirmed the achievement 
of a robust randomization process during the generation of 
the hybrid lattices.

The mechanical properties of all designs were evaluated 
using the previously mentioned homogenization method. 

Figure  3. Comparison between modulus and Poisson’s ratio obtained 
from finite element simulation and homogenization method: 
(A) G-Honeycomb and (B) P-Honeycomb. 

A

B
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Figure 7 provides a visual representation of the 3,000 randomly 
created hybrid lattices within the property space. Specifically, 
the elastic modulus along the X- and Y-directions ranged from 
10 MPa to 24 MPa, while Poisson’s ratio spans from 0.22 to 
0.34. Remarkably, the hybrid lattice designs demonstrated the 
capability to exhibit isotropic behavior across the entire range 
of elastic modulus values while also offering a high degree 
of anisotropy within the dataset (Figure  7C). Furthermore, 
it is observed that for a given elastic modulus along the 
X-  or Y-direction, the lattice could show varying Poisson’s 
ratios (Figure  7D). The randomly generated hybrid lattice 
structures show a broad spectrum of mechanical properties. 
Consequently, the dataset generated for the training of the 
BPNN can provide comprehensive insights into the properties 
and behaviors of the hybrid lattices.

3.2. Training and validation of BPNN

A total of 3000 random hybrid lattices were generated, 
with 80% of the dataset (2,400) allocated for training and 
the remaining 20% (600) for validation. The MSE loss 
function was employed to quantify the model prediction 
error. Early stopping was implemented to improve training 
efficiency and prevent overfitting. Figure 8 illustrates the 
evolution of model loss for both the training and validation 
sets throughout the training process, demonstrating the 
convergence status of the model. Notably, as the total 
iterations increase, the model loss exhibits a significant 

reduction. Around 20 epochs into training, the model loss 
for the validation set reaches a state of convergence.

Subsequently, both the training and validation set 
losses become below 0.05 after 80 epochs, indicating 
robust prediction capabilities regarding the properties of 
hybrid lattices. To validate the training outcomes further, 
the target and predicted properties for the validation set 
were extracted. Figure 9 compares the target and predicted 
values of Ex, Ey, νxy and νyx for the hybrid lattices within 
the validation set. Overall, a good agreement was observed 
between the actual and predicted properties. However, 
it is notable that the model slightly underestimated 
the elastic modulus of the hybrid lattice. Moreover, the 
predictive accuracy varied across different properties: the 
model performed better in predicting the modulus along 
the Y-direction compared to the X-direction, whereas it 
demonstrated higher accuracy in predicting the Poisson’s 
ratio along the X-direction. The trained model was saved 
for future predictions of properties based on the lattice 
configuration.

3.3. Performance of BPNN

The performance of trained BPNN was tested by the 
dataset prepared using the homogenization method. The 
randomly generated lattice patterns were simplified to 
binary matrix and input into the trained BPNN. Elastic 
modulus along the X- and Y-direction and Poisson’s ratio 

Figure 4. Examples of hybrid lattice configurations (red color represents P-Honeycomb cell and blue color represents G-Honeycomb cell).
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along the X- and Y-direction were then predicted based on 
the hybrid lattice design. Figure 10 depicts the correlation 
between the actual properties of the hybrid lattice and the 
predictions made by the BPNN model.

Notably, the model exhibited optimal performance 
in predicting the modulus along the X-direction within 
a mid-range of values, suggesting a robust capability 
to capture moderate variations in material stiffness. 
However, it showed tendencies to overestimate modulus 
values below 12 MPa and underestimate those exceeding 
20 MPa, highlighting potential limitations in accurately 
predicting extreme values (Figure 10A). Similarly, for the 
modulus along the Y-direction, the model demonstrated 
overestimations for low values and underestimations for 
high values, indicating a systematic bias in some areas 
of the property space (Figure  10C). Regarding Poisson’s 
ratio predictions, the model showed improved accuracy 
within a mid-range of values, aligning with its proficiency 
in capturing moderate variations (Figure  10B and 10C). 
Nonetheless, slight underestimations and overestimations 
were detected for low and high values, respectively, 
suggesting regions for refinement in accurately predicting 
extreme ratios.

These findings proved the performance of the BPNN 
model and provided valuable insights into its strengths 
and limitations in predicting the mechanical properties 
of hybrid lattice structures based on their topologies. 
Further analysis and refinement of the model may enhance 
its predictive capabilities and broaden its applicability in 
material design and engineering.

3.4. Validation of BPNN

To further validate the capability of the trained BPNN, 
a dataset comprising five random hybrid lattices was 
generated. The mechanical properties of these lattices Figure 5. Architecture of the back propagation neural network.

Figure 6. Probability density of (A) P-Honeycomb cell and (B) G-Honeycomb cell in the dataset.

A B
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were evaluated through 2D FE simulations. In addition, 
predictions of lattice properties based on the trained BPNN 
and lattice configurations were conducted. Figure  11 
presents a comparison between the modulus and Poisson’s 
ratio of the lattice as predicted by the BPNN and the results 
obtained from FE simulations. The deformation and stress 

contours of the lattice, acquired through FE simulation, 
are also depicted. The findings indicate a close agreement 
between the elastic modulus and Poisson’s ratio calculated 
via FE simulations and those predicted by the BPNN 
based on lattice configurations, which further affirms 
the robust performance of the trained BPNN. It is worth 
noting that the dataset used for training the BPNN was 
generated based on the homogenization method, resulting 
in slight variations from the FE results. The prediction of 
mechanical responses of the hybrid lattices conducted with 
2D FE simulations took about 30 min. By comparison, the 
trained BPNN can provide rapid predictions of the elastic 
modulus and Poisson’s ratio for a given topology of the 
hybrid lattices.

Moreover, the unique deformation behaviors achievable 
through the design of hybrid lattices using G-Honeycomb 
(soft) and P-Honeycomb (hard) cells were demonstrated 
by the deformations and stress contours observed in FE 
simulations. Overall, the concordance observed between 
FEM simulation and BPNN predictions provides further 
confirmation that the proposed BPNN model serves as a 
reliable tool for predicting the mechanical responses of 
hybrid lattices.

Figure  8. Model loss for the training set and validation set during the 
training process.

Figure 7. Dataset for artificial neural network training. Distribution of properties in the dataset for training. (A) Correlation between modulus Ex and 
Poisson’s ratio Nu_xy, (B) Correlation between modulus Ey and Poisson’s ratio Nu_xy, (C) Correlation between modulus Ey and modulus Ex and (D) 
Correlation between Poisson’s ratio Nu_xy and Nu_yx.
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Figure 9. Comparison between the actual and predicted properties of the hybrid lattice in the validation set: (A) Ex , (B) Ey , (C) ν xy , and (D) ν yx .
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C D
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Figure 10. Comparison between user input and back propagation neural network-predicted properties: (A) Ex , (B) Ey , (C) ν xy , and (D) ν yx .
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4. Conclusion
In this study, we presented a comprehensive exploration 
of hybrid lattice structures inspired by TPMS and 
the integration of machine learning to predict their 
mechanical properties. Through a combination of FE 
simulations, homogenization methods, and BPNN 
training, the efficacy of machine learning techniques 
in accelerating the design and evaluation process of 
complex hybrid lattice structures was demonstrated. The 
results indicated that the trained BPNN exhibited robust 
capabilities in predicting elastic modulus and Poisson’s 
ratio of hybrid lattice structures, offering a rapid and 
efficient alternative to traditional simulation methods. 
Compared to 2D FE simulations, trained BPNN can 
significantly reduce the computational time to determine 
the mechanical properties of hybrid lattices based on 
their topologies, accelerating the design process of novel 
multifunctional lattice structures. The validation against 
direct FE simulations further confirmed the accuracy and 
reliability of the BPNN predictions, indicating its potential 
as a valuable tool for engineers and researchers in material 
design and engineering.
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